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ABSTRACT

The exchange of power among the microgrid (MG), electric vehicles (EVS),
energy storages (batteries), and the utility grid is a great challenge in the
formulation of the optimal scheduling of the MGs. Furthermore, considering the
unit commitment (UC) with the uncertainties that derive from the fluctuations of
the renewable generation, open market pricing (OMPs), demand side, and the
EVs, result in a significantly complex optimisation problem. Optimised operation
of the MGs can result in enormous economic benefits to both the users and the
environment. Therefore, there are considerable interests to develop algorithms
and approaches to formulate and solve the optimisation problems of the MGs

efficiently.

In this research, a novel multi-period security-constrained unit commitment
unified active and reactive dynamic economic and emission dispatch (SCUC-
UARDEED) of the connected and isolated MG is presented. The formulation of
the UC is developed and extended to accommodate both the active and
reactive power of the distributed generators (DGs). The emission costs of the
greenhouse gases in keeping with the emission level constraints are considered
in the proposed optimisation problem to reduce the emission of the pollutant
gases and achieve a low emission energy system. The overall formulation of
the proposed SCUC-UARDEED of the MG takes into consideration the models
of the reactive power production cost of the DGs, fuel cost, environmental costs,
battery degradation cost, start-up and shutdown costs of the DGs, maintenance
cost of the DGs, and the cost of the renewable power generation. The proposed
optimisation of the MG is subjected to a comprehensive set of constraints,
including active and reactive power security of supply for the connected and
isolated MG and emission limit constraints. The impacts of the battery on the
scheduling problem of the MG are determined by comparing scenarios with and
without battery. Similarly, the impacts of the security of supply constraints are
analysed. Uncertainties resulting from the fluctuations of the renewable

generation and OMPs are modelled and incorporated into the scheduling



problem of the MG as a two-stage stochastic optimisation with taking into

account the aforementioned models of the cost functions and constraints.

Integration of the active and reactive demand side management (DSM) with the
SCUC-UARDEED of the connected and isolated MG is addressed. The DSM is
considered as a separate appliance with an operation cycle, and it is considered
as a decision variable within optimisation problems. Different types of the DSM
techniques are applied to the various types of loads simultaneously under
deterministic and stochastic environments. Accordingly, novel approaches and
techniques are proposed in the thesis to allow the analysis and detailed
investigation of the impacts of the DSM on the optimal scheduling of the MGs,
the UC results, the exchanging active and reactive power with the utility grid,
the system loads, the spinning reserve, and the secure supply of the MG. The
uncertainties arising from both the generation and demand side are
systematically modelled and incorporated into the optimisation problem in a
two-stage stochastic approach with consideration given to the above cost
functions and constraints, where the DSM is considered as a source of

uncertainty.

A novel scheduling strategy is proposed to integrate the EVs with the SCUC-
UARDEED of the connected and isolated MG. The EVs charging and
discharging operations are considered as decision variables in the optimisation
approaches. The EVs are incorporated with the grid as bidirectional, grid to
vehicle (G2V) as energy storage and vehicle to grid (V2G) as energy source.
This integration of the EVs with the scheduling problem of the MG that includes
all aforementioned cost functions and constraints increases the complexity of
the optimisation problem. Accordingly, the economic models involved in the
integration of the EVs with MG are developed, and a variety of charging and
discharging scenarios are conducted to analyse the impacts of the EVs on the
optimal scheduling of the MGs. The uncertainties resulting from the availability
of the EVs and fluctuation of the generation of the renewable energy resources
are modelled and incorporated with SCUC-UARDEED into a two-stage

stochastic optimisation approach.
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1 Introduction

1.1 Chapter Summary

In this chapter, the MG concept and structure is introduced and presented. The
motivations of this thesis are presented comprehensively. The aim and the
objectives with the contribution to knowledge of this work are introduced. The
thesis structure is also included. Finally, this chapter concludes with a list of

publications.

1.2 Microgrids Concept

1.2.1 Microgrid Structure and Operation Modes

Recently, the renewable and environmentally friendly energy sources, such as
wind turbines (WTs), photovoltaic panels (PV), and batteries have drawn
greater attention because they help to mitigate the global warming and reduce
dependency on fossil fuel. MG in particular is seen as promising technology to
integrate these energy resources with the power system. The MG is a localised
electric system comprising of several main components, which usually do not
reside in the conventional power system. The MG is composed of
uncontrollable generation resources such as WTs and PVs, controllable
distributed generators (DGs), such as diesel generators (DES), micro turbines
(MTs), fuel cells (FCs), fixed batteries, and EVs. In addition, it has controllable
loads that is cut or shifted to prevent the system from outages and to minimise
the cost and potentially maximise the profit of the MG [1]. The MG operates
either autonomously or connected to the utility grid via a point of common
coupling (PCC) as shown in Figure 1-1 and it trades active and reactive power
with the utility grid. The PCC is a point where the MG and the utility grid are
connected. At the PCC, the active and reactive power flow between the utility
grid and MG can be controlled. Generally, in both modes of operation, the MG

must maintain power supply to its load.

The MG tackles the load growths by integration of the DGs locally and close to
the loads. In addition, the MG relieves the global warming by integrating the
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DGs, where these DGs have a low emission rate of greenhouse gases by
producing clean energy [2], [3]. A useful feature of the MG is the bidirectional
power flow between the MG and the loads and the utility grid when operating in
the grid-connected mode. In this mode of operation, the MG sells and
purchases active and reactive power to/from the utility grid, not only to balance
the generation power with load demand but also to minimise the total cost or to
maximise the profit. The economic dispatch of the system has been formulated
either to minimise the total operation cost or to maximise the MG profit while
meeting the load demand at a certain time and satisfying a set of realistic
constraints. The economic dispatch of systems has been often called a static
economic dispatch (SED) [4].

Load
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This type of economic dispatch is solved with one load level at a specific time,
without taking into account the relations among different time intervals.
Therefore, it may be improper to tackle large change in load and ramp rate
constraints of generators. However, it is not capable of looking beyond load
variation [5]. Therefore, it is necessary to explore dynamic economic dispatch
(DED), because the scheduling of generator units when taking into account the
ramp rate constraint can be considered when formulating and solving the
optimisation problems. In addition, the load changed during the scheduling
horizon can be taken into consideration when solving the optimisation problems
[6], [7]. The bidirectional power flow between the MG and the fixed batteries,
EVs, and the utility grid make the MG a significantly strong dynamic system.
Therefore, the dynamic economic dispatch is more proper for formulating and
solving the economic dispatch of the MG. The UC is a mature concept in the
optimal operation of the conventional power system. The UC determines the
on/off state of the generators during the scheduling horizon to minimise the total
operating cost or to maximise the profit. Recently, the UC concept has been
used with the connected and isolated MG. The UC is integrated with
optimisation problems of the MG to minimise the total operating and emission
costs or to maximise the profit. The integration of the UC with the economic
dispatch of the MG is essential to the flexible operation of the MGs and to
increase the penetration of the renewable energy resources [8].

1.2.2 Components of the Energy Management System of Microgrids

The function of the energy management system (EMS) of the MGs is to
manage the active and reactive power flow between the generation resources
and the load in the MG [9]. Figure 1-1 shows the main components of the EMS.
The EMS provides interfacing between the MG and the main grid to manage the
exchanging active and reactive power. The EMS of the MG generally consists
of the following main components: local controllers (LCs) for each DG, load, and
battery. The EMS also includes a manager (MGM) [10], [9]. The MGM
determines the optimal scheduling of the MG and ensures the active and

reactive load demands are met, while the constraints are satisfied at each time
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interval. The interaction between the MGM and the main components of the MG

is via bidirectional communication line [11], the discrete line in Figure 1-1.

The LCs of the DGs exchange data with MGM, such as the available
generation, and the generation price, while the LCs for loads exchange data
with MGM, such as the load that is shifted or curtailed and the price of the
curtailed loads. Similarly, the LCs for the batteries exchange information of the
state of charge at each time interval. The bidirectional communication between
these main components and the MGM allow not only monitoring the operation
of the MG but also optimising the operation of the MG securely. The MGM
determines the active and reactive output power of each DG, the UC, the load
cutting or shifting, the charging and discharging power of the battery and the
batteries of the EVs, buying or selling active and reactive power from/to the
utility grid. Then, the MGM sends back the data to the LC of each DG, each
battery, and EV. The MGM also informs the consumers of accepting or rejecting

their bids to cut their loads.

1.3 Motivation

The majority of researchers have studied the active power optimisation
problems of MGs, whereas few have looked at optimisation, which involves both
the active and reactive power. Ignoring the reactive power from the DGs at the
scheduling problem of the MG may lead to increase in the investment cost. In
addition, it may lead to reduce the security of supply particularly for the isolated
MG. According to the literature, the consideration of the models involved in the
cost of reactive power production, emission of greenhouse gases costs,
renewable energy production cost, and battery degradation cost in a combined
optimisation problem to minimise the total operating and emission costs or
maximise the profit of the connected and isolated MG have not been
investigated yet. In addition, previous works focused on a range of conservative
formulations that had a limited set of constraints relating to reactive power
optimisation. Further, they also overlooked the constraints such as the active

and reactive power SSSCs and active and reactive power SRs, which make the



grid operate insecurly, and the emission of the greenhouse gases. The
conservative assumptions in the existing works, such as not taking into
consideration the models of the cost parameters and constraints, have a huge
adverse impact on the credibility of the optimisation results under deterministic
and stochastic environments. In this thesis, these assumptions are taken into

consideration to make the optimisation approach more realistic.

In this research, the cohesive and synergistic duality of both the deterministic
and stochastic environments is utilised in the optimisation approach. New
optimisation approaches and strategies are proposed to accommodate the
developed models of the optimal unified active and reactive power scheduling,
with consideration also given to the models concerned with the costs of the
emission of the greenhouse gases, battery degradation cost, maintenance cost
of the DGs, the purchasing active and reactive power from the utility grid cost,
start-up and shut down cost of the DGs, and the cost of the renewable
generation. In addition, a realistic set of constraints, such as the ramp rate of
the DGs, active and reactive generation limit of the DGs generation, the battery
operation, the emission level limit of greenhouse gases, and time up/down of
the DGs are incorporated with optimisation approaches. The security
constraints for active and reactive power are also considered for the reliable
and secure operation of MGs with regard to meet the demand. Further, the
active and reactive SRs for the isolated MG are considered as well.
Furthermore, the UC is developed to take into consideration both the active and
reactive power of the DGs when solving the optimisation problems.

The integration of the DSM with optimisation problems of the MGs has not been
fully investigated in the deterministic and stochastic environments. In the
previous works the DSM was treated as an aggregated amount, instead of as a
separate appliance. In addition, the DSM was considered as input to the
optimisation algorithms. Further, they addressed the DSM of the active demand
solely and they did not take into consideration the reactive load management.
Furthermore, the DSM has not been considered as a stochastic variable in the

previous works. The integration of the DSM as a shifting technique with the
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isolated MG has not been explored yet. This work presents the novel
optimisation approach and scheduling strategy to model and incorporate the
active and reactive DSM with optimisation problems of the MG, consideration
the model of all the proposed cost components and constraints in the previous
paragraph. The DSM is considered as a decision variable in the proposed
optimisation problem, in which the DSM is treated as a separate load with an
operation cycle. Multi-techniques of the DSM are applied simultaneously to the
different load types participating in the DSM programmes. This work considers
the stochastic optimisation of both the generation and demand sides
simultaneously to the proposed optimisation approach, where the DSM s

considered as a source of uncertainty.

Many researches proposed the optimal integration of EVs with MGs. The
majority studied the V2G or G2V integration. Few researchers have studied
both V2G and G2V simultaneously. The previous publications that presented
the impacts of the EVs on the total operating cost and the emission level of
greenhouse gases did not consider many important issues, such as the models
of the reactive power cost, emission cost, battery degradation cost, and
production cost of the renewable generation. They also neglected active and
reactive steady state security of supply constraints (SSSCs), active and reactive
power spinning reserve constraints (SRCs), and emission of greenhouse gases
constraints; and the UC was considered only the active power. In addition, the
participations of the EVs on the deregulated market have not been fully studied
under deterministic and stochastic environments. Previous optimisation
approaches integrating the EVs consider either grid performance or consumers
preference in the formulation of the optimisation approach. This work proposes
a novel optimisation approach and scheduling strategy that take into
consideration the integration of both V2G and G2V simultaneously with both
deterministic and stochastic optimisation based on one of the following market
policies: minimising the total operating and emission costs and maximising the
MG profit.



1.4 Aim and Objectives

The aim is to develop optimisation approaches to minimise the total operating
cost or to maximise the profit of the MG with protecting the environment and

satisfying a set of realistic constraints.
The objectives below are conducted to achieve the aim of this research.

A. To develop comprehensive economic mathematical models of the
subsystems of the MG and constraints.

B. To develop new optimisation approaches under deterministic and stochastic
environments to formulate and solve the optimisation problem of the MG.

C. To analyse the impacts of the reactive power from the DGs, the storage
battery, and security of supply constraints on the optimal operation of the MG.

D. To develop scheduling strategies to integrate the DSM techniques with
optimisation problems of the MG.

E. To develop scheduling strategies to integrate the EVs with optimisation
problems of the MG.

1.5 Thesis Contribution

The contribution of this work is divided for three main core areas. Firstly, a novel
SCUC-UARDEED of the connected and isolated MG is presented. The
optimisation problem involves the management of both the active and reactive
power and considers the emission cost of greenhouse gases, battery
degradation cost, and production cost of the renewable generation. According
to the open literature, it appears that no study on the optimal scheduling of the
MG has considered the models of above cost functions in a combined
optimisation approach to minimise the total operating or maximises the profit.
The UC is modified to take into account the active and reactive power
generation of the DGs. In addition, new models of constraints are proposed,
such as active and reactive security and reserve constraints, emission limits,

the constraints relate to the reactive power, and the constraints for managing
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the exchanging active and reactive power with the utility grid. Accordingly, new
approaches and strategies are proposed to model and formulate the
optimisation problem of the MG under deterministic and stochastic
environments. The models of uncertainties that evolve from the fluctuation of
renewable generation and OMPs are developed and incorporated with

optimisation algorithms in a two-stage stochastic optimisation.

Secondly, novel scheduling strategies are presented to integrate the DSM
techniques with the optimal scheduling of the connected and isolated MG. The
DSM techniques are developed to apply to both the active and reactive load
demands. The DSM is considered as decision variables in the optimisation
approaches and the DSM is treated as a separate load with a specific operating
cycle. All load demands are involved in the DSM techniques. In addition,
different DSM techniques are applied to the various types of loads
simultaneously. In stochastic environments, the estimated number of connected
appliances is considered a source of uncertainty with the fluctuations of the
renewable generation. The models of these uncertainties are developed and
integrated with SCUC-UARDEED in a two-stage stochastic optimisation
approach, where the DSM is considered as a stochastic variable.

Thirdly, a novel integration of the EVs with SCUC-UARDEED of the MG is
proposed. The UC based on the active and reactive power with EVs are
combined with the optimal scheduling of the MG to minimise the total operating
cost or maximise the profit. The incorporating of the EVs in the deregulated
market to maximise the profit has not been fully investigated under stochastic
and deterministic environments. The optimisation approaches are developed to
take into consideration both the grid performance and the owners of the EVS’
requirements. A new pricing scheme is implemented to encourage the EVS’
owners to participate in the optimal scheduling of the MG. The stochastic
models of the EVs with the fluctuation of the renewable generation are
developed and incorporated with the SCUC-UARDEED in a two-stage based-

scenario stochastic optimisation approach.



1.6 Thesis Structure

Chapter 1 introduces and provides the background of the typical MG concept,
subsystems, definition, and modes of operation. It also focuses on the aim,

objectives, motivation, and the contribution of this research.

Chapter 2 presents a literature review of the strategies and approaches that
have been proposed to formulate and solve the optimisation problem of MGs. It
also provides models of each subsystem of the MG and the relevant
constraints. The active and reactive optimal power flow is modelled and
formulated to minimise the total operating and emission costs or maximise the
MG profit. The optimisation approaches are applied to both the connected and
isolated MG and the impacts of a storage battery and SSSCs constraints are
explored. Published papers 1, 2, and 7 listed in the section 1.7 are extracted

from this chapter.

Chapter 3 the stochastic optimisation problem is formulated, and the
uncertainties occurring from the fluctuation of renewable generation and from
forecasting errors of the OMPs and their constraints are modelled and the
approaches tested on the connected and isolated MG. Published papers 5 and

8 listed in section 1.7 are extracted from this chapter.

Chapter 4 presents a literature review of the integration of the DSM with the
optimal scheduling of the MG. The models of the smart appliances, shifting and
curtailing DSM techniques and their constraints are incorporated with
optimisation algorithm. The impacts of the DSM on the optimal operation of the
MG are addressed through different realistic scenarios, where the different DSM
techniques are applied to the different types of loads simultaneously. Published
papers 3 and 6 listed in section 1.7 are extracted from this chapter.

Chapter 5 Introduces models of the uncertainties evolving from the renewable
generation, and the estimated number of the smart devices. These models are
integrated with optimisation approach in the two-stage optimisation based

stochastic scenarios. The proposed stochastic optimisation approach is applied



to the connected and isolated MG to verify the robustness of the proposed
approach and to determine the impacts of these uncertainties on the optimal
scheduling of the MG.

Chapter 6 discusses the literature review of the integration of the EVs with
optimisation of the MG, and the mathematical models of the bidirectional
operation of the EVs with their constraints are introduced. The impacts of the
EVs on the optimisation problem to minimise the operating costs or maximises
the profit are demonstrated and the proposed approaches are validated through
different charging and discharging scenarios. The uncertainties deriving from
renewable generation and the behaviours of the EVs are modelled and
incorporate with optimisation of the connected and isolated MG. Published

paper 4 listed in section 1.7 is extracted from this chapter.

Chapter 7 presents a discussion of the thesis results, summarises the main
conclusions of this research, and makes suggestions for future work that is

related to the subject of this thesis.
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2 Dynamic Economic and Emission Dispatch of the MG

2.1 Chapter Summary

In this chapter, a comprehensive literature review is conducted for the
approaches and strategies that are used to formulate and solve the optimisation
problem of the MGs. A literature review of the incorporating of the storage
batteries and reactive power management with optimisation algorithms is
carried out. The comprehensive model of each subsystem of the MG and their
constraints are developed and described. These proposed models of the
subsystem of the MG are employed to formulate the optimisation problem,
where the optimisation approaches are tested on the connected and isolated
MG. Another goal of this chapter is to determine the impacts of the battery and
the SSSCs constraints on the optimal operation of the MG, where the
optimisation problem is formulated with and without the battery, or with and
without the SSSCs.

2.2 Optimisation Problems of MGs
Optimisation problems are defined as problems of finding the best solution from

all alternative feasible solutions [12]. The optimisation problem composes of

these four main components [13]:
A. Objective function

B. Decision variables

C. Constraints

D. Parameters

The objective function is the mathematical equation that is needed to be
optimised and it includes the decision variables with a number of coefficients.
The decision variables control the value of the objective function, while the
constraints restrict the values of the decision variables. The parameters are

fixed known values. From the aforementioned definitions, it is deduced that the
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aim of the optimisation is to find the optimal values of the variables that

minimise or maximise the objective function.

In this thesis, the optimisation problem is formulated by the mixed integer
quadratic programming (MIQP) because it involves continuous and discrete
variables. The continuous variables involve the active and reactive output power
of the DGs, the charging and discharging power of the battery and EVs, the
exchanging active and reactive power with the utility grid, and shifting the active
and reactive loads. The discrete variables are the on/off state of the DGs, the
discrete variables that manage the charging and discharging operations of the
battery and EVs, the exchanging active and reactive power with the utility grid,

and the rejecting or accepting the bid of load shedding.

The optimisation problems of grids have two main parts: the economic dispatch
(ED) and UC. The aim of the ED in this work is to determine the scheduling of
the active and reactive power of the DGs, charging and discharging energy of
batteries and batteries of the EVs, the selling and buying active and reactive
power to/from the utility grid, and the load shifting and cutting. The UC
determines the on/off state of the DGs based on the active and reactive power.
Accordingly, some researchers proposed the optimisation problem as the ED
only and some of them considered both the ED and UC. Reference [4]
formulated the ED of a the conventional power system to minimise the total
running cost and maintain the level of the emission of greenhouse gases.
Reference [14] formulated the ED of the MG that included three DGs to

minimise the operating cost.

Recently, researchers have extended the economic dispatch problems in MGs
to involve the unit commitment, ramp rate of generators, minimum up and down
constraints, and start up and shut down cost. These parameters increase the
complexity of optimisation problems. These problems include both continuous
decision variables such as output power of the generators and discrete decision
variables, such as the UC. This leads to propose many approaches and

methodologies to formulate and solve these optimisation problems.
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It was suggested that in [15] the UC with the ED of the MG to minimise the
operating cost with a set of constraints, such as ramp rate, minimum up and
down and start-up and shutdown cost of generators. In [16] and [17], the UC
optimisation approach was modelled and formulated to minimise the total
operating cost of the MG including different types of DGs, renewable resources,
and battery with different linear constraints. The optimisation problem was
formulated by MILP and it was solved by software CPLEX. It was found that the
proposed optimisation approach improved the solution equality and
computational burden. Reference [18] pointed out the ED and UC to minimise

the emission of carbon dioxide of the MG.

In contrast, the other aspects that make the optimisation problems more
complex are the multi-objective optimisation and combined optimisation
problems. The multi-objective optimisation to minimise both the operating cost
and emission level of greenhouse gases were addressed in [19], [20], [21], [22],
[23]. These papers applied the optimisation approaches to the conventional
power system without renewable generation. Reference [24] presented the
optimisation problem as a multi-objective optimisation problem with integration
of the EVs. The optimisation problem was applied to the power system without
renewable generation, while the same authors in [25] presented similar
optimisation approach with the wind and solar renewable sources in their
formulation of the optimisation problem. The optimisation problem in [26] was
formulated as a multi-objective optimisation and the optimisation problem was
applied to the smart distribution system with DGs and EVs. References [27],
[28], [29], [30] proposed the optimisation problems to minimise both the
operating and emission level of the greenhouse gases. The proposed
optimisation approaches were applied to MGs, which included different types of
the DGs, and renewable generation.

On the contrary, some researchers converted the emission of greenhouse
gases to monetary cost and this cost was incorporated with objective function to
minimise the combined total operating and emission costs [31], [32], [33]. In

these papers, the optimisation problem was applied to the power system
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without the renewable generation resources. Reference [34] presented the
optimisation problem of the MG to minimise the operating and emission costs
with renewable energy resources. However, the reactive power scheduling was
overlooked in the optimisation approach. In addition, important cost
components, such as reactive power production cost, the start-up\shutdown
costs of the DGs, maintenance cost of the DGs, the production cost of the
renewable energy resources, and the cost of purchasing both the active and
reactive power from the utility grid were neglected in the formulation of the
optimisation problem. Furthermore, essential constraints such as active and
reactive security constraints, limit of the emission of the greenhouse gases,
ramp rate constraints, and time up/down of the DGs were ignored. In addition,
the battery model was not considered in the optimisation problem. The UC was

not taken into account in the optimisation approach.

2.3 Storage Devices

Storage batteries play a vital role in the optimal management of power flow in
the MGs. The batteries are utilized for different purposes in the optimal
operation of the MGs. The batteries are used to minimise the total operating
and emission cost by controlling the charging and discharging operations [35],
[36], [37], [38], [39], [40]. The charging and discharging operations of the
batteries are controlled to mitigate the fluctuation of the intermittent nature of
the wind and solar energy generation to optimise the whole power consumption
and balance the generation with load in MGs [8], [41], [42], [43], [44]. In
addition, the batteries are employed to shave the peak load by discharging
during peak load and charging during off peak load [45]. Solely [8] among the
above publications has considered the degradation cost of the battery and in
[46], [47], [48], [49] the battery degradation cost were considered as well.
Ignoring the battery degradation cost in the formulation of the optimisation
problem has significantly impacts on the charging and discharging operations of

the batteries and this affects the results of the MG optimisation.
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2.4 Maximising the MG Profit

All the aforementioned publications proposed the optimisation problems to
minimise the operating cost, emission cost and both operating and emission
cost. In contrast, some researchers addressed the optimisation problem of MGs
in the deregulation market (competitive market) to maximise the profit of the MG
[50], [51], [52], [53], [54], [55]. However, they did not consider the storage
battery in their studies. A few researchers took into account the storage battery
in the optimisation problem to maximise the profit [56], [57], [58], [59], although
they did not consider the degradation cost of the storage battery. Quite a few
researchers pointed out the degradation cost of the battery in the optimisation
approach to maximise the MG profit [60]. The above papers tested the
optimisation approaches on the connected MG solely, while in [53], the
maximising profit was applied to the isolated MG without battery. The previous
optimisation approaches to maximise the MG profit did not take into
consideration the models of the reactive power and the emission costs of
greenhouse gases. The maintenance cost of the DGs and the production cost
of the renewable energy also were overlooked. In addition, important
constraints such as the active and reactive power SSSCs and SRCs, and
emission limit of greenhouse gases were neglected. Furthermore, some of
these publications did not consider the constraints such as ramp rate, minimum
up/down constraints of the DGs. Furthermore, the majority of the previous

works ignored the UC.

2.5 Active and Reactive Power Economic Emission Dispatch of
the MGs

Remarkably, the majority of researchers studied concern the optimisation
problem of the active power flow solely, whereas relatively few look into unified
optimisation problems involving both active and reactive power management in
MGs. Reference [61] proposed an optimisation approach that included both
active and reactive power to minimise the operating cost of a connected

network consists of hybrid generation resources and energy storage. Reference
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[62] reported stochastic optimisation approach to minimise the operating cost
with consideration given to the reactive power, and the uncertainties that arose
from the fluctuations of load and generation of renewable resources. However,
these studies did not consider the reactive power production cost in their
objective functions. In addition, important cost components models, such as
reactive power production, battery degradation, the start-up\shutdown,
maintenance cost of the DGs, the production cost of the renewable resources
were overlooked. The model of the MG capability of exchanging both the
reactive power with the utility grid was also neglected. Further, these studies
neglected many essential constraints such as active and reactive SSSCs
constraints of the connected MG, active and reactive SRCs for the isolated
MGs, emission limit of the greenhouse gases, ramp rate constraints, and time
up/down of the DGs. Furthermore, the environmental cost and the UC were not
considered in [62], and solely the emission of the carbon dioxide was

considered in [61] and the other pollutant gases were ignored.

Similarly, in [63], an optimisation approach was used to minimise the operating
cost with the reactive power of the connected distribution MG. However, the
reactive power production cost was not considered in the objective function.
Important costs models were neglected, such as the maintenance cost of the
DGs, the renewable energy production cost, environmental cost, battery
degradation cost, and the purchasing reactive power from the utility grid in the
formulation of the optimisation problems. It is also evident that many of the
essential constraints such as active and reactive security constraints, emission
limit of greenhouse gases, ramp rate limit of the DGs, minimum up/down
constraints, and the limit of exchanging reactive power with utility grid have
been largely omitted. The model of exchanging both the reactive power with the
utility grid was overlooked.

From the above literature, it can be seen, that the optimisation problems were
formulated to minimise the operating cost solely and the optimisation
approaches were applied to the connected MG only. However, none of these
publications addressed the optimisation problem to maximise the MG profit for
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the connected and isolated MG. It appears that there is a justification for
simplicity over fidelity when developing models that suffice to provide a credible
system performance prediction. The inclusion the models of the proposed cost
components in this work with constraints has made this study closer to a real-
world scenario than any other previous studies. The high-fidelity model entails
extending the optimisation problem to accommodate all cost components and
constraints, as well as encompassing new approaches and strategies to
formulate the novel proposed SCUC-UARDEED.

2.6 Mathematical Models of the System Components

It is necessary to model all components of the MG as accurate as possible to
formulate the optimisation problem.

2.6.1 Fuel Cost of the DGs

The fuel cost of the i*® DG is modelled as a function of output active power at
each time interval t as [21], [64], [65]:

CPog, (Poc,(8)) = a; + bi. Pog,(£) + ¢1. P3,(D) 1)

where a; (€/h), b; (E/kWh), and ¢; (€/kwW?h) are the respective coefficients of the

fuel cost function, and Pp¢,(t) is the output active power of it" DG.

2.6.2 Reactive Power Production Cost of the DGs

The corresponding production cost of the reactive power of it* DG is calculated
at each time interval as a quadratic function of reactive power as follows [66],
[67], [68]:

CQpq,(Qpg, () = ar; + bry. Qpg, (t) + cry. ani(t) (2.2)

where ar; (€/h), br; (€/kVArh), and cr; (€/kVAr?h) are the respective coefficients

of the reactive power cost function, and Qpg,(t) is the output reactive power of

it" DG. It is considered that the WTs, the PVs, the battery, and the EVs do not

provide reactive power, and only the DE, MTs, and FCs supply reactive power.
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2.6.3 Operating and Maintenance Cost of the DGs Model

To prolong the life and to the proper operation of the DGs, the maintenance
should be conducted regularly. The operating and maintenance cost of the DGs
is assumed proportional to the produced power and it is calculated by the

following equation:

COMpg,(Ppg,(t)) = KOMpg,. Ppg, (t) (2.3)
where KOMpg, (€/kWh) is the coefficient of the maintenance cost of the it" DG.

2.6.4 Wind Energy Model

The output power of the WTs depends on the wind speed. The relationship
between the output power and the weather wind is expressed by the following
equation [69], [70]. Figure 2-1 shows the effect of the wind speed on the output
power of the WTs.

0 V<V, 0T U2V,
V—U¢;
Py = (Pw-r 5= Ve SV < v, (2.4)
Py _» U S U <V

where Py_, is the rated power of WT, v , v , and v, are cut in, cut out and
rated wind speeds in(m/s).

A

Power (kW)

v

Vei Vr Vco

Wind speed (m/s)

Figure 2-1 Wind turbine generation power curve
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2.6.5 Renewable Sources Power Production Cost Model

The power production cost of the WTs and PV panels are determined for each
kWh produced according to the yearly depreciation of the installation cost.
Therefore, the production cost of the WT and PV should take into consideration
in the formulation of the optimisation problems. Accordingly, the production

costs of generation of the WT and PV are calculated as follows:

A. Production Cost of the WT

This cost is determined by the following equation

(2.5)

N1
CPu Py 0) = ) bury Par, ()
i1=1

where Py, (t) (KWh) is the active power generation of i1t WT, by,, (€/kWh) is
the production cost of the WT, and N1 is the total number of the WTs.

B. Production Cost of the PV

The following equation is used to calculate the cost of the PV generation

N2 (2.6)
CPpy,, (Ppy,, (D)) = z bpy,,. Ppy,, (1)

i2=1
where Ppy, (t) (KWh) is the active power generation of i2th PV, bpy,, (E/KWh) is
the production cost of the PV, and N2 is the total number of the PV units.

The by, and bpy,, are calculated by using the following equation:

b(t) = r.(1+r)" _ Installation cost (2.7
B ((1 + )" — 1" k. hours per year

where r is the interest rate, which is assumed to be 8 %. n is the depreciation
period, which is considered 20 and 10 years for PV and WT respectively [71]. k
is the capacity factor which is 40 % for WT, 3504 kWh/KW annual production,
while for PV is 1300 kWh/kW yearly production [50].
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2.6.6 Storage Batteries Model

Storage batteries have been modelled in several different ways. Criteria that
have been adopted to choose the model depend on the details and the field of
study. Accordingly, the linear discrete time state space model is commonly
employed to model the storage batteries in the scope of the MG optimisation
[35], [72]:

p is( ) .
E,(t) = E,(t —1) — (%) At + Py (). 1o At (2.8)

where E,(t) and E,(t—1) are the state charge of the battery at current and
previous time respectively, p,.,(t) and P, (t) are the battery charging and
discharging power respectively, while ., and 75, are the corresponding

charging and discharging efficiencies, and At is the sampling time (h).

The number of charging and discharging operations of the battery affects the
battery life significantly. Therefore, the additional battery degradation cost
added to the total MG cost to prolong the life of the battery. The degradation
cost of the battery is formulated as follows [73], [74], [75]:

Cq= ) (2.9

_Lb

where C; is the battery degradation cost (€/kwWh), C, is the battery capital cost

(€), L, is the real battery life (kWh), which is calculated as follows.

Lb = DOD.Eb.LC (210)

where DoD is the depth of discharge, E, is rated energy capacity (kWh), L. is
the battery cycle life.

The battery operation cost (€) is determined as follows:
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where P, (t) is either charging or discharging power of the battery. The battery
operating cost helps the operators to involve the batteries into dynamic

economic dispatch of the MG as energy sources.

2.6.7 Exchanging Active and Reactive Power with the Utility Grid
Model

For connected MG, the MG can sell or purchases active and reactive power
to/from the utility grid via PCC, where the models of the costs of the exchanging
active and the reactive power with the main grid are proposed and developed in

this section as follows:

Cop () = cgp(6). Py (t) (2.12)
Cgo(t) = c40(£).Qq4(8) (2.13)

where cgp(t) (€/kWh) and c4o(t) (€/kVArh) are the open market prices(OMPs)
of selling and buying active and reactive power to/from the utility grid, P,(t) and
Q4(t) are the active and reactive exchanging power with the utility grid, which

they are positive for buying power from the utility grid and negative for selling
power to the utility grid.

2.6.8 Emission Cost of Greenhouse Gases Model

The emission of carbon dioxide (CO2), sulphur dioxide (SOz), nitrogen oxide
(NOx) and particulate matter (PM) that are caused by burning the fossil fuel,
which leads to environmental pollution. These greenhouse gases are
considered in this work, where the emissions of the j&* greenhouse gases from

it" DG is converted to the corresponding expense by using this formula:
Ce((Ppg, () =YL ZX1 Eji- G Pog,(t) (2.14)

where C; (€/kg) is a price of emission of j** greenhouse gas, and Ej; (kg/lkwh) is
the emission rate of the j* greenhouse gas from it* DG, M and N are the total

number of the greenhouse gases and the DGs respectively.
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2.6.9 Star-up and Shutdown Cost of the DGs Model

The behaviours of the generators start-up and shutdown are modelled in order
to calculate the associated costs with these behaviours, where these costs
affect the UC results of the DGs. The start-up and shutdown costs are
calculated by the following equations [8]:

SUpg,(£) = Sc; . (8pg,; () — bpg,; (£)- 8pg, (£ — 1)) (2.15)
SDp¢,(t) = Sd; . (6pg,(t — 1) — 6pg, (). 6pg, (t — 1)) (2.16)

where &, () is the state of it" DG. Sc; and Sd; are the prices (€) of the start-up

and shutdown cost of the it" DG.

2.7 Modelling of Constraints

The optimisation problems are subjected to various equality and inequality
constraints. These constraints should be satisfied and not violated when solving
the optimisation problem. The proposed constraints are developed and
presented in this section.

2.7.1 Power Balance the Constraints

The real-time balance of both the active and reactive power is essential for
stable and secure operation of MGs, particularly for the MG that includes the
renewable distributed generators (RDGSs). These constraints are developed and
expressed for connected and isolated MG as:

A. Active Power Balance
The real-time balance of active power generation with active load is presented
as follows
t=1{Xi, 8pg,;(t). Ppg,(t) + XMLy Py, () + P Ppy,, (t) + Pp(0) + (2.17)
Rg(t) = Ppres(t) + Ppina(t) + Ppcom ()}

where Pp,os(t), Ppeom(t), and Pp,q(t) are the residential, commercial and

industrial active loads of the MG respectively.
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For the isolated MG, the same equation is used with P, (t) = 0, where the MG
should meet active load demand from its energy resources.

B. Reactive Power Balance

The real-time balance of reactive power should be met at each time interval
when solving the optimisation problem and it is formulated as follows:

{=1{Z§V=1 5DGL-(t)- QDGi(t) + Qg(t) = QDres(t) + QDind(t) + QDcom(t)} (2'18)

where Qpres(t) , Qpina(t) and Qp.m(t) are the residential, industrial, and

commercial reactive loads of the MG respectively.

For isolated MG, the same equation is used with Q,(t) = 0. The MG should

meet the reactive load demand from its energy resources. Therefore, it is
necessary to address the optimal scheduling of the reactive power as well.

2.7.2 Generators Operation Constraints
A. Ramp Rate Limit

It is inconvenient to increase or decreases the generation of any DG at a certain
time interval AT more than or less than a specific value up—ramp limit (UR;) or
down-ramp limit (DR;) in comparing to the previous generated level. This
constraint should be met when the optimisation problem is solved and it is

expressed as follows [76]:

—DR;.At < Ppg,(t + 1) — Ppg,(t) < UR;. At (2.19)

B. Generating Capacity

The DGs in the MG have minimum and maximum capacity limit for active and
reactive power. These constraints should be satisfied at each time interval and
they are formulated as

8p6;(t) - Ppgmin < Ppg,(t) < 6pg,(t) - Ppgmax (2.20)
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8pg; () - Qpgmin < Qpe,;(t) < 6pg,(t) - Qpgmax (2.21)

where Ppg min @nd Ppgmax are the minimum and maximum output active power
of the i*" DG respectively, QpG;min @Nd Qpg,max are the respective minimum and

maximum output reactive power.
C. Minimum up / Down Constraints

The generators have a minimum up/down (MUT; /MDT;) time constraint. The
generator has to operate for a specific period after it switches on (T*P)before it
switches off. It also has to be off for a period (T%“") before it switches on

again. These constraints are formulated as [8]

8pg;(t) — Opg,(t — 1) < 8pg,(7) (off/on switch) (2.22)
8pg,(t — 1) — 6pg,(t) <1 — bpg,(7) (on/off switch)  (2.23)
where in case of minimum up time
T=t+1.....min(t+T* -17T) (2.24)
Otherwise

t=t+1....min(t+T*""-1,T) (2.25)

2.7.3 Exchanging Active and Reactive Power with the Utility Grid
Management and Limit Models

The limits of exchanging active and reactive power with the utility grid are
determined by the capacity of the line and the power electronic device that
connect the utility grid with the MG. These limits should be satisfied for each
time interval and these constraints are proposed and presented in this section.
The exchanging active and reactive power with the utility grid at each period is
normally either purchasing or selling active and reactive power. There are also
possibilities that no exchanging power occurs between the MG and the utility

grid at a certain period. Therefore, two binary variables §,,(t) € {0,1}
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and 645(t) € {0,1}, are assigned to represent this operation and the equation
8gp(t) +845(t) <1 is set to prevent buying and selling active and reactive
power at the same time. With the minimum and maximum active and reactive
power are selling to the utility grid, Pysmin(t), Pysmax(t), Qgsmin(t) and Qgsmax(t)
together with the corresponding ones purchasing from the utility grid, Pypmin(t),
Pypmax(t), Qgpmin(t), and Qgpmax(t). The exchanging operation constraints of

the active and reactive power are accordingly formulated as:

840 () - Pypmin < Pyp(t) < 845 (). Pypmax (2.26)
8gs() - Pgsmin < Pys(t) < 845(6)- Pysmax (2.27)
8gp () - Qgpmin < Qgp(t) < 8gp(t). Qgpmax (2.28)
6gs(E) - Qgsmin < Qgs(€) < 835 (1) Qgsmax (2.29)

2.7.4 Storage Batteries Constraints
The batteries normally have many operational constraints should be taken into

consideration when formulating and solving the optimisation problem of the MG.
The operating constraints of batteries normally are classified into two main
categories as follows

A. State of Charge Constraints

To prolong the age of storage batteries, it is better to not be fully discharged.
Therefore, the state of charge should keep between maximum and minimum

values when the battery operates. This constraint is as follows:

Ebmin < Eb (t) < Ebmax (2-30)

where Epmin: Epmax are the minimum and maximum state of charge
respectively.
B. Charging and Discharging Power Constraints

The battery status of each sampling period can be described as three possible

states: charging, discharging, and no exchanging power. Therefore, two binary
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variables, 6,., € {0,1} and 6,4 € {0,1}, are assigned to formulate the status
of the battery operation and &§,., + dpqis < 1 IS set to prevent the battery from
charging and discharging simultaneously during the optimisation. The charging
and discharging operations constraints for storage battery are accordingly

formulated as [37]:
abch (t)-Pbchmin < Pbch (t) < 5bch(t)-Pbchmax (2-31)
Opais(t)- Poaismin < Ppais(t) < Opais(t)- Ppaismax (2.32)

where Pycpmin @Nd Ppenmax @re the minimum and maximum charging power of
the battery respectively, while Py ismin @Nd Ppgismax are the respective minimum

and the maximum discharging power of the storage battery.

2.7.5 Emission of Greenhouse Gases Limits

The incorporation of emission cost and the emission limit of greenhouse gases
constraints within optimisation problem are fitted with trending to reduce the
environmental damage. The constraints of greenhouse gases in the area of the

MG are expressed as:
NAEji - Ppg,(t) <L (2.33)

where L; (kg/h) is the allowable emission level of the greenhouse gas j in the

MG, where (j=1,2,3......M).

2.7.6 Active and Reactive Steady State Security Constraints

The active and reactive SSSCs are proposed and presented in this section. The
SSSCs are essential for the reliable and secure operation of MGs and have to
be satisfied at each time interval. The steady state secure operation of the MGs
is examined in the sense of adequacy of supply. The most common
contingency of the MGs is the loss of connection with the utility grid. In this
case, the MG operates in isolated mode and it should supply its load from its
energy resources. If the MG meets its load, this means that the MG operates in

steady state secure otherwise it is considered insecure. The SSSCs guarantee
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the secure operation of the MG when losing the connection with the utility grid
and the SSSCs prevent the MG from resorting to the costly involuntary load

curtailed. The active and reactive SSSCs are formulated as:
LT=1{ Zévzl 5DGL-(t)- PDGimax(t) = PDres(t) + PDind (t) + PDcom(t)} (2'34)

?:1{ Zé\]:l SDGi(t)- QDGimax(t) = QDres(t) + QDind(t) + QDcom(t)} (2'35)

2.7.7 Spinning Reserve Constraints

Spinning reserve is important to protect the grid against unpredicted
disturbance such as sudden load increasing, generation unit outage, fluctuation
RDGs generation. The SRCs of the active and reactive power are proposed and
incorporated with optimisation problems for reliable and secure operation of the
isolated MG. These constraints need to be met at each time interval for reliable
operation of the grid. The SRs for active and reactive power for grid-isolated

mode are given by these proposed equations:
{=1{Z§V=1 5DGL-(t)- PDGimax(t) = (PDres(t) + PDind (t) + PDcom(t)) + Rp (t)} (2'36)
{=1[Z§V=1 SDGi(t)- QDGimax(t) 2 (QDres(t) + QDind(t) + QDcom(t)) + Rq (t)] (2'37)

where R,(t) and R,(t) are the spinning reserves for the active and reactive

power.

2.8 Proposed Deterministic Multi-Period SCUC-UARDEED

The proposed optimisation approach is formulated by MIQP under two market
polices: either minimising the total operating and emission costs or maximising
the profit. Figure 2-2 shows the essential step to formulate and solve the SCUC-
UARDEED of the MG. The cost function of each components of the MG should
be modelled then the equality and inequality constraints are modelled as well.
These models are employed to formulate the objective functions. Finally, the
optimisation problems are solved to determine at each time intervals, the total

operating cost or the profit, the active and reactive power generation of the
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DGs, the exchanging active and reactive power with the utility grid, exchanging
active power with the battery, and the on/off state of the DGs.

Max and min allowable exchanging active
and reactive power with the utility grid

Hourly wind PW‘ \
power profile ' Poe, Qoe
—
Ppv
Hourly PV pwer - Prc1, QFct
profile ' —
Prc2, Qrc2
Hourly active and Ce >
reactive market prices »
profile ” UARPMS PMTL, QMTL
= (Unit —
Hourly active and Pp commitment
reactive load demand »  +economic | PMT2 QuT2
profile @ dispatch) —»
Battery initial | . o
state of charge ” —
Max and min charging Pg
and discharging power » —>
of storage battery

T

DGs max and min output active
and reactive power of the DGs

Figure 2-2 Proposed the SCUC-UARDEED structure

2.9 Proposed Deterministic Objective Functions

Two objective functions are proposed and developed as follows:

2.9.1 Minimisation the Total Operating Cost

The aim of this policy is to minimise the total operating and emission costs of
the MG. The objective function of the connected MG includes the fuel cost of
the DGs, reactive power production cost, start-up and shut down cost,
maintenance cost of the DGs, environmental cost, battery degradation cost,
purchasing active and reactive power from the utility grid cost, and power
production cost of the WT and PV panels. In the isolated MG, the objective
function includes the same cost components excluding the cost of exchanging
power with the utility grid. The objective functions of the connected and isolated
MG are formulated by employing the models of the MG components in the

previous sections as follows:
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A. Connected MG

The optimisation problem is formulated as

min(F) (2.38)

where the objective function F is

F= 32N CPpg,(Ppg,(t)) + CQpg,(Qpg, (1)) + (2.39)
COMpg,(Ppg,(t))]8pg,(t) + SUpg,(t) + SDpg, (£)] + Co(Ppg,(£)) + Cpo(t) +

Cgp(t) + Cyo(t) + P CPy,, (Py,, (D)) + P CPpy,, (Ppy,, (t))}

This is constructed using equations

(2.1), (2.2), (2.3), (2.15), (2.16), (2.14), (2.11), (2.12), (2.13), (2.5), and (2.6).
B. Isolated MG

Similarly, the optimisation problem of the isolated MG is formulated as

min(F) (2.40)

where the objective function F is

Yt {ZNAlICPe, (Pog, (D) + CQpe,(Qp, (D) + (2.41)
COMpg,(Ppg,(t)]6pg, () + SUpg, (t) + SDpg,(£)] + Co(Ppg,(£)) + Cpo(t) +

MEy CPy,, (Pyw,, (1)) + P CPpy,, (Ppy,, (t))}

This is constructed using equations

(2.1), (2.2), (2.3), (2.15), (2.16), (2.14), (2.11), (2.5), and (2.6).

2.9.2 Maximisation of the MG Profit

The goal of this policy is to generate the electricity with low cost and sell it with
the maximum profit, meantime, keeping the environment safe by adding the
constraints of the emission limits of the greenhouse gases. The revenue of the
MG comes from selling active and reactive power to the consumers and trading
active and reactive power with the utility grid. It is assumed that the MG sells

power to the consumers and to the utility by OMPs in case of the connected
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MG. In case of the isolated MG, the electricity is sold to the consumers with

different price from the OMP. The maximising profit of the connected and

isolated MG are driven as:
A. Connected MG
The optimisation problem is formulated as

max(F)

where

F = (Revenue — Expense)

where revenue of the MG is calculated as
Revenue = ¥i_1{¥iL1[cgr(8). Pog, () + 5o (). Qpg, ()18p6i () +
Cgp () Poais (8)- At + ¢gp(8). B2 Ppy,, (8) + ¢4p(6). T P, (8) +
Cgp (1) Pyp () + 4o (8). Qgp (D)}

and expense is

Expense = %1_{X}L1[[CPpg,(Ppg, (1)) + CQpg,(Qpg, (1)) +
COMpg,(Ppg,(t))]6pg,(t) + SUpg,(t) + SDpg, ()] + Ce(Ppg, (1)) + Cpo (L) +
Cgp-Pocn(£). At + cgp (). Pyp (£) + 4o (). Qgp(t) + Eiiz1 CPw, (Pw,, () +

X221 CPpy,, (Pry,, (£)}

giving
Y {ENalcgp (). Pog,(t) + c4o (). Qpe, (0)]6p6, (1) +
Cgp (- Ppais(£). At + cgp(£). ZNL1 Ppy,, (8) + cgp(8). XNty Pu, ()} —

{2, [[CPpg,(Ppg, (1)) + CQpg,(Qpg, (1)) + COMpg,(Ppg,(£))]8p6,(t) +
SUpg, () + SDpg, ()] + Ce(Ppg, (1)) + Cpo (t) + cgp- Pyoen (). At +

P CPy,, (Py,, (1)) + P CPpy,, (Ppy,, (t))}
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The revenue of the MG comes from selling the active and reactive power from
the DGs, the discharging power of the battery, the power from the RDGs. The

cost is constructed using equations

(2.1), (2.2), (2.3), (2.15), (2.16), (2.14), (2.11), (2.5), (2.6), and cost of charging
the battery.

B. Isolated MG
For the isolated MG, the objective function is formulated as:

max(F) (2.47)

where the objective function F is

F = XX [Cisor (). Pog, () + Cisoq (£)- Qpg, (£)]8pg, (8) + (2.48)
Cisop (£)- Poais(£). At + Cisop (£). 521 Ppy,, () + Cisop (t). XML Pu,, (0} —
=1 {2 l[CPo6, (Ppg,(£)) + CQpg,(Qpg, (£)) + COMpg,(Ppg, ()18, (1) +
SUpg,(t) + SDpg, ()] + Ce(Ppg,(t)) + Cpo(8) + Cisop (). Ppcn (8). At +

MEy CPy,, (Pyw,, (1)) + M CPpy,, (Ppy,, (t))}

where ci50p(t) in (E/kWh) and ci500(t) in (€/KVArh) are the prices that are

considered to sell the active and reactive power to the consumers.

The revenue of the MG comes from selling the active and reactive power from
the DGs, the discharging power of the battery, the power from the RDGs. The

cost is constructed using equations

(2.1), (2.2), (2.3), (2.15), (2.16), (2.14), (2.11), (2.5), (2.6), and cost of charging
the battery.

The objective functions of equations (2.39) and (2.46) are subjected to the
constraints of equations (2.17) to (2.35), whereas the objective functions of
equations (2.41) and (2.48) are subjected to the constraints of equations (2.17)
to (2.25), (2.30) to (2.33), (2.36), and (2.37).
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2.10 Case study

In this section, the proposed optimisation approaches are applied to the
connected and isolated MG and different scenarios are carried out to verify the
effectiveness of the proposed approaches. The impacts of the reactive power
that is generated from GDs are analysed by comparison with the case of the
reactive power that purchased from the utility grid solely. In addition, the
quantifications of the impacts of the storage battery and the SSSCs on the
optimal operation of the MG in the both market policies are carried out.
Software package, ILOG CPLEX version 12.6 [77], [78], [79] which interfaced
with Microsoft Excel is employed to solve the optimisation problems. While,
OpenDSS (Open Distribution System Simulator) is employed to formulate and
solve the power flow of the proposed MG to find the bus voltages [80]. The
openDss is used either autonomously or driven by other software programmes.
In this research, the OpenDss which is driven by MATLAB software is
considered [81], [82].

2.11 Test System

The proposed optimisation approaches are validated by applying the
optimisation problems on the multi-feeder hybrid MG as shown in Figure 2-3.
The proposed MG is a hybrid modified and updated version of the MG which
has been proposed in [83]. It is a LV distribution network, which it consists of
nineteen bus bars and four feeders; where the line impedances are listed in
Table A-1 [83], [84], [85]. Thereinto, the residential feeders supply 192
customers, where each one supplies 96 consumers, while the industrial and
commercial feeders supplying the respective workshops and commercial loads.
The typical aggregated daily load curves for each type are shown in Figure 2-4
[86], [83] . The maximum active loads of residential, Industrial and commercial
areas are 192 kW, 60 kW and 130 kW respectively. The power factor is
assumed 0.9 for the entire system. In addition, the MG includes different types
of the DGs technology, such as a DE, two MTs, two FCs, two WTs, and four PV
systems. The corresponding DGs technical parameters are listed in Table B-1
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[8], [57], [87] [88], while the emission rate and the emission cost coefficients of
the DGs are illustrated in Table B-2 and Table B-3 [87], [89], [90], [91], [92]. The
wind Turbines data are presented in Table B-4 [86]. Moreover, the system
includes a lithium ion storage battery, wherein the battery data are illustrated in
the Table B-5.The hourly profiles of a typical day for wind, PV power generation

for one system, OMPs [53], [86], and the total active and reactive loads are

Q Main grid

(11/0.4) kV, 500 kVA

\ Circuit breaker
1

shown in Table B-6.

PCC
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' \ ' — ! | |
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| v e v =1 1

—T !l
4 -I— ] 8 I MT1 — 14
WT1 w Battery T \|/

Industrial Loads

S-I— _I_ 9 —|-15
PV2 T PV4 T ]/_ MT2
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Figure 2-3 Structure of the multi-feeder MG test system
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Figure 2-4 Daily load curves for the three loads types of the MG

2.12 Results of the SCUC-UARDEED of the MG

The proposed optimisation approach is applied to both the connected and
isolated proposed MG. The results are obtained by running the simulation on
the Inter (R) core (TM) i5 CPU, 2.6 GHz. The longest run for the connected MG
took 3.6 s, while for isolated MG took 5.5 s.

2.12.1 Results of Minimising the Total Operating Cost

In this case, the DGs generate active and reactive power and the battery is

assumed fully charge at the beginning and the end of the scheduling day.

A. Connected MG

Figure 2-5 and Figure 2-6 show the exchanging active and reactive power with
the utility grid. It can be observed that the MG sells active and reactive power to
the utility grid at hours 12, 13 and 16 to 21 when the OMPs have high values
and exceed the cost of generation of the DGs in order to minimise the overall
operating cost or maximises the profit. Exactly for the same purpose, the MG
purchases active and reactive power from the utility grid at rest hours of the
scheduling day when the OMPs reach low values. The DE is normally
committed at hours 1 to 7 and 24 with minimum active and reactive power
generation to satisfy the active and reactive SSSCs as shown in Figure 2-7. The
DE is committed at hours 1 to 7, although the MT1 and FC1 have lower
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operating cost than DE. This is because neither MT1 nor FC1 can satisfy the
active and reactive SSSCs. In addition, Figure 2-8 shows that at hours 1 to 7
the reactive loads are supplied by purchasing power from the utility grid solely
because the minimum output reactive power of the DE is equal to zero. Further,
the DGs generate the highest active and reactive power at hours 13, 17, 19,
and 21 to sell the highest active and reactive power to the utility grid to reduce
the total operating cost or increase the profit because the OMPs have the

highest values at these hours during the scheduling day.
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Figure 2-5 Optimal exchanging active power with the utility grid
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Figure 2-6 Optimal exchanging reactive power with the utility grid
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Figure 2-8 Optimal reactive power scheduling of the DGs

Furthermore, the storage battery is discharged its maximum active power at
hour 17 when the OMP reaches the highest value, while it is charged at the low
OMP as shown in Figure 2-9. Therefore, the storage battery charging and
discharging operations are scheduled to effectively reduce the total operating

cost or increase the MG profit.

Figure 2-10 shows the costs of active power, reactive power, emission, and
total cost. This figure shows that at hour 17 the active and reactive power costs
have negative values. This means that the MG gains revenue because the MG
sells the highest active and reactive power to the utility grid at this hour and the
OMPs have by far the highest value. The reactive power cost at hours 1 to 7 is
significantly low because at these hours, the reactive power generation of the
DGs is zero and the reactive OMP is very low at these hours. In addition, the

emission cost at hours 13, 17, 19 and 21 has the highest values because the
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DGs generate the highest power. Moreover, the highest total operating cost
occurs at hour 20 because the active and reactive loads have the highest

values at this hour.
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Figure 2-9 Optimal charging and discharging scheduling of the battery
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Figure 2-10 Optimal costs of active, reactive power, emission, and total

Table 2-1 shows the optimal on/off state of the DGs during the scheduling day.
In this table, the cell with red colour means the corresponding generator is
committed at that hour, while the one with green colour means the generator is
uncommitted. On the other hand, the number one in the table means the
corresponding generator is committed, while zero means the generator is
uncommitted. This table shows that the DE is committed during the entire
scheduling day to supply base load and to satisfy the active and reactive
SSSCs constraints, whereas the MT2 is committed least hours among the DGs

because it has the highest operating cost. Therefore, it is committed when the
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OMPs have high values to sell highest active and reactive power to the utility

grid. Overall, the total cost per scheduling day is 408.1 €.

Table 2-1 Optimal on/off state of the DGs of the connected MG

. On state of the DG . Off state of the DG

The above discussion reveals that at some hours the DGs are committed with
minimum output power to satisfy the SSSCs. Therefore, reducing the minimum
characteristic output active power of the DGs to half reduces the total cost to
399.6 € and reduces the emission level of greenhouse gases by 6.2 %. This is
an important finding of this research. Table 2-2 illustrates the components of the
total cost per scheduling day. This table shows that the reduction of the
minimum output active power of the DGs affects the cost components that they

are corresponding to the active power generation.

Table 2-2 Components of the total cost of the connected MG

Components of the total cost Cost (€/day) Cost (€/day) for half
minimum output

Active power cost 295.3 285.2

Active power cost of WTs 53.7 53.7

Active power cost of PVs 374 374

Reactive power cost 17.9 17.9

Maintenance cost 274 25.3

Start-up cost 1 1

Shutdown cost 1.6 1.6

Cost of exchanging active power -105.6 -95.5

with the utility grid

Cost of exchanging reactive power -4.6 -4.6

with the utility grid

Battery degradation cost 2.9 2.9

Emission cost 81.1 74.7

Total cost 408.1 399.6
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B. Isolated MG

Figure 2-11 and Figure 2-12 depict the optimal active and reactive power
scheduling respectively. It can be noticed that the MT1 and DE are committed
at hours 1 to 6 to supply the active and the reactive load demand with RDGs.
The DE is committed at these hours with the minimum output to satisfy the
active and reactive SRCs, while the MT1 supplies the load with RDGs because
it is cheaper than increasing the generation of the DE. It also is seen that the
highest active and reactive power generation occurs at hour 20 because the
load has the highest value, while the lowest value at hour 4 because the load
reaches the lowest value during the scheduling day. Moreover, the DGs
generate both active and reactive power for the entire scheduling day because

there is no connection with the utility grid.
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Figure 2-11 Optimal active power scheduling of the DGs
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Figure 2-12 Optimal reactive power scheduling of the DGs
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In addition, it is seen that the storage battery has no involvement in the entire
scheduling period since it has high operating cost and there are no economic
incentives for operating the battery. Furthermore, results show that the pattern
of active and reactive power generation of the DGs almost close to the total
load patterns, while in the case of connected MG is significantly different from
the load pattern because the utility grid is involved in the supplying the loads.
Figure 2-13 shows the hourly costs of active power, reactive power, emission,
and the total. This figure reveals that the highest active, reactive and emission
costs occur at hour 20 because the total loads have the highest value and the
DGs generate the highest active and reactive power. The costs have only
positive values because the MG operates in the isolated MG and no trading
active and reactive power with the utility grid to gain revenue. Furthermore, the
shapes of the total cost patterns are close to the generation pattern of the DGs
because there is no exchanging power with the utility grid and the battery does

not operate.
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Figure 2-13 Optimal costs of active power, reactive power, emission, and total

Table 2-3 illustrates the optimal on/off state of the DGs in details. This table
reveals that the MT1 is committed for the entire scheduling day because it has
the lowest operating cost among the DGs. While, the MT2 is committed only for
4 hours to satisfy the active and reactive SRCs because it has the highest
operating cost among the DGs. DE is committed for the entire scheduling period

to supply the base load and satisfy the active and reactive SRCs, where DE is
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committed with minimum output in some hours. The overall cost per scheduling
day is 550.2 €. Table 2-4 illustrates the components of the overall cost per

scheduling day in details.

Table 2-3 Optimal on/off state of the DGs of the isolated MG

. On state of the DG . Off state of the DG

Table 2-4 Components of the operating cost of the isolated MG

Components of the total cost Cost (€/day)
Active power cost 322.5
Active power cost of WTs 53.7
Active power cost of PVs 37.4
Reactive power cost 19.7
Maintenance cost 29.6
Start-up cost 0.6
Shutdown cost 0.9
Battery operating cost 0
Emission cost 85.8
Total cost 550.2

2.12.2 Results of Maximising the Profit of the MG

In this case, the optimisation approach is applied to the connected and isolated

MG to maximise the profit of the MG.

A. Connected MG

The optimal scheduling of the active and reactive power of the DGs, the
exchanging active, reactive power with the utility grid and the battery, and the
on/off states of the DGs are the same in the case of minimising the total
operating cost. The same discussion of minimising the operating cost can be
considered for maximising the MG profit as well. Figure 2-14 shows the optimal
revenue, expense, and profit. This figure shows that the highest value of the

revenue and the profit occurs at hours 13, 17, 19 and 21 because the OMPs
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have the highest values and the MG sells the highest active and reactive power
to the utility grid at these hours. In addition, the highest expense occurs at hour
13, 17, 19, and 21 because the DGs generate the highest active and reactive
power. Furthermore, the shape of the revenue pattern is quite close to the
pattern shape of the OMP because the MG sells power to the consumers and
trading power with the utility grid by the OMPs. It is found that the profit per
scheduling day is 281.2 €, while the profit in case of reducing the minimum
active power of the DGs to half is 289.7 €.

250

200

150

A

123456 7 8 91011121314151617 181920 21222324

Revenue, expense and profit (€)

-50

Time(h)

e==gu==Revenue e=ifil==Expense Profit

Figure 2-14 Optimal hourly revenue, expense and profit

Table 2-5 shows the profit components of the both cases. This table reveals
that the reducing the minimum output active power of the DGs to half increase
the profit by 3%. This is a new important finding for this work.

Table 2-5 Components of the MG profit of the connected MG

Components of the Profit Profit (€/day) for half min
profit (€/day) | output active power of the DGs
Revenue 800.3 790.2
Expense 519.1 500.5
Profit 281.2 289.7
B. Isolated MG

The optimal scheduling of the active and reactive power, the exchanging power

with the battery, and the on/off states of the DGs are the same of the minimising
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the operating cost. Figure 2-15 shows the hourly revenue, expense, and profit.
This figure reveals that the highest profit is at hour 13, although the highest load
is at hour 20 because at hour 20 the MT2 is committed to satisfy the SRCs
comparing with hour 13. The patterns shape of the revenue and the profit are
close to the generation pattern shape because there is no trading power with
the utility grid and the prices of the selling active and reactive power to the
consumers are fixed. It is found that the profit per scheduling day is 234 €.

Table 2-6 illustrates the main components of the profit per scheduling day.
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Figure 2-15 Hourly revenue, expense and profit

Table 2-6 Components of the MG profit of the isolated MG

Components of the | Profit (€/day)
profit (€/day)

Revenue 784.2
Expense 550.2
Profit 234

In comparison between the connected and isolated MG, it can be deduced that
in the connected MG, the lowest cost occurs at the same time with the highest
profit and they occur when the OMPs have the highest value. The profit pattern
has the same shape of the OMP, while for the isolated MG the profit and the
cost have the close shape of the DGs. In addition, the profit and the total cost in
case of the connected MG might have negative values, while in the isolated MG

the total operating cost and profit always have positive values.
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2.13 Reactive Power from the Utility Grid

In this section, a comparison between case the DGs give reactive power and
the case when the reactive power is supplied from the utility grid solely. Two

scenarios are considered as follows:

Scl: the DGs generate active power only and the reactive power is delivered
from the utility grid and the MG purchases active and reactive power from the

utility grid and no selling active power to the utility grid.

Sc2: the DGs provide reactive power and the MG purchases active and reactive
power from the utility grid and no selling active or reactive power to the utility

grid.

The same constraints are considered to the both scenarios. The whole power
factor is assumed 0.9 and the impedance data are presented in the Table A-1.
The objective functions of minimising the overall cost and maximising the profit

are slightly changed and they are formulated as
2.13.1 Minimising the Total Operating Cost
The problem is formulated as

min(F) (2.49)
where the objective function F for the Scl is

F = ¥ 1{2IL1[[CPp6,(Ppg,(£)) + COMpg,(Ppg,(t)]8p6,(£) + SUpg, (1) +  (2.50)
SDpg,(£)] + Ce(Ppg,(£)) + Cpo(£) + Cyp(t) + Cgo(t) +

Nt1 CPy,, (Pw,, (D) + N CPpy,,(Ppy,, ()}
This is constructed using equations

(2.1), (2.3), (2.15), (2.16), (2.14), (2.11), (2.12), (2.13), (2.5), and (2.6). With
changing F,(t) to Fy,(t) in equation (2.12) and Q4(t) to Qg,(t) in equation
(2.13).
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and the objective function F for the Sc2 is

F = Y1 {2 [[CPo6,(Ppg, () + CQpg,(Qpg, (1)) + (2.51)
COMpg,(Ppg,(t)]6pg, () + SUpg, (t) + SDpg,(£)] + Co(Ppg,(£)) + Cpo(t) +
Cap () + Cgo(0). Qgp () + THL; CPy,, (P, () + X121 CPpy,, (Ppy,, ()}

This is constructed using equations

(2.1), (2.2), (2.3), (2.15), (2.16), (2.14), (2.11), (2.12), (2.13), (2.5), and (2.6).
With changing P, (t) to P, (t) in equation (2.12) and Q4(t) to Qg4,(t) in equation
(2.13).

2.13.2 Maximising the MG Profit

The problem is formulated as

max(F) (2.52)

where the objective function F for the Scl is

F = Y1121 8pg, (). ¢gp(8)- Pog, (t) + cgp(t). Pyais(t). At + (2.53)
cgp (). X551 Pry, (8) + cp(). XL Py, (03 —
i=1{Z L A[[CPo, (P, (1)) + COMpg, (PG, (8))18p6,(£) + SUpg, () +
SDpg,(t)] + Ce(Ppg,(£)) + Cpo () + cgp (). Pycn (t)- At +

MEy CPy,, (Pyw,, (1)) + P CPpy,, (Ppy,, (1))}

The revenue of the MG comes from selling the active power from the DGs, the
discharging power of the battery, the power from the RDGs. The cost is

constructed using equations

(2.1), (2.3), (2.15), (2.16), (2.14), (2.11), (2.5), (2.6), and cost of charging the
battery.

For the Sc2, the objective function is the same of the equation (2.43).
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The objective functions (2.50) and (2.53) are subjected to the constraints in

equations

(2.17), (2.18), (2.19), (2.20), (2.22), (2.23), (2.24), (2.25), (2.26), (2.28), (2.30),
(2.31), (2.32), (2.33).

The objective functions (2.50) is subjected to the constraints of equations

(2.17), (2.18), (2.19), (2.20), (2.21), (2.22), (2.23), (2.24), (2.25), (2.26), (2.28),
(2.30), (2.31), (2.32), (2.33).

The balance constraint of the active power of equation (2.17) is changed

slightly by changing the F,;(t) to F,,(t), while the reactive power balance of

equation (2.18) is changed as follows:

For the Scl
ZZ:l{Qgp (t) = QDres(t) + QDind(t) + QDcom(t)} (2-54)

For the Sc2
Z:l{zli\;l SDGi(t)- QDGi(t) + Qgp(t) = QDres(t) + QDind(t) + QDcom(t)} (2'55)

By applying the above analysis, the following results are obtained. Figure 2-16
illustrates the optimal scheduling of the active power of the DGs and purchasing
power from the utility grid for both minimizing the total operating cost and for
maximizing the profit of the both scenarios. The figure shows that the storage
battery is not operated over the entire scheduling horizon because there is no
economic incentive for operating the battery. The MT2 is not committed
because it has the highest operating and emission cost. In addition, the MG
purchases active power from the utility grid when the price is low. Moreover, in
the Sc2, the MG purchases reactive power from the utility grid when the OMP
has low values and does not purchase when the price has high values as
shown in Figure 2-17, whereas in the Scl, the MG purchases the reactive
power from the utility grid regardless of the price to meet the reactive loads as

shown in Figure 2-18. Overall, the total operating cost and the profit per
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scheduling day of the Scl are 473.6 € and 215.7 € respectively, while 458.6 €
and 230.7 € per scheduling day of the Sc2.
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Figure 2-16 Optimal Scheduling of the active power of the DGs and purchasing
power from the utility grid of Sc1 and Sc2
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Figure 2-17 Optimal Scheduling of the reactive power of the DGs and purchasing
power from the utility grid of the Sc2
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Figure 2-18 Optimal Scheduling of the reactive power of the Scl
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Table 2-7 illustrates the results of the two scenarios. It is seen that in the Sc2,
the total operating cost is lower than in the Scl and the profit is higher in spite
of consideration the production cost of the reactive power in the cost function.
This is because the MG in the Scl should meet its reactive load from

purchasing power from the utility grid, although the reactive OMP has high

values.
Table 2-7 Cost and profit of the two scenarios
Cost (€/day) Profit (€/day)
Reactive from the utility grid only 473.6 215.7
DGs supply reactive power 458.6 230.7

Figure 2-19 to Figure 2-23 show the hourly voltage profiles of some MG buses
for the two scenarios and for minimising the operating cost and maximising the
profit. It can be seen that the voltage profiles for all buses are improved in the
Sc2. In addition, the voltage values from hour 1 to 9 and hours 22 and 23 are
the same because at these hours the MG meets its reactive load demand from
purchasing power from the utility grid for both scenarios. Furthermore, the bus

voltages are improved, although they do not have DGs.
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Figure 2-19 Voltage bus 2 of the both scenarios
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Figure 2-22 Voltage bus 17 of the both scenarios
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Figure 2-23 Voltage bus 19 of the both scenarios

2.14 Impacts of the Battery on the Optimal Scheduling of the
MG

In this section, the impacts of the battery on the total operating cost, the profit
and scheduling of the DGs are determined. The impacts are quantified by
applying the proposed SCUC-UARDEED to the system with and without
battery. The optimisation problems are applied to both the connected and
isolated MG of the MG. Different scenarios of the storage battery state of

charge are considered as follows

Scl: the battery is fully charged at the beginning and at the end of the
scheduling day.

Sc2: the battery is fully charged at the beginning and not strictly fully charged at
the end of the scheduling day.

Sc3: the state of charge has a minimum value at the beginning and fully charge
at the end of the scheduling day.

Sc4: without the battery.

The battery degradation cost is included in the cost function in all scenarios.
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A. Connected MG

The results of the Scl of minimising the total cost and maximizing the profit are
as in sections 2.12.1 and 2.12.2, while the active power scheduling of
minimising the total operating cost or maximising the profit of the Sc2, Sc3, and
Sc4 are shown in Figure 2-24, Figure 2-25 and Figure 2-26. The on/off state of
the DGs is the same in the Scl because the battery affects the exchanging
power with the utility grid. The optimal reactive power scheduling is as in the
Scl because the storage battery is supplied or absorbed active power solely. In
addition, these figures show that the storage battery is charged when the active
OMP has the lowest values and is discharged when the price has the highest
values for all scenarios. This reveals that the charging and discharging
operations of the battery typically reduce the total operating cost and maximise
the profit. Moreover, in case without he battery the selling power to the utility

grid is reduced.
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Figure 2-24 Optimal active power scheduling of the DGs and exchanging power
with battery and the utility grid of Sc2
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Figure 2-25 Optimal active power scheduling of the DGs and exchanging power

with battery and the utility grid of Sc3
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Figure 2-26 Optimal active power scheduling of the DGs and exchanging power
with the utility grid of Sc4

Table 2-8 and Table 2-9 summarise the results of the four scenarios. The
results in these tables show that the storage battery reduces the total operating
cost and hence increases the profit despite consideration the battery
degradation cost in the optimisation formulation for all scenarios. The results
reveal that the battery affects the exchanging active power cost with the utility

grid and the battery operating cost because the MG sells the charging power of
the battery to the utility grid.
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Table 2-8 Components of the cost of the four scenarios of the connected MG

Components of (€/day) Scl Sc2 Sc3 Sc4
Active power cost 295.3 295.3 295.3 295.3
Active power cost of WTs 53.7 53.7 53.7 53.7
Active power cost of PVs 37.4 37.4 37.4 37.4
Reactive power cost 17.9 17.9 17.9 17.9
Maintenance cost 27.4 27.4 27.4 27.4
Start-up cost 1 1 1 1
Shutdown cost 1.6 1.6 1.6 1.6
Cost of exchanging active | -105.6 | -106.4 -104.8 -96.3
power with the utility grid

Cost of exchanging reactive | -4.6 -4.6 -4.6 -4.6
power with the utility grid

Battery operating cost 2.9 1.3 4.5 0
Emission cost 81.1 81.1 81.1 81.1
Total cost 408.1 405.7 410.5 414.5

Table 2-9 Components of the profit of the four scenarios of the connected MG

Components of | Scl Sc2 Sc3 Sc4

profit (€/day)

Revenue 800.3 | 800.3 | 800.3 | 790.2

Expense 519.1 | 516.7 | 5215 | 5154

Profit 281.2 | 283.6 | 278.8 | 274.8
B. Isolated MG

The results of the Scl of minimising the total cost and maximising the profit are
in sections 2.12.1 and 2.12.2, whereas for the Sc2 and the Sc3, are shown in
Figure 2-27, Figure 2-28 and for the Sc4 is the same of the Scl. The optimal
reactive power scheduling and the on/off state of the DGs are not changed and
are the same in the Scl. The battery in the Sc2 is discharged when the load
reaches the highest values and when the Ppv=0, while in the Sc3 is charged
when the load has the lowest values and MT1 affords the charging power
because it has the lowest operating cost among the DGs. In the Sc3, the
storage battery is operated in charge mode solely to full charge at the end of the

scheduling day. The battery is operated as a load, so the total operating cost is
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slightly higher and the profit is lower than other scenarios. This is the worst
scenario to show the ultimate impacts of the battery on the economic operation
of the isolated MG. In the Scl, the battery is not involved in the operation of the
MG and the Sc4 has the same results of the Sc1.
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Figure 2-27 Optimal active power scheduling of the DGs and exchanging power
with the battery of the Sc2
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Figure 2-28 Hourly optimal active power scheduling of DGs and exchanging

power with the battery of the Sc3

Table 2-10 and Table 2-11 show results of the four scenarios. These results
reveal that the Sc2 has the lowest operating cost and the highest profit because
the battery is discharged only and it is not strictly fully charged at the end of the
scheduling horizon. In addition, the total cost and profit of the Sc1 and Sc4 are
equal because in the Scl the battery is not operated. The battery operations
affect the components of the costs that they are a function of the active
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generation power, such as active power cost, maintenance and emission cost.
This is because the battery operations affect the active power scheduling in the

MG. Furthermore, the operations of the battery affect the revenue and the

expense of the MG as shown in Table 2-11.

Table 2-10 Components of the cost of the four scenarios of the isolated MG

Components of overall Scl Sc2 Sc3 Sc4
cost (€/day)

Active power cost 322.5 320.2 324 322.5
Active power cost of WTs 53.7 53.7 53.7 53.7
Active power cost of PVs 374 374 374 374
Reactive power cost 19.7 19.7 19.7 19.7
Maintenance cost 29.6 294 29.8 29.6
Start-up cost 0.6 0.6 0.6 0.6
Shutdown cost 0.9 0.9 0.9 0.9
Battery operating cost 0 1.3 1.6 0
Emission cost 85.8 85.2 86.3 85.8
Total cost 550.2 548.4 554 550.2

Table 2-11 Components of the profit of the four scenarios of the isolated MG

Components of profit Scl Sc2 Sc3 Sc4
(€/day)

Revenue 784.2 784.2 788.4 784.2

Expense 550.2 548.4 558.1 550.2

Profit 234 235.8 230.3 234

2.15 Impacts of the Active and Reactive SSSCs on the UCSC-

UARDEED of the MG

In this section, the impacts of active and reactive power SSSCs on the
economic operation of the MG and the UC results are presented. Three
scenarios are considered and comparisons between these scenarios are
conducted to determine the impacts of the active and reactive power SSSCs on

the optimal operation of the MG. These scenarios are as follows
Scl: active and reactive power SSSCs for the full active and reactive loads.

Sc2: without the active and reactive power SSSCs.
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Sc3: SSSCs for critical active and reactive load, where the critical active and

reactive load is considered 70 % of the total load.

The results of the Scl are demonstrated in section 2.12.1 and 2.12.2, whereas
Figure 2-29 and Figure 2-30 show the optimal scheduling of the active and
reactive power of the minimising the total cost and maximising the profit of the
Sc2. These figures reveal that at hours 1 to 9 and 23, 24 none of the DGs is
committed because the MG purchases active and reactive power from the utility
grid to supply its active and reactive load with renewable energy resources,
where the purchasing power cost from the utility grid is lower than the
generation cost of the DGs.
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Figure 2-29 Optimal active power scheduling of the DGs and exchanging power

with utility grid and the battery of the Sc2
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Figure 2-30 Optimal reactive power scheduling of the DGs and exchanging power
with the utility grid of the Sc2

Figure 2-31 and Figure 2-32 show the hourly optimal scheduling of the active
and reactive power for the minimising the total cost and maximising the profit of
the Sc3. These figures show that the DGs are committed significantly different
from the Sc1, wherein at hours 1 to 3 solely the FC2 is committed with minimum
output power because it can satisfy the active and reactive power SSSCs for
the critical loads. At hour 4 solely the MT1 is committed to satisfy the active and
reactive SSSCs for critical loads. In the Scl the DE is committed over the entire
horizon. The battery charging and discharging operations are the same of the
Scl.
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Figure 2-31 Optimal active power scheduling of the DGs and exchanging power
with the utility grid and the battery of the Sc3
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Figure 2-32 Optimal reactive power scheduling of the DGs of the Sc3

Table 2-12 and Table 2-13 show the optimal on/off state of the DGs of the Sc2
and the Sc3. These tables illustrate that in the Sc2, the majority of the DGs are
operated fewer hours than the Scl and the Sc3 because the MG can supply it
load demand by purchasing power from the utility grid and from RDGs. The
yellow colour means the difference of committing of the DGs between the Sc2,
the Sc3 versus the Scl.

able 2-12 Optimal state of the DGs of the Sc2

. On state of the DG . Off state of the DG I:I Different state from the previous state

Table 2-13 Optimal state of the DGs of the Sc3

. On state of the DG . Off state of the DG I:I Different state from the previous state

Table 2-14 and Table 2-15 summarise the results of the three scenarios. By
comparing the results of these scenarios, it is found that the take into account
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the active and reactive power SSSCs in the optimisation of the MG for the
whole load or for the critical load increases the operating cost and decreases
the profit of the MG. Reducing the minimum output characteristics of the DGs
reduces the increased cost that results from the active and reactive power
SSSCs. However, the active and reactive power SSSCs lead to secure
operation of the grid over the entire secluding day. The active and reactive
power SSSCs prevents the system from resorting to the involuntary load
shedding in case of losing the connection with the utility grid. In addition, the
account of the active and reactive power SSSCs guarantees obtaining a
feasible solution when the connection with the utility grid is lost. In case without
the active and reactive power SSSCs, the MG operates the majority of day
hours insecure and when any disturbance happens and leads to loss the
connection with the utility grid, the MG cannot supply its load quickly because it
needs time to start-up new DG to meet the active and reactive load demand.
Therefore, The MG needs to run the involuntary load shed programmes and
cuts involuntary load demands. This is inconvenient for the consumers and it is

costly solution.

Table 2-14 Total cost components of the three scenarios

Components of total cost Scl Sc2 Sc3
(€/day)

Active power cost 295.3 256.5 281
Active power cost of WTs 53.7 53.7 53.7
Active power cost of PVs 37.4 37.4 37.4
Reactive power cost 17.9 14.4 16.8
Maintenance cost 27.4 23.2 25.9
Start-up cost 1 1.3 1.4
Shutdown cost 1.6 2.1 2
Cost of exchanging active | -105.6 -78.7 -92.7
power with the utility grid
Cost of exchanging reactive | -4.6 -1.9 -3.7
power with the utility grid
Battery operational cost 2.9 2.9 2.9
Emission cost 81.1 68.2 76.7
Total cost 408.1 379.1 401.4
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Table 2-15 Profit components of the three scenarios

Components of overall Scl Sc2 Sc3
cost (€ /day)
Revenue 800.3 770.7 786.5
Expense 519.1 460.5 498.5
Profit 281.2 310.2 288

The hourly costs of the involuntary load interruption for residential, commercial
and industrial consumers are 3 (€/kWh) [93]. For instance, if the MG loses the
connection with the utility grid at hour 10 in case without the SSSCs, the MG
should run the load shedding programme. At this hour only the MTL1 is
committed and the total load is 250.4 kW, therefore, the MT1 can supply only 60
kW and the other load should be cut. The cost of the load cutting for ten

minutes is 95.2 € and the load cutting causes inconvenience for the consumers.

2.16 Chapter Conclusions

This chapter focuses on the formulating and solving the SCUC-UARDEED of
the MG. The impacts of reactive power from the DGs, the battery, and the
active and reactive SSSCs on the optimal scheduling of the MG are analysed.
The results reveal that the reactive power from the DGs reduces the total
operating cost, increases the profit, and boosts the buses voltage. In addition,
the stationary battery reduces the total operating cost and increases the profit
despite considering the battery degradation cost in the objective functions.
Furthermore, the active and reactive SSSCs guarantee secure operation of the
MG during the entire scheduling horizon, ensure continuous operation when the
connection with utility grid is lost, avoid the system from resorting to involuntary
load shed, increase the total operating cost, and decrease the profit.
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3 Dynamic Economic and Emission Dispatch of the MG
under Stochastic Environment

3.1 Chapter Summary

MGs have the varieties of the DGs and RDGs. The uncertainties evolving from
different resources affect the optimal scheduling of the energy resources of the
MG. If these uncertainties are ignored, this might lead to obtain infeasible
solution or system outages. In this chapter, new approaches and methodologies
are proposed to model the uncertainties and incorporate them with all the
components of the cost and the constraints in chapter 2 in a two-stage
stochastic based-scenario optimisation approach to minimise the total operating
cost or to maximise the profit for the connected and isolated MG; however, the
optimisation problems are maintained numerically tractable. The uncertainties of
the fluctuation of the generation of the RDGs, and the OMP forecast error are
considered as sources of the uncertainties, where the models of these
uncertainties are presented in this chapter.

3.2 Stochastic Optimisation Problems of the MG

New approaches have been proposed to incorporate the uncertainties with
optimisation problems and determine their impacts on the optimal operation of
the MG. In [48], stochastic optimisation was formulated as a probabilistic
constrained approach. In this approach, the hard constraint on exact balance
power was relaxed by introducing a probabilistic constraint, which contains
renewable powers, and load demands as random variables. The power balance
constraint was considered as a high probability, while a penalty was added to
the cost function for violation of the constraint. On the other hand, a two-stage
scenario-based stochastic optimisation was presented in the previous works.
Reference [94] proposed a two-stage optimisation problem, where in the first
stage the decision variables of the UC were taken, which could not be changed
in the second stage. The second stage included the scheduling of the energy
resources of the system with the realisation of the generation fluctuation of the
RDGs. Reference [95] formulated the stochastic optimisation problem as a two-

63



stage, wherein the UC decisions were taken in the first stage, while the second
stage contained the scheduling of the energy resources with consideration
given to the uncertainties. In [96], the first stage of the objective function
included the decisions of the UC and battery charging and discharging
operations, which could not be changed in the second stage. The scheduling of
the energy resources was included in the second stage with consideration given
to the uncertainties. In [86] and [97], the first stage of the objective function
included the UC and the day-ahead energy scheduling of DGs and other
generation resources and the reserve and security costs of the each scenario
were considered in the second stage. References [98], [99], [100] proposed the
stochastic optimisation as a single-stage based on multi-scenarios stochastic
optimisation, where the optimisation problem was solved for a set of generating
scenarios of the uncertain variables. The two-stage is more accurate than a
single stage [97]. The UC is defined at the first stage and the UC is not changed
at the second stage. Therefore, the two-stage stochastic optimisation approach
Is more suitable for the real-time optimisation than the single-stage.

The above publications presented the optimisation problem for the connected
MG, where quite a few researchers studied the optimisation problem in the
isolated MG. Reference [93] proposed the optimisation problem for the isolated
MG as a two-stage framework, where the first-stage decision was the UC and
the second stage decisions were energy scheduling of the energy resources
with the uncertainties from the wind generation. Reference [101] studied the
optimisation in the isolated MG, where the optimisation problem formulated as a
single stage. The wind and solar generation with uncertain load were

considered as sources of the uncertainties.

The above works did not take into consideration the models of the reactive
power production cost, the purchasing reactive power from the utility grid cost,
the environmental cost, the maintenance cost of the DGs, and production cost
of the RDGs. In addition, the limit of greenhouse gases emission constraints

was overlooked. Furthermore, the active and reactive power SSSCs for the
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connected MG and active and reactive power SRCs for the isolated MG were

not considered.

All the above papers pointed out the stochastic optimisation to minimise the
operating cost or to minimise both the cost and emission level. In contrast, quite
a few researchers studied the impacts of the uncertainties on the maximising
the MG profit. Reference [60] introduced a UC two-stage based stochastic
scenario optimisation to maximise the profit of the connected MG. However, the
models of the optimal management of reactive power, exchanging both active
and reactive power with the utility grid were not considered. The models of the
emission cost, maintenance cost of the DGs, and RDGs generation cost also
were not taken into account. In addition, essential constraints were neglected,
such as active and reactive SSSCs, limits of greenhouse gases emission, and
the constraints related to the reactive power. The above literature review
reveals that there is no study takes into account the models of the emission
cost, production cost of the RDGs, and reactive power cost with cost
components and constraints in previous Chapter in one combined optimisation
approach wunder stochastic environment. The stochastic optimisation of
maximising the profit of the isolated MG is not presented in the literature yet.

3.3 The Stochastic Model of the MG Components

The stochastic models of wind speed and PV generation, and the OMP are
presented in this section.

3.3.1 Stochastic Model of the Wind Generation

The power generation of WT depends on the wind speed. Since the wind speed
is an uncertain variable, the WT generation is also uncertain variable. Weibull
distribution is used to formulate the stochastic nature of the wind speed [97],
[102] and the following equation expressed the Weibull distribution.

f) == (%)kl_1 o-(/0) 3.1)

65



where k; and c are shape index and scale index respectively. v is the wind
speed(s/m). When k; =2, the Weibull distribution is changed to Rayleigh
distribution, which is quite similar to the distribution of the wind speed. The
Rayleigh distribution as:

f0) = e (32)
The scale index is obtained from

¢ = 1.128vean (3.3)

where v,,.q. IS the hourly forecasted wind speed. The power of the wind turbine

is calculated by equation (2.4).

3.3.2 Stochastic Model of the PV Generation

The proposed stochastic model of the PV generation is developed and
presented in this section. It is assumed that the fluctuation of the PV power
generation follows the normal distribution, where the Monte Carlo simulation is
used to obtain the stochastic PV power. The proposed stochastic PV power is
as:

Ppy (t) = Ppy ()™ + u(t)*V.a ()" (3.4)

where Pp, (t)™e%" and o(t)"V are the mean values of the PV power at hour t
and the standard deviation of the PV power, u(t)"V is the random variable
generated for the PV power at time t by using the normal distribution with a

mean of zero and a standard deviation is one. Ppy, (t)™¢*" is from Table B-6.

3.3.3 Stochastic Model of the OMP

The stochastic model of the OMP is developed and explained in this section.
The forecast error of the OMP follows a normal distribution and Monte Carlo
simulation is used to obtain the stochastic OMP. The proposed stochastic

behaviour of the OMP as follows.
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cg(t) = cg(B)™4™ + u(t).o(t) (3.5)

where ¢, (t)™**" and o(t)% are the mean OMP at hour t and its standard
deviation of the OMP. u(t)“ is a random variable generated for the OMP at
time t by using normal distribution with the mean of zero and a standard

deviation is one. ¢, (t)™¢“" is from Table B-6.

The generated scenarios are reduced by the reduction method, where the
corresponding probability of the scenario of the wind and solar power, and the
OMP are p¥, pfY, and p°s respectively. Each scenario for each variable has a

probability of happening as:
piz = [p1") PY 1Pt Jixn (3.6)

pir =11, PEY, PV ]1xq (3.7)

Cg:

C C C
o’ =10." 00 linr (3.8)

The summation probability of scenarios for each variable should equal 1 as

follows.
Yia=1pis =1 (3.9)
A (3.10)
e=1 P:g =1 (3.11)

The number of possible scenarios (S) is calculated as
S=n.q.r (3.12)
The summation of the probability of joint scenarios is as follows

w PV Cg

s=14s = Xt ?4:1 e=1Pi3 Pia Pe. =1 (3.13)

where A, is the probability of the joint scenario (s).
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3.4 Formulation of the Proposed Two-stage Stochastic SCUC-
UARDEED of the MG

A novel two-stage robust scenario-based stochastic optimisation of the MG
combined with UC is proposed to formulate the stochastic optimisation
problems of the MG either to minimise the overall operating and emission costs
or maximise the profit. This stochastic approach consists of two stages. In the
first stage, the day ahead scheduling based on forecasted data of the uncertain
variables, while the second stage is mimicing the real-time operations by
penetration the wind and solar generation variability, and OMP forecast error.
Figure 3-1 shows the structure of the proposed stochastic optimisation
approach. This figure reveals that the decisions that are taken in the first stage
include the UC of the DGs before realisation of the uncertainties. In the second
stage the output active and reactive power of the DGs, the exchanging active
power with the battery and the exchanging active and reactive power with the
utility grid are determined based on the realization of each scenario and the UC
solution from the first stage. The decisions that are taken in the first stage
should ensure a feasible solution of all expected scenarios in the second stage.
A thousand scenarios are generated to represent the uncertainty of each
variable, then a clustering technique is considered as a scenario reduction
technique to reduce the number of the generated scenarios [47], [103] , [104],
[105].
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Figure 3-1 Proposed stochastic two-stage optimisation approach of the MG

3.5 Proposed Objective Functions

Two objective functions are considered. The first is the minimising the total

operating cost and the second is the maximising the profit for both the

connected and isolated MG.

3.5.1 Minimising the Total Operating Cost

The aim of this objective function is to minimise the overall operating cost of the
MG over the scheduling day. All the decision variables are denoted by s are
representing scenarios. The stochastic objective functions are formulated as

follows:
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A. Connected MG
The optimisation problem is formulated as

min(F) (3.14)
where the objective function F is

F=Y_, Z?]=1[SUDGi(t) + SDDGi(t)] + Y51 As ZZ:l{Z?I:l[CPDGi(PDSGi(t)) + (3.15)
CQp¢;(Qpg,; (1)) + COMpg,(Ppg,(t))10p¢, (£) + Ce(Ppg,(£)) +

Cho (D) +cgp(t) + c5o(O)+ ZHL 1 CPy,, (P, (©)) + X521 CPpy, (Poy, (1)) +
Cpres- Pprescut (t) + Cores- Qbrescut () + Cpina- Pgindcut(t) +

CQind' le)indcut (t) + Cpcom- chomcut (t) + CQcom' le)comcut(t)}

where SUpg,(t), SDpg,(t) and &p¢,(t) are calculated in the first stage. cpres, Cping

and cpc.om (€E/kWh) are the cost of the active residential, industrial, and
commercial involuntary loads cutting respectively. copres, Cgina @Nd Cocom
(€/kVArh) are the cost of the reactive residential, industrial, and commercial
involuntary loads cutting respectively. P, escut (1) Phingcur (t) @nd P omewt (£) are
the active power cutting from residential, industrial and commercial loads, while
Qbrescut ®)s Qpinacue () and Q3 comewt (t) are the amount of cutting reactive power

from residential, industrial and commercial loads for scenario (s = 1, ..., S).
This objective function is constructed using equations

(2.15), (2.16), (2.1), (2.2), (2.3), (2.14), (2.11), (2.12), (2.13), (2.5), (2.6), and the

last six components which they are defined above.
B. Isolated MG
Similarly, the optimisation problem of the isolated MG is formulated as

min(F) (3.16)
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where the objective function F is

F=Y%, Z?Izl[SUDGi(t) + SDpg, (D] + Xsz1 As Z{=1{Z§V=1[CPDGi(PL§Gi(t)) + (17)
CQpg;(Qpg,(t)) + COMpg,(Ppg,(t))]6pc, (1) + Ce(Ppg,(£)) +
Cho(®)+ XNty CPy, (Py, () + Y CPpy,, (Ppy,, () + Cpres- Pprescut (t) +
Cores @drescut (t) + Cpina- Poinacur () + Coina- Qpindcut (£) +
Cpeom- Pocomeut (t) + Cqcom- @bcomeut () + iz1 C6- Pogycue (t) +

%1=1 Cren- Pli/ilcut (t) + Z{\ézzl Cren- ngizcut (t)}}

where ¢, and c,., (E/kWh) are the cost of the generated active power cutting

of the DGs and RDGs respectively. Ppg ., (£), Py, cue(t), and Ppy o, (t) are the

generated active power cutting from the it"* DG, i1* WT, and i2t"* PV for each

scenario (s) respectively.
This objective function is constructed using equations

(2.15), (2.16), (2.1), (2.2), (2.3), (2.14), (2.11), (2.5), (2.6), and the last nine
components which they are defined above.

The last six components in the equation (3.15) and the last nine terms in the
equation (3.17(3.17) represent the active and reactive loads and generation cut
are considered to provide more flexibility to the system operators to manage the
loads and generation resources to prevent the system from outages and to get
feasible solution in the second stage.

To supply electricity with high equality and to avoid resorting to load or
generation cutting, the penalties of the load and generation cutting are
considered significantly high. Accordingly, the penalties are taken 3 and 5
(€/kWh) [93] for the load and the generation cutting respectively. However, the
load or the generation cutting is resorted when it is necessary and to avoid
outage of the system.
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3.5.2 The Proposed Maximising the Profit

A novel stochastic optimisation approach of maximising the profit of the
connected and isolated MG is proposed in this section and it is formulated as

follows:
A. Connected MG
The optimisation problem is formulated as

max(F) (3.18)

where the objective function F is

F=-Y{, ZIiV=1[SUDGi(t) + SDpg,(O)] + (3.19)
s=1 /s Z{=1{2§V=1[C§P (). Ppg,; () + o (D). Qpg, (1) ]6pg, (8) +
Cgp (1) Ppqis (£). At + cgp(2). Y Ppy,, () + cgp (). XL Py ()} —
s=1 s ZiT=1{Z§V=1[CPDGi(PSGi(t)) + CQpg,(Qpg, (D)) +
COMpg,(Ppg,(1))]10p6, () + Ce(Ppg,(£)) + Cpo(E) + cgp(£). Poen (£). At +
M CPy, (Py, () + e CPpy,, (Ppy,, () +Cpres- Pprescut () +
Cores- @drescut (t) + Cpina- Poinacut () + Coina- Qpinacut (£) +
Cpcom- Ppcomeut (£)}
The revenue of the MG comes from selling the active and reactive power from

the DGs, the discharging power of the battery, the power from the RDGs. The

cost is constructed using equations

(2.15), (2.16), (2.1), (2.2), (2.3), (2.14), (2.11), (2.5), (2.6), cost of charging

battery, and the last six components which they are defined above.
B. Isolated MG
The optimisation problem is formulated as

max(F) (3.20)
where the objective function F is
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F=-%1_, Zliv=1[SUDGi(t) + SDpg, (D] + (3.21)
s=1 s Di=1{Z N alCisop (8)- P, (£) + Cisoq (£). @, (D)]8pg, (1) +
Cisop (£)- Poqis (). At + Cisop (). 121 Poy,, (8) + Cisop (). T Py ()} —
Ya=1 s X1 {E 1 [CPpg,(Pg, (1)) + CQpg,(Q56,(D) +
COMpg,(Ppg, (t)]16pg, (1) + Ce(Ppg,(£)) + Cpo(£) + Cisop (£)- Pocn (£). At +
N1 CPwia (Piyin (0) + X221 CPeyia(Poyiz) + Cpres: Prescur () +
Cores- Qbrescut (£) + Cpina- Ppinacur () + Coina- @pinacut (t) +
Cpeom- Pocomeut (t) + Ccom- @beomeut () + iz1 C6- Pogycue (t) +

%1=1 Cren- Pli/ilcut (t) + Z{\ézzl Cren- ngilcut (t)}

The revenue of the MG comes from selling the active and reactive power from
the DGs, the discharging power of the battery, the power from the RDGs. The

cost is constructed using equations

(2.15), (2.16), (2.1), (2.2), (2.3), (2.14), (2.11), (2.5), (2.6), cost of charging

battery, and the last nine components which they are defined previously.

The solutions of the aforementioned objective functions produce a different
solution for each possible s=1,..,S. Each scenario has a respective
probability of occurrence.

The first stage of the objective functions of equations (3.15) and (3.19) is
subjected to the constraints of equations (2.17) to (2.35), whereas the first stage
of the objective functions of equations (3.17) and (3.21) is subjected to the
constraints of equations (2.17) to (2.25), (2.30) to (2.33), (2.36), and (2.37). The
second stage of these objective functions is subjective to the same constraints
of the first stage. However, the constraints in equations (2.17), (2.18), (2.34),
(2.35), (2.36), and (2.37) are modified in the second stage to involve the

uncertainties in the optimisation problems as in the following equations:
A. Active and reactive power balance constraints of the connected MG

For the connected MG
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=102 1 8p6, (). P3g,(£) + TR, Py, () + X%, Py, (8) + Pp () +
Pgs(t) = (PDres(t) - Pgrescut(t)) + (PDind(t) - PDSindcut(t)) +
(PDcom(t) - PDScomcut(t))}

’{zl{Z?]:l 5DGL-(t)- QgGi(t) + Q;(t) = (QDres(t) - Qf)rescut(t)) +
(QDind (t) - Qgindcut(t)) + (QDcom(t) - Ql:g)comcut(t))}
For the isolated MG
1=1{Zi1 806, (D). Ppg,(6) + Xii=1 Py, () + ZL1 Poy,, () + Py (6) —
?,:1 PSGicut(t) - Zﬁlzl Pﬁ/ilcut(t) - Z{\ézzl ngilcut(t) = (PDres(t) -

Pgrescut (t)) + (PDind (t) - Pgindcut (t)) + (PDcom(t) - chomcut (t))}

Z:l{zli\;l (SDGi(t)- QLS)Gi(t) = (QDres(t) - le)rescut(t)) + (QDind(t) -
le)indcut(t)) + (QDcom(t) - le)comcut(t))}

B. SSSCs

’erl{ Z§V=1 5DGi(t)- PDGimax (t) 2 (PDres(t) - Pgrescur(t)) + (PDind (t) -

Pgindcut (t)) + (PDcom(t) - chomcut (t))}

LT=1{ Zévzl 5DGL-(t)- QDGimax(t) = (QDres(t) - Ql:g)rescut(t)) + (QDind(t) -
Qf)indcut(t)) + (QDcom(t) - Qf)comcut(t))}

C. SRCs

Z?:l{ Zivzl 6DGi(t)- PDGimax(t) 2 (PDres(t) - Pgrescut(t)) + (PDind(t) -
PDSindcut(t)) + (PDcom(t) - chomcut(t)) + R; (t)}

Z?:l{ Z?]:l (SDGi(t)- QDGimax(t) = (QDres(t) - le)rescut(t)) + (QDind(t) -
Qgindcut(t)) + (QDcom(t) - Ql:g)comcut(t)) + Ré (t)}
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3.6 Results of the Minimising the Total Operating Cost and
Maximising the Profit of the MG

The proposed optimisation approaches are applied to the connected and
isolated MG of the MG shown in Figure 2-3 and the DGs parameter data are
presented in Table B-1, Table B-2, and Table B-3. The mean values of wind
speed, PV generation, and OMPs are presented in Table B-6, whereas Figure
C-1, Figure C-2, and Figure C-3 in appendix C show the generated scenarios
for 24 hours for wind speed, PV generation, and OMP. These uncertainties
resulting from the fluctuations of wind and solar generation and the OMP are
considered to the connected MG, while wind and solar generation are adopted
as sources of the uncertainties to the isolated MG.

A. Connected MG

Figure 3-2 and Figure 3-3 show the optimal scheduling of the active and
reactive power generation of the five highest probability scenarios. It can be
observed that the solely DE is committed from hours 1 to 7 with minimum output
power to satisfy the SSSCs for the all five scenarios. At these hours, the active
load demand is supplied from the DE, RDGs, and the rest loads are met by
purchasing power from the utility grid because the purchasing power from the
utility grid is lower than the DGs generation cost. The storage battery in the
scenarios 1, 3 and 4 is discharged twice at hours 13 and 17 because the OMP
has high values at these hours. Whereas, in the scenarios 2 and 5 the battery is
discharged once at hour 17 when the price has the highest value because at
hour 13 the OMP is lower than other scenarios. Therefore, there are no
economic incentives for operating the battery at hour 13. Generally, the storage
battery charging and discharging operations are scheduled to minimise the
overall operating cost or maximise the MG profit. In addition, the MG at hours 4,
5, and 24 in the scenarios 3 and 5 purchases more active power from the utility
grid than other scenarios because the wind and solar generation are equal to
zero at hours 4 and 5 and quite low at hour 24. Further, the MG at hour 21 in

the scenario 3 sells higher active power to the utility grid than other scenarios
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because the renewable generation is higher than other scenarios. Furthermore,
in the scenarios 1, 3, and 4 the MG at hour 13 sells higher active power to the
utility grid than other scenarios because the battery is discharged at this hour

for these scenarios.

Figure 3-3 reveals that in the scenarios 2 and 5 at hours 1 to 6 the reactive load
is supplied by purchasing power from the utility grid because at these hours the
reactive power generation cost of the DGs is higher than the purchasing power
from the utility grid. While, in the scenarios 1, 3, and 4 at hour 6 the DE is
committed to supply the load with the utility grid because the reactive OMP at
hour 6 of the scenarios 1, 3 and 4 higher than the other two scenarios. In
addition, the MG at hours 22 and 23 in the scenarios 2 and 5 purchases more
reactive power from the utility grid than other scenarios because the reactive

OMP is lower than other scenarios.
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Figure 3-2 Optimal active power scheduling of the DGs and exchanging power

with utility grid and the battery of the five highest probability scenarios
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Figure 3-3 Optimal reactive power scheduling of the DGs and exchanging

power with the utility grid of the five highest probability scenarios
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Table 3-1 summarises the results of the five scenarios and Det. Case. The
results demonstrate that the battery leads to reduce the overall cost and
increases the profit despite including the battery degradation cost in the cost

function for all scenarios.

Table 3-1 Results of the five scenarios and Det. Case of the connected MG

Scenarios Scl Sc2 Sc3 Sc4 Sch Det. Case
Total cost (€/day) 410.7 | 418 | 416.9 409 424.5 408.1
Total cost (€/day) without
battery 417.9 | 424 | 424.2 | 416.2 | 430.6 414.5
Profit (€/day) 253.8 | 243 | 247.6 | 255.5 | 236.5 281.2
Profit without battery (€/day) 246.6 237 240.3 | 248.3 | 230.5 274.8

Figure 3-4 and Figure 3-5 show the impacts of the uncertainties on the
operating cost and the profit and Table C-1 and Table C-2 illustrate the hourly
values of the operating cost and profit for the five scenarios and Det. Case. It
can be seen that the lowest total cost is at hour 17 for all scenarios because at
this hour the MG sells the highest active and reactive power to the utility grid
and it also can be observed for the similar reasons that by far the highest profit
of the MG is at hour 17 as well. It also can be seen that the costs of the of
scenarios 1, 3, and 4 at hour 13 are lower than other scenarios because the MG
sells higher power to the utility grid and the OMP has the values higher than

other scenarios.
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Figure 3-4 Total operating cost of the five highest probability and Det. Case of
the connected MG
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Figure 3-5 The MG profit of the five highest probability scenarios and Det. Case
of the connected MG

From the aforementioned discussion, it is deduced that the scheduling of DGs

active and reactive power and exchanging active and reactive power with the

utility are altered with the fluctuation of the RDGs generation and the OMPs,

whereas the battery charging and discharging operations are affected

significantly by the OMP stochastic behaviour.
B. Isolated MG

Figure 3-6 shows the optimal scheduling of the active power of the five highest
probability scenarios, while the reactive power scheduling of the five highest
scenarios is the same of the Det. Case because the OMP is equal to zero, so
there is no stochastic of the reactive variable in this case. It can be noticed that
for the five stochastic scenarios at hours 1 to 6 only MT1 and DE are committed
to satisfy the active and reactive SRs and meet the load with RDGs. The
highest generation of the DGs of the Scl, 3, 4, and 5 occurs at hour 20,
whereas in the Sc2 occur at hour 19 because the wind generation is very low in
this hour in comparing with other scenarios. In addition, this figure shows that
the storage battery is not operated during the scheduling day of all the
scenarios because there are not economic incentives from operating the

battery. Further, in the Sc2 at hours 4, 5, and 24 the DGs generates more active
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power than other scenarios because the renewable generation is equal to zero
at hours 4 and 5 and it quite low at hour 24 comparing with other scenarios. In
the Sc2, also the DGs generate less power at hour 14 than other scenarios.
This is due to abundant renewable generation in comparing with other
scenarios. Furthermore, the DGs in the Sc5 generate more active power at hour
22 than other scenarios because the renewable generation is very low at this
hour. Table 3-2 shows the impacts of the uncertainties on the total cost and
profit values per scheduling day for the five scenarios and Det. Case. Figure 3-
7 and Figure 3-8 show the hourly total cost and profit of the MG of all the
scenarios and Det. Case and Table C-3 and Table C-4 illustrate the hourly
values of the operating cost and profit for the five scenarios and Det. Case.
These figures reveal that the cost and profit have positive values over the entire
scheduling day and the hourly values depend on the generation profile of the
RDGs.
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Figure 3-6 Optimal active power scheduling of the DGs of the five highest

probability scenarios of the isolated MG
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Table 3-2 Results of the five scenarios and Det. Case of the isolated MG

Scl Sc2 Sc3 Sc4 Sch Det. Case
Total
cost(€/day) 550.7 548.8 550.5 550.6 549.6 550.2
Profit (€/day) 233.5 235.4 233.7 233.6 234.6 234

Cost(€)

1 2 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24
Time(h)

B Costof Sc1 M CostofSc2 mCostofSc3 M CostofSc4 M CostofSc5 M Costof Det.Case

Figure 3-7 Total operating cost of the five highest probability and Det. Case of
the isolated MG

Profit(€)

1 2 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24
Time(h)
B Profit of Sc1 M Profit of Sc2 m Profit of Sc3 M Profit of Sc4 M Profit of Sc5 M Profit of Det.Case

Figure 3-8 The MG profit of the five highest probability and Det. Case of the
isolated MG

In comparison of the results of the connected and isolated MG, it can be seen
that the impacts of the uncertainties on the generation of the DGs in the case of
isolated MG are more obvious than the connected MG. This is because in the

isolated MG solely the DGs compensate the fluctuations in the renewable

83



generation, whereas in the connected MG, the utility grid and the DGs can

compensate the uncertainties.

3.7 Chapter Conclusions

This chapter presents a two-stage stochastic SCUC-UARDEED for the
connected and isolated MG. It is concluded that the battery charging and
discharging operations are affected by the OMP stochastic behaviour. The
proposed approach can accommodate the uncertainties for connected and
isolated mode. In addition, the scenario that has the highest renewable
generation per scheduling day does not necessarily have the lowest cost or
highest profit. This is because the power production cost of the renewable

generation is included in the cost function.
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4 Integration of the DSM with Optimal Scheduling of
the MG

4.1 Chapter Summary

In this chapter, a novel integration of the DSM with SCUC-UARDEED of the MG
is proposed. The impacts of the DSM on the total operating cost and the MG
profit are presented. In addition, the impacts of the DSM on the active and
reactive power optimal scheduling, the load profiles, the UC results, and the grid
security of supply are demonstrated. In the proposed optimisation approach, all
types of loads such as residential, industrial, and commercial are participated in
the DSM. The DSM as load shifting technique [106] is applied to the residential
consumers, whereas DBP is applied to the commercial and industrial loads. The
models of the domestic appliances that operate in restricted cycles, such as
washing machines (WMs) and dishwashers (DWs) are developed and the
constraints relate to the DSM techniques are proposed and integrated with
optimisation problem. The proposed optimisation approaches are applied to the
connected and isolated MG and many scenarios are carried out to analyse the

effectiveness of the proposed approaches.

4.2 Literature Review

The growth penetration of the RDGs with MGs makes the power balance and
optimal scheduling of the MG generation resources more challenging.
Therefore, the DSM becomes a key factor in the MG to help the grid operators
to manage both the load and generation side to balance the power flow on the
system. The DSM also has several potential benefits not only for the utilities but
also to the customer. It reduces the total operating cost, increases the profit,
improves security of supply, increases the penetration of the renewable
generation, decreases the peak load, and saves the electricity bill for the
consumer who participate in the DSM programmes [107], [108], [109].
Therefore, researchers have addressed the DSM and its impacts on the system
operation. Reference [110] proposed load management strategies, such as
peak clipping, valley filling, strategic conservation, and strategic load growth. It
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was found that applying the DSM improved the system reliability. Reference
[111] presented the impacts of load management as an interruptible load on the
system reliability and cost. It was found that the DSM saved system costs.
Reference [112] proposed DSM to improve security of the system. It was
concluded that the proposed DSM Improved system stability and reliability. In
[113], the impact of the DSM programmes on the unit commitment results was
addressed. It was claimed that the DSM as peak clipping saved system cost
and energy consumption. It was presented in [114] the benefits of the demand
side response and energy storage on the postponement of the reinforcement of
the existing distribution network, while the benefits of the DSM on the increasing

the utilisation and penetration of wind energy were claimed in [115].

In contrast, in [16] and [8], the DSM as load cutting is incorporated with
optimisation problems of the MG and it was determined the impacts of the DSM
on the operating cost. These papers found that the DSM reduced the cost of the
MG by the value depends on the penalty factor, while in [116], EMS of the MG
with integration of the DSM was proposed. it was concluded that the DSM
reduced the operating cost and the emission of the CO2. Reference [17]
incorporated the DSM as a shifting algorithm with an optimisation problem and it
was claimed that the cost decreased when the load was shifted to the period
when the renewable generation was available. The impacts of load cutting on
the operating cost and the profit were determined in [50], [53]. It was stated that
the load curtailed reduced the operating cost. References [117] and [118]
proposed a shifting algorithm that was mathematically formulated to minimise
the difference between the objective load curve and the actual load curve. This
DSM programme was applied to the MG to study the impacts of the DSM on the
loads and on the operating cost. It was concluded that the DSM reduced the
operating cost; however, it was not explained how the DSM affects the
operating cost mathematically and it was not stated the formulation of the
optimisation problem to minimise the operating cost. Reference [57]
incorporated the DSM with the profit of the MG. However, the DSM algorithms
were considered as input to the optimisation algorithm and not as decisions
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variable. It was demonstrated that the DSM as a shifting technique led to a
reduction in the operating cost. The impacts of the DSM as load shifting to
minimise both operating cost and the emission levels of greenhouse gases
were suggested in [119]. It was found that the management of the LV load

results in a significantly reduction of the cost.

The aforementioned previous works demonstrate that the majority of the
proposed DSM techniques treated the load shifting as an aggregated amount,
instead of as separate appliances with an operation cycle. In addition, in
previous works that applied the DSM to separate appliances, the appliances are
scheduled to bring the load consumption curve as close to objective load that
had been previously determined. This means that the results of the DSM are
treated as input to the optimisation algorithms not as decision variables. The
previous papers considered the DSM as a shifting technique only and they did
not consider other DSM techniques simultaneously; however, the reactive
power management was overlooked and the DSM was applied to the active
load solely. Furthermore, the previous papers did not take into consideration the
environmental cost, battery degradation cost, RDGs production cost, reactive
power cost, and purchasing reactive power from the utility grid in the formulating
of the optimisation problems. The important constraints were neglected in the
formulation of the optimisation problem in the previous works, such as active
and reactive security constraints of the connected and isolated MG and limit of
the greenhouse gases, and other constraints related to the reactive power

management.

According to the literature, it appears that the integration of the DSM as a
shifting strategy with the isolated MG to maximise the profit has not been

addressed yet. This is addressed in this chapter.

4.3 Demand Side Management

The DSM changes the consumption electricity patterns of the consumers from
the normal pattern in responding to change of the electricity price or to incentive

payment programmes. The DSM techniques can be divided into two categories
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depending on the time scaling and control approaches. These two groups are
price or time and incentives based programmes [120]. In general, the time
based programmes consist of three types, namely time of use (TOU), real time
pricing (RTP) and critical peak pricing (CPP) [107]. The TOU has two or three-
time blocks. Usually, this rate reflects the cost of electricity generation during
different time intervals. RTP is a dynamic price reflects the change on the
wholesale price on an hourly, half hour, quarter hour. CPP is a mix between
TOU and RTP and it is difficult to implement. It is restricted to the extreme peak
hours of a limited number of times during a year. The aforementioned price
based programmes are indirect load control (ILC) where the load reduction has
to be accomplished by consumer itself in responding to one of the above price

schemes.

On the other hand, the incentives DSM programmes consist of six kinds,
namely direct load control (DLC), interruptible/curtailed(l/C), emergency
demand response (EDR), demand bedding (DB), capacity market (CA) and
ancillary service (A/S) [121], [122]. DLC and EDRP are voluntary programmes
and the consumers do not penalise, if they do not curtail their electricity
consumption. I/C and CAP are compulsory programmes and enrolled
consumers are subjected to penalize if they do not reduce their consumption.
DBP encourages large consumers to offer load curtailment at a price that is
willing to be curtailed. A/S allows to the consumer to bid in the electricity as an
operating reserve [121]. More details about these strategies can be found in
[123], [124].

4.4 DSM Objectives

Generally, the main objective of the DSM techniques is to reshape the load
profile of the consumers. Accordingly, six load shapes are obtained [108], [125]
namely peak clipping, valley filling, load shifting, strategic conservation,
strategic load growth and flexible load shape. These six shapes are depicted in
Figure 4-1. The peak clipping and valley filling aim to flatten the load curve and

reduce the peak load. This increases the security of smart grid and reduces the
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operating cost. Load shifting is the most famous DSM technique, which is
widely used in load shaping of the distribution system. It reduces peak load and
shift it to off peak hours if possible [126]. Strategic conservation focuses on
reducing the demand not only during peak load but also at other times. This
may reduce the overall cost [127]. Strategic load growth the utility encourages
consumers to change the fossil fuel equipment or improve customer productivity
or life quality. The load growth may include electrification such as EVs [124].
Flexible load is regarding to the power supply reliability, where the load can be

controlled or curtailed.
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Figure4-1 Load shapes produced from applying the DSM techniques [127]

4.5 Proposed Models of the DSM

The loads in the power system is classified into three main groups, namely
residential (R), commercial (C) and industrial (C) consumers. In this research,
these three types of loads are considered. Different types of the DSM
techniques are applied to these loads, where the DSM as shifting technique is
applied to the residential load, while DBP is applied to the industrial and
commercial loads. Each load has different profile and the total load is the

summation of these three loads.

89



The proposed optimisation approach has two main functions: the first one is to
schedule the starting time of each shift-able appliance type and the second is to
accept or rejects the bids of the commercial and industrial consumers, where
the DSM techniques are considered as decision variables in the optimisation
algorithms. The choosing of WMs and DWs as shift-able appliances is for many
reasons: their data availability, they used in all seasons during the year, a
flexibility which is offered by consumer acceptance due to the less impact on
the comfort of the consumers. The proposed approach is general and it can be

applied to other appliances.

4.6 Proposed Load Shifting Technique

The load shifting technique is used to shift the connection time of household
smart appliances (WMs, DWSs), where the shifting decisions are taken by the
MG optimiser depending on the optimisation problem either to minimise of the
operating cost or maximises the profit. The input data for the optimisation
algorithm is the number of devices at each time step of each device type and

the control possibilities of each appliance.

4.6.1 Shifting Devices Data

A summary of the data of the WMs and DWs are illustrated in Table 4-1.
Penetration factor means the percentages of domestic households having a
specific type of these devices. These values are chosen based on the
household survey data presented in reports [128], [129], [130], [131].

Table 4-1 Shifting devices data

Operation cycle | Penetration factor | Energy consumption
duration (h) (%) per cycle (Wh)
WNMs 2 0.82 887.5
DWs 2 0.75 1192.5

Figure 4-2(a) and Figure 4-3(a) show the diversified consumption curves per
192 household of the WMs and DWs per 1lh resolution respectively. Wide
consumption of each appliance can be obtained by multiplying these diversified

profiles by the number of households and by penetration factor. Diversified
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consumption profile for a specific device gives the information about the device
time of day use. For example, it can be observed from Figure 4-2 (a) that the
WNMs have two peaks in the morning and one in the evening and relatively there
is low consumption during the night, while the DWs have one peak at night. The
operation cycles of WMs and DWs per 1h resolution are given in Figure 4-2(b)
and Figure 4-3(b) respectively [129], [131].
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Figure 4-2 WM diversified profile and operation cycles
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Figure 4-3 DW diversified profile and operation cycles

4.6.2 Estimating Number of Smart Appliances Connected to the Grid
at each Time Interval
The optimisation algorithm needs the number of devices that are connected to
the grid at each time interval. This represents the diversified consumption curve
for each device when no DSM activities are taken into consideration. The
estimated number of each device is calculated by diversified curve
disaggregation [109]
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Ce = Yi=1 De—w-1) - Pw (4.1)

where D, represents the number of devices that start their consumption time at
t. C; is the consumption power at time t read from the diversified consumption
pattern. d is the duration of device consumption cycle and p,, is the device
consumption at each time interval, (w = 1,2 ...d). Power C; at each time step is
composed of the consumption power of the devices that start their consumption
at t and the devices that have already started their operation at the previous

time interval.

There is an equation like equation 4.1 for each time step for each device. In
general, the obtained number of connected appliances will not be an integer
number. These numbers should be truncated to the closest integer number.
The number of WMs and DWs in the UK for the 192 households are shown in
Figure 4-4, which is calculated by using equation 4.1.

15

0 | |

Number of devices

1234567 8 9101112131415161718192021222324

Time(h)
WM HDW

Figure 4-4 Expected number of appliances that are connected to the MG at each
time step

4.6.3 Proposed Control Possibilities of the WMs and DWs

The control possibilities should satisfy a specific condition agreed between the
customers and MG operator. Three scenarios are proposed to the possible
control of the controllable devices, where the customers can choose one of
them.
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Scl: The devices can be shifted every day at any time between hours 18 to 23.

Sc2: The devices can be shifted every day at any time between hours 10 and
16.

Sc3: The connection time of the devices can be delayed for maximum 4 hours.

These scenarios are compared with scenario without the DSM (base case). Itis
supposed that the scheduling day starts at 8.00 AM and finished at 8.00 AM

next day as illustrated in Table D-1.

4.6.4 Proposed Mathematical Models of the Shifting Technique

Applying the shifting DSM technique to residential load will change the original
load according to the demand shifted and recovered as follows [109]:

PESM() = Ppres(t) — PIME(E) + PREC2(E) (4.2)

Dres
where PPSM(t) is the residential load after applying the DSM.

The recovered load is calculated as follows:
Phrea(t) = X524 Yty Xere- P + 2t o] Yt Xere-1)- Pasnr (4.3)

where X, is the number of devices of the type k that are shifted from time f
tot, Py, and P4y, are the power consumption at time steps 1 and (1 +1), ny
is the number of device types. d is the whole duration consumption of the
device of type k. Obviously, the equation 4.3 shows that the connection load
consists of two parts. Firstly, the increased load at time t due to the connection
of devices shifted to time t, while the second is the increase of load at time t

that comes from the connection of device at previous time step t — 1.

Mathematical formulation of the shifting demand is formulated in a similar

manner as above

hft _
Ppsrécs () = X401 Yty Xueji- Pre + X0 202 1 2kt Xee-nja- Pasok (4.4)
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where n2 is the maximum dely. It can be observed from equation 4.4 that the
disconnected loads that result from disconnected appliances consist of two
parts. Firstly, the decrease in load due to postponing the connection time of the
devices that were originally estimated to start their consumption at time step t
and secondly the decrease of load due to the delay of devices that were
supposed to start their consumption at a time (t — 1). It is assumed that the

operating time of shift-able devices cannot be interrupted.

4.6.5 The Constraints of the Shifting DSM

The following constraints should be satisfied when solving the optimisation

problem
A. The number of the shifting devices cannot be negative

X =0 (4.5)

where k =1, ...,n;.

B. The number of the devices that are shifted away at a time step is not be

greater than the devices available for control at the time step i.
Dyse = X121 Xipe (4.6)

where Dy, is the expected number of the appliances that are calculated in

section 4.6.2, n3 is the maximum number of time steps.
C. The appliances cannot be moved back in the past

D. The shifted appliances should be recovered within the scheduling day
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4.7 Proposed DB Technique

The DBP encourages the heavy consumers like (industrial and commercial
loads) to offer load reduction at a specific price. The DB technique is
incorporated directly to the optimisation problems. The consumers send their
bids of the load reduction in KW with prices that would be willing to curtail their
loads and the MG has to send back the acceptance or reject the bids of the
consumers on the day-ahead or hour-ahead. The MG accepts or rejects the

bids according to the minimise the total cost or maximises the profit.

The cost of the commercial and industrial loads shedding is formulated as

follows:
Cpinasha(t) = 21=16ina (©)- Ppinasha (©)- Cpinasha () (4.9)
CPcomshd (t) = Z:l Scom(t)- PDcomshd (t) Cpcomshd (t) (4'10)

where 6;,4(t) and 6.,,(t) are the binary variables are employed to accept or
reject the load curtailments for the industrial and commercial loads respectively,
Ppinasna(t) and Pp.omsna(t) are the curtailed loads that are offered by industrial
and commercial consumers, cpinasna(t) and cpqomsna(t) are the prices of cutting

the industrial and commercial loads.

4.8 Proposed Active and Reactive DSM

The reactive load shifting or shedding is not directly managed but it is estimated
indirectly by using power factor (cosf). The reactive power is calculated by

using cosf [132] as follows:

PF = cosf = = (4.11)

Ssys

where 6 is the angle between voltage and current phasors, P (kW) is the active

power and Ss,s (kVA) is the apparent power. If the cosf is known, it is

straightforward to find ¥ = tané that represents the ratio between active power

and the reactive power. ¥ is calculated as
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tanf =¥ = % (4.12)

If the power factor and active power are known, it is easy to compute the

reactive power as follows:

Q) =W.P(t) Vt €T (4.13)

By using equation 4.13 the shifting DSM technique for the reactive power is

expressed by the following equations

h
DSM (1) = Qpres(t) — QirTE () + QEES(E) (4.14)
h h
FENOEL N NN (4.15)
bras(t) = W. Ppred (t) (4.16)

while the reactive load for the DBP is formulated by the following equations:

Coinashd(t) = Xt=18ina(t). Qpinasna (t)- Cginasna (t) (4.17)
Cocomsha () = Xi=1 8com(®)- Qpcomsna (). Cocomsna (t) (4.18)
Qpinasna(t) = V. Ppingsna(t) (4.19)
Qpcomsna(t) = ¥. Ppcomsna (t) (4.20)

where cgingsna @nd cocomsna  a@re the cost of the reactive industrial and
commercial loads shed. The cosf is assumed time independent and has only
one value for the whole system; therefore, the reactive power is proportional to
the active load. Accordingly, if the active load shedding or shifting equal zero,

the reactive load shedding or shifting equal zero as well.

4.9 Formulation of the Proposed Optimisation Problem with
Appling the Shifting DSM to the Residential Area

The same objective functions of equations (2.39) and ((2.412.41) are used for

the connected and isolated MG respectively to minimise the total operating cost.
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Similarly, equations (2.46) and (2.48) are used to the connected and isolated
MG respectively to maximise the profit. These objective functions are subject to
the constraints of equations (2.17) to (2.35) for the connected MG. In case of
the isolated MG, the objective functions are subjected to the constraints of
equations (2.17) to (2.25), (2.30) to (2.33), (2.36), and (2.37). These objective
functions are subjected to the constraints of equations (4.5) to (4.8). However,
the constraints of the equations (2.17), (2.18), (2.34), (2.35), (2.36), and (2.37)
are modified to involve the DSM techniques as in the following equations:

A. Power balance constraints

The active and reactive power balance constraints for the connected MG are as

=12, 8pg, (t)- Ppg,(t) + P Py, () + P Ppy,, () + Pp(0) + (4.21)

P, () = (Ppres(t) — Porti () + PHEE2()) + Ppina () +Ppeom ()}

(N1 806, (D) Qpg, (1) + Qg (1) = (Qpres(t) — Qurli() + QEe2(e)) +  (4.22)
QDind(t) + QDcom(t)}

The same equations are used for isolated MG with both the P, (t) and Q4(¢t)

being equal to zero.
B. SSSCs

The active and reactive SSSCs of the connected MG are formulated as

TN 806, Pogmax () = (Ppres(t) — Pyl (£) + PRES2(6)) + (4.23)
PDind(t) + PDcom(t)}

TN 806, () Pogmax () = (Qpres(t) — Qpreti(t) + QBES3(6)) + (4.24)
QDind(t) + QDcom(t)}
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C. SRCs
The active and reactive SRCs of the isolated MG are formulated as

AN 806, () Pogmax(t) = (Pores(t) — Pardi(£) + PRESI(8)) + (4.25)

PDind (t) + PDcom(t) + Rp (t)]

TAZM 1 806, (0)- Qpgmax () = (Qpres(t) — Qprbe(t) + QBESI(E)) + (4.26)
QDind(t) + QDcoms(t) + Rq (t)]

4.10 Proposed Objective Functions of Applying the DBP to the
Industrial and Commercial Loads

The objective functions of minimising the total operating cost and maximising

the profit for the connected and isolated MG are modified as follows:
4.10.1 Minimising the Operating Cost

A. Connected MG

The optimisation problem is formulated as

min(F) (4.27)
where the objective function F is

F = Y12 [[CPo6,(Ppg, () + CQpg,(Qpg, (1)) + (4.28)
COMpgi(Ppg,(1))16pg,(t) + SUpg, () + SDpg,(£)] + Ce(Ppg, () + Cpo (£) +
Cop(t) + Cyo() + XLy CPy, (Pyw, (1)) + P CPpy,,(Ppy,, (1)) +

CPindshd (t) + CQindshd(t) + CPcomshd (t) + CQcomshd(t)}

This is constructed from the same equations that are constructed the objective
function of the equation (2.39) with adding the equations of (4.9), (4.10), (4.17),
and (4.18).

B. Isolated MG

The optimisation problem is formulated as
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min(F) (4.29)
where the objective function F is

X2 [[CPpg,(Ppg, (1)) + CQpg,(Qpg, (1)) + (4.30)
COMpg;(Ppg,(t))]6pg,(t) + SUpg,(t) + SDpg, ()] + Co(Ppg,(£)) + Cpo +

N1 CPy, (Pw,, () + 2% CPpy,, (Ppy, (1)) + Cpinasna (t) +
CQindshd (t) + CPcomshd (t) + CQcomshd(t)}
This is constructed from the same equations that are constructed the objective

function of equation (2.41) with adding the equations of (4.9), (4.10), (4.17), and
(4.18).

4.10.2 Maximising the MG profit

A. Connected MG
The optimisation problem is formulated as

max(F) (4.31)

where the objective function F is

= Nt=1{Zi1[cgp (). Pog, () + ¢4o (). Qpe, (D)]6pe, () + (4.32)
Cgp (): Ppais(£). At + cgp (). ZN%1 Ppy, (8) + cgp(8). XNLq Pu, ()} —
=LA [[CPoe, (Ppg, (1)) + CQpg, (Qpg, () + COMpg, (Ppg,(£))18p6, (1) +
SUpg,(t) + SDpg,(t)] + Co(Ppg,(t)) + Cpo + Cgp- Ppen (). At +
N1 CPw, (Pu () + X521 CPpy, (Ppy,, () + Cpinasna (t) +

CQindshd (t) + CPcomshd (t) + CQcomshd(t)}

This is constructed from the same equations that are constructed the objective
function of equation (2.46) with adding the equations of (4.9), (4.10), (4.17), and
(4.18).
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B. Isolated MG
The optimisation problem is formulated as

max(F) (4.33)
where the objective function F is

t=1{Zi1[Cis0p (8. Pog, () + Cisoq (). Qp, (D)]8pg, (1) + (4.34)
Cisop () Poais (8). At + Cisop (£). Z5%1 Ppy,, () + Cisop (). 21 Puy, ()} —
{2 [[CPDg, (Pog, () + CQpg, (Qpg, (1)) + COMpg, (Pog,(£))]8pg, () +
SUpg,(t) + SDpg, ()] + Co(Ppg,(t)) + Cpo(t) + Cisop- Pocn (£). At +
N1 CPy,, (Pw,, () + 2% CPpy,, (Ppy, (1)) + Cpinasna (t) +
Coinasha(t) + Cpcomsha (t) + Cocomsha (t)}
This is constructed from the same equations that are constructed the objective

function of equation (2.48) with adding the equations of (4.9), (4.10), (4.17), and
(4.18).

The objective functions of equations (4.28) and (4.32) are subjected to the
constraints of equations (2.17) to (2.35), whereas the objective functions of
equations (4.30) and (4.34) are subjected to the constraints of equations (2.17)
to (2.25), (2.30) to (2.33), (2.36), and (2.37). However, the constraints of the
equations (2.17), (2.18), (2.34), (2.35), (2.36), and (2.37) are modified to involve

the DSM as in the following equations:

A. Active and reactive power balance constraints for the connected MG are as

follows:

21211 8p6, (). Ppg, (1) + ZHL: Py, () + X2, Pey, (8) + Py(t) + (4.35)
Pg(t) = PDres(t) + (PDind(t) - PDindshd(t)) + (PDcom(t) - PDcomshd(t))}

=121 6p6,(8). Qpg, () + Qg (1) = Qpres() + (Qpinalt) = (4.36)
QDindshd(t)) + (QDcom(t) - QDcomshd(t))}
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The same equation is used for the isolated MG with both F,(t) and Q,(t) equal

to zero.
B. SSSCs

The active and reactive SSSCs for the connected MG are formulated as

LT=1{ Zévzl 5DGL-(t)- PDGimax(t) = PDres(t) + (PDind (t) - PDindshd (t)) + (4'37)

(PDcom(t) - PDcomshd(t))}

?:1{ Z§V=1 5DGi(t)-PDGimax (t) 2 QDres(t) + (QDcom(t) - QDcomshd (t)) + (4'38)
(@pina(t) — Qpinasna(t))}

C. SRCs

The active and reactive SRs for the isolated MG solely are formulated as

{=1[Z§V=1 SDGi(t)- PDGimax(t) = PDres(t) + (PDcom(t) - PDcomshd (t)) + (4'39)
(Ppina(t) — Ppinasna(t)) + R, (£)]

{=1[Z§V=1 SDGi(t)- QDGimax(t) = QDres(t) + (QDind(t) - QDindshd(t)) + (4'40)

(QDcom(t) - QDcomshd(t)) + Rq (t)]

4.11 Proposed Objective Function of Applying both shifting and
DBP Simultaneously

The objective functions of applying both shifting and DB techniques
simultaneously are the same of equations (4.28) and (4.30) to minimise the
operating and emission costs of the connected and isolated MG respectively,
while equations (4.32) and (4.34) to maximise the profit of the connected and
isolated MG. These objective functions are subjected to the constraints of
equations (2.17) to (2.35) for the connected MG. In case of the isolated MG, the
objective functions are subjected to the constraints of equations (2.17) to (2.25),
(2.30) to (2.33), (2.36), and (2.37). These objective functions are subjected to
the constraints of equations 4.5 to 4.8. However, the constraints of the
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equations (2.17), (2.18), (2.34), (2.35), (2.36), and (2.37) are modified to involve

the DSM techniques as in the following equations:
A. Power balance constraints

The active and reactive power balance constraints are formulated for the

connected MG as

=121 8p6, (). Ppg, (1) + ZHL: Py, (8) + X152, Pey,, (8) + Py(t) + (4.41)
Rg(t) = (PDres(t) - P;:-Zst (t) + PIS%(S) (t)) + (PDcom (t) - PDcomshd (t)) +
(Ppina(t) = Ppinasna ()}

{21 606, (6). Qo (1) + Qg () = (Qpres(t) — Qprps(D) + Q5 (D) +  (442)
(QDcom(t) - QDcomshd (t)) + (QDind (t) - QDindshd (t))}

The same equation is used for the isolated MG with both F,(t) and Q,(t) equal

to zero
B. SSSCs

The active and reactive SSSCs for the connected MG are formulated as

Tl ZX 1 806,()- Pogmax () = (Pores(t) — Pyrde (£) + PRESS()) + (4.43)
(PDind(t) - PDindshd(t)) + (PDcom(t) - PDcomshd(t))}

{21 606, (8): Qpgmax (8) = (Qpres(t) — Qpras(D) + QR+ (444)
(QDind(t) - QDindshd(t)) + (QDcom(t) - QDcomshd(t))}

C. SRCs

The active and reactive SRCs for the isolated MG are formulated as

2N 86,0 Pogmax (£) = (Pores(t) — Porti(t) + PRE2(E)) + (4.45)

(PDind (t) - PDindshd (t)) + (PDcom (t) - PDcomshd (t)) + Rp (t)}

2N 6p6,(8). Qogmaxr () = (Qores(®) — Qpri(t) + QRE(D) + (4.46)
(QDind(t) - QDindshd(t)) + (QDcom(t) - QDcomshd(t)) + Rq (t)}
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4.12 Results without the DSM (Base Case)

In order to quantify the impacts of the DSM techniques on the optimal operation
of the MG, the comparison with the base case is conducted. Figures 4-5 and 4-
6 show the results of the base case for minimising the total operating cost and
maximising the profit of the connected MG, while Figures 4-7 and 4-8 show the
results of the isolated MG. The total operating cost and the profit are 407.8 €
and 281.5 € per scheduling day respectively of the connected MG while for the
isolated MG they are 549.7 € and 234.5 € per scheduling day respectively.
Tables 4-2 and 4-3 illustrate the optimal on/off state of the DGs of the
connected and isolated MG.
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Figure 4-5 Optimal active power scheduling of the DGs and exchanging power
with the battery and the utility grid of the connected MG without DSM

200
150
100 —

50 - B

0
-50
-100

1234567 89101112131415161718192021222324

Reactive power(kVAr)

Time(h)
EDE EFC1 mFC2 mMT1 mMT2 Grid

Figure 4-6 Optimal reactive power scheduling of the DGs and exchanging power
with the utility grid of the connected MG without DSM
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Figure 4-7 Optimal active power scheduling of the DGs of the isolated MG

without DSM
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Figure 4-8 Optimal scheduling of the reactive power of the DGs of the isolated
MG without DSM

Table 4-2 Optimal on/off state of the DGs of the connected MG without DSM
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Table 4-3 Optimal on/off state of the DGs of the isolated MG without DSM

. On state of the DG . Off state of the DG

4.13 Results of Appling the DSM as shifting Technique to the
Residential Area

The proposed approach is applied to the connected and isolated MG of the MG
that is shown in Figure 2-3, where the DSM is applied to the residential loads.
The hourly time series of the wind speed, PV generations, the open market
price, and the total active and reactive loads are illustrated in the Table D-1.
The load of each area is illustrated in the Table D-2. The control possibilities

which they are in section 4.6.3 are considered.

4.13.1 Minimising the Total Operating Cost
A. Connected MG

The control possibilities are applied to smart appliances in the connected MG.
Scenariol

Figures 4-9 and 4-10 show the impacts of the proposed DSM on the residential
and the total active and reactive loads. It can be noticed that the peak of the
active and reactive total and residential loads is reduced because the peak of
the total and residential loads occurs at the same time. The active and reactive
loads are recovered between hours 19 to 22 because the OMPs have the
lowest values at these hours. In addition, the proposed DSM reduces the peak
of the active and reactive total and residential loads by 20.1 kW and 9.7 kVAr
respectively or by 6.4 % with respect to the peak of the total base active and
reactive loads. However, the peak of the active and reactive loads is still at hour

13. Furthermore, the proposed DSM improves the grid security because a
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reduction of the total peak load leads to a reduction in the active and reactive

generation capacity required to satisfy the active and reactive SSSCs.
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Figure 4-9 Impacts of the DSM on the active and reactive residential loads
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Figure 4-10 Impacts of the DSM on the active and reactive total loads

Figures 4-11 and 4-12 show the hourly optimal scheduling of the active and
reactive power. These figures reveal that the MG sells active and reactive
power to the utility grid when the OMPs reach the highest values, and
purchases power when the OMPs reach the lowest values. In comparison with
the base case, the MG sells more active and reactive power to the utility grid at
hour 6 and between hours 9 and 14 by the same amount of the shifted loads to
reduce its cost because the OMPs have the highest values at these hours. In
contrast, the MG purchases more active and reactive power from the utility grid

between hours 19 and 22 than the base case by an amount equal to the
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recovered loads because the purchasing power from the utility grid is cheaper
than increasing the generation of the DGs. It is found that the total operating
cost is 382.4 € per scheduling day, where the proposed DSM reduces the total
operating cost by 25.4 € or by 6.2 % per scheduling day.

Table 4-4 shows that at hour 15 the MG turns off the MT1 in comparison with
the base case, because in the base case the total active and reactive loads are
233 kW and 112.84 kVAr respectively; therefore, the MG needs to commit DE,
FC2 and MT1 to satisfy the SSSCs. While, in this scenario the total active and
reactive loads are reduced to 215.7 kW and 104.5 kVAr, where the DE and FC2
are enough to satisfy the active and reactive SSSCs.
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Figure 4-11 Optimal active power scheduling of the DGs and exchanging power

with the battery and the utility grid
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Figure 4-12 Optimal reactive power scheduling of the DGs and exchanging power
with the utility grid
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Table 4-4 Optimal on/off state of the DGs

- On state of the DG . Off state of the DG I:I Different state from the previous state

Scenario?2

Figures 4-13 and 4-14 show the impacts of the proposed DSM on the active
and reactive residential and total loads. It can be seen that the peak of the
active and reactive residential and total loads is not reduced because the
shifting load time is located before the peak hours. Therefore, in this scenario,
there is no improvement in the grid security. In addition, the shifted active and
reactive loads are recovered at hours 15 to 17 because the OMPs have the

lowest values during the recovered period.
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Figure 4-13 Impacts of the DSM on the active and reactive residential loads
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Figure 4-14 Impacts of the DSM on the active and reactive total loads

Figures 4-15 and 4-16 show the hourly optimal scheduling of the active and
reactive power. It can be shown that the MG purchases less active power than
in the base case at hours 2, 3, 4, 7 and 8 because the active load is shifted at
these hours. The MG also purchases more active and reactive power than in
the base case at hour 15, 16, 17 because at these hours the active and reactive
loads are recovered and the OMPs have the lowest values. Moreover, the
active and reactive shifted loads do not recover at hours from 10 to 14 because
the OMPs have the highest values and the MG sells active and reactive power
to the utility grid to reduce its cost.

Table 4-5 illustrates that at hour 16 the MG turns on the FC2 and switches off
the MT1 in comparison with base case to meet the load and satisfy the active
and reactive SSSCs. This is because in the base case the total active and
reactive loads are 186 kW and 90.1 kVAr. Therefore, the DE and MT1 are
enough to satisfy the SSSCs, while in this scenario the active and reactive
loads are increased to 229.6 kW and 111.2 kVAr because the loads are
recovered; therefore, the DE and MT1 are not adequate to satisfy the active and
reactive SSSCs. Overall, the total cost is 398.6 € per scheduling day, where the
proposed DSM reduces the total operating cost by 9.2 € or by 2.3 % per
scheduling day.
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Figure 4-15 Optimal active power scheduling of the DGs and exchanging power

with the battery and the utility grid
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Figure 4-16 Optimal reactive power scheduling of the DGs and exchanging power

the utility grid

Table 4-5 Optimal on/off state of the DGs

. On state of the DG . Off state of the DG I:I Different state from the previous state
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Scenario3

Figures 4-17 and 4-18 show the impacts of the proposed DSM on the active
and reactive residential and total loads. These figures reveal that the peak of
the active and reactive residential and total loads is reduced for the same
reason of the Scl. The proposed DSM reduces the peak of the active and
reactive total and residential loads by 7.8 kW and 3.8 kVAr respectively or by
2.5 % with respect to the total base load; however, the peak of the total active
and reactive loads is still at hour 13. The proposed DSM improves the grid

security by reducing the peak load.
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Figure 4-17 Impacts of the DSM on the active and reactive residential loads

350

e=g===Total active load
300 without DSM
250

==fl==Total active load
200 with DSM

150 W\ Total reactive

100 w load without
DSM

50 w =it TOtal reactive

load with DSM

Active and reactive load(kW, kVAr)

O T T T T T T T T T T T T T T T T T T T T T T T 1

1 3 5 7 9 11 13 15 17 19 21 23
Time (h)

Figure 4-18 Impacts of the DSM on the active and reactive total loads

Figures 4-19 and 4-20 depict the optimal scheduling of active and reactive
power. It can be seen that the MG sells more active and reactive power than in
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the base case at hours 9 to 14 because the OMPs have by far the highest
values at these hours and the total active and reactive loads are shifted from
these hours. The on/off state of the DGs is the same of Scl. Overall, the total
cost is 390.8 € per scheduling day, where, the proposed DSM reduces the total
operating cost by 17 € or by 4.2 % per scheduling day.
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Figure 4-19 Optimal active power scheduling of the DGs and exchanging power
with the battery and the utility grid
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Figure 4-20 Optimal reactive power scheduling of the DGs and exchanging power

with the utility grid

B. Isolated MG

Similarly, the proposed control possibilities are applied to the residential loads
of the isolated MG.
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Scenario 1

The proposed DSM reduces the peak of the active and reactive total and
residential loads by 20.1 kW and 9.7 kVAr respectively or by 6.4 % with respect
to the total base load as shown in Figures 4-21 and 4-22, although the peak of
the total active and reactive loads is still at hour 13. These figures show that the
active and reactive loads are shifted from peak hours to the off-peak hours. The
proposed DSM reduces the active and reactive generating capacity necessary

to satisfy the active and reactive SRCs by reducing the peak of the total load.
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Figure 4-21 Impacts of the DSM on the active and reactive residential loads
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Figure 4-22 Impacts of the DSM on the active and reactive total loads

Figures 4-23 and 4-24 show the optimal scheduling of the active and reactive
power. These figures and Table 4-6 reveal that the MG switches off the MT2 at

hours 7, 11 and 12 in comparison with base case because the load is shifted at
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these hours. In this scenario, the MT2 is committed solely at hour 13 to satisfy
the active and reactive SRCs and meet the active and reactive loads. The MT2
Is switched off because it has the highest operating cost among the DGs. The
DGs generate more active and reactive power at hours 19 to 23 than in the
base case to supply the recovered active and reactive loads. Similarly, the DGs
generate less active and reactive power than in the base case at hours 6 to 16
because the loads are shifted at these hours. In addition, the MG switches on
the FC1 at hours 21, 22 and 23 to meet the base and recovered loads rather
than increasing the generation of the DE. This is more economical than
increasing the generation of the DE because the FC1 has lower operating cost
than the DE. It is found that the total cost is 540.3 € per scheduling day, where
the proposed DSM reduces the total operating cost by 9.4 € or by 1.7 % per
scheduling day.
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Figure 4-23 Optimal active power scheduling of the DGs
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Figure 4-24 Optimal reactive power scheduling of the DGs
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Table 4-6 Optimal on/off state of the DGs

. On state of the DG . Off state of the DG |:| Different state from the previous state

Scenario 2

It can be seen from Figures 4-25 and 4-26 that the proposed DSM does not
affect the peak of the active and reactive residential and total loads for the same
reasons of the connected MG. It also is obvious that the loads are recovered at
hour 16 and 17 because the active and reactive loads have the lowest values

during the recovering period.
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Figure 4-25 Impacts of the DSM on the active and reactive residential loads
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Figure 4-26 Impacts of the DSM on the active and reactive total loads

It can be seen from Figures 4-27 and 4-28 and Table 4-7 that at hour 7 the MT2
is switched off in comparison with the base case. This is because the total
active and reactive loads are reduced to 283.715 kW and 137.403 kVAr,
wherein the other DGs can satisfy the active and reactive SRCs and meet the
total load. Moreover, the MG switches on the FC1 at hour 17 to meet the base
and recovered loads in comparison with the base case because it is more
economical than increasing the generation of the DE. Overall, the total cost is
547.1 € per scheduling day, where the proposed DSM reduces the total
operating cost by 2.6 € or by 0.5 %.
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Figure 4-27 Optimal active power scheduling of the DGs
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Figure 4-28 Optimal reactive power scheduling of the DGs

Table 4-7 Optimal on/off state of the DGs

. On state of the DG . Off state of the DG |:| Different state from the previous state

Scenario 3

Figures 4-29 and 4-30 reveal that the peak of the active and reactive total and
residential loads is reduced because the peak of the active and reactive total
loads occurs at the same time with the peak of the active and reactive
residential load. The proposed DSM reduces the peak of the active and reactive
total and residential loads by 20.1 kW and 9.7 kVAr respectively or by 6.4 %
with respect of the total loads. Therefore, the proposed DSM improves the
active and reactive spinning reserve by reducing the generating capacity to
satisfy the SRCs.
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Figure 4-29 Effect of the DSM on the active and reactive residential loads
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Figure 4-30 Effect of the DSM on the active and reactive total loads

Figures 4-31, 4-32 and Table 4-8 show that at hour 7, 11, and 12 the MG
switches off the MT2 in comparison with the base case for the same reasons of
the Scl. In contrast, the MG switches on the FC1 at hours 17 and 18 to meet
the base and recovered loads, where the highest recovered loads are at these
hours. This is more economical than increasing the generation of the DE.
Overall, the total cost is 543.2 € per scheduling day. It can be noticed that the
proposed DSM reduces the total operating cost by 6.5 € or by 1.2 % per
scheduling day.
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Figure 4-31 Optimal active power scheduling of the DGs
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Figure 4-32 Optimal reactive power scheduling of the DGs

Table 4-8 Optimal on/off state of the DGs

. On state of the DG . Off state of the DG I:I Different state from the previous state

Tables 4-9 and 4-10 summarise the results of the three scenarios for the
connected and isolated MG. It can be seen that the highest reduction of the
total operating cost and the highest peak load reduction occur at Scl for both
the connected and isolated MG. This is because the shifting time coincide with

peak hours and the recovering load times occur during the off-peak hours.
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While, the lowest cost reduction and no peak load reduction are in the Sc2
because the shifting load time are prior to the peak load for both the connected
and isolated MG. In addition, the proposed DSM strategies reduce the total
operating cost for all the scenarios with the amount depending on the control

possibilities of the appliances.

Table 4-9 Results of the scenarios of the connected MG

Cost with Cost Peak load Percentage No. No.
DSM reduction % | reduction with reduction shifting shifting
(€/day) DSM (kw) % WMs DWs
Scl 382.4 6.2 20.1 6.4 82 66
Sc2 398.6 2.3 0 0 62 46
Sc3 390.8 4.2 7.8 25 62 65
Table 4-10 Results of the scenarios of the isolated MG
Cost with Cost Peak load Percentage No. No.
DSM reduction % | reduction with reduction shifting | shifting
(€/day) DSM (kw) % WNMs DWs
Scl 540.3 1.7 20.1 6.4 82 66
Sc2 547.1 0.5 0 0 32 40
Sc3 543.2 1.2 20.1 6.4 54 63

4.13.2 Maximising of the MG Profit

A. Connected MG

The control possibilities of the smart appliances are applied to the residential

load of the connected MG to maximise the profit.
Scenario 1

Figures 4-33 and 4-34 reveal that the peak of the active and reactive total and
residential loads is not changed in comparison with the minimising the operating
cost because the MG sells and buys active and reactive power by the OMPs,
where the OMPs have high values at hour of the peak load. Therefore, there
are not economic incentives for shifting the peak load. Figures 4-35 and 4-36
show that the MG sells active and reactive power to the utility grid when the
OMPs have the highest values and purchases active and reactive power when
the prices reach the lowest values. In addition, the MG sells higher active and

reactive power than the base case at hour 14 because the active and reactive
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loads are shifted at this hour, while the MG buys higher active and reactive
power than in the base case at hours 19, 20 because the loads are recovered at
these hours. Overall, the profit is 281.9 € per scheduling day, where the
proposed DSM slightly increases the profit. The on/off state of the DGs are the

same of the Sc1 of minimising the cost and it is shown in Table 4-4.
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Figure 4-33 Impacts of the DSM on the active and reactive residential loads
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Figure 4-34 Impacts of the DSM on the active and reactive total loads
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Figure 4-35 Optimal active power scheduling of the DGs and exchanging power

with the battery and the utility grid
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Figure 4-36 Optimal reactive power scheduling of the DGs and exchanging

reactive power with the utility grid

Scenario 2

It can be seen from Figures 4-37 and 4-38 that the peak of the residential and
total loads is increased. However, increasing the peak of the active and reactive
total loads does not affect the value of the profit because the MG sells and buys
the active and reactive power with the OMPs. The peak of the active and
reactive loads is increased by 6.27 kW and 3.036 kVAr because the shifted load
is recovered when the OMPs have higher values during the recovering period to
increase the revenue of the MG. Figures 4-39 and 3-40 show that the MG sells
less active and reactive power to the utility grid at hours 11 to 13 in comparison
with base case because the active and reactive loads are recovered at these

hours. Furthermore, the on/off state of the DGs is the same of the base case
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and it is shown in Table 4-2.
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Figure 4-37 Impacts of the DSM on the active and reactive residential loads
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Figure 4-38 Impacts of the DSM on the active and reactive total loads
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Figure 4-39 Optimal active power scheduling of the DGs and exchanging power

with battery and the utility grid
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Figure 4-40 Optimal reactive power scheduling of the DGs and exchanging power

with the utility grid

Scenario 3

It can be noticed from Figures 4-41 and 4-42 that the peak of the active and

reactive total and residential loads is not changed for the same reasons of the
Scl.
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Figure 4-41 Impacts of the DSM on the active and reactive residential loads
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Figure 4-42 Impacts of the DSM on the active and reactive total loads

The on/off state of the DGs is the same of Scl of the minimising the operating
cost and it is shown in Table 4-4. Figures 4-43 and 4-44 show the active and
reactive power scheduling. The DGs active power scheduling is the same of the
case of minimising the operating cost and the shifted or recovered loads are
compensated from the utility grid. The profit is 281.9 € per scheduling day.
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Figure 4-43 Optimal active power scheduling of the DGs and exchanging power

with battery and the utility grid
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Figure 4-44 Optimal reactive power scheduling of the DGs and exchanging power
with the utility grid

It can be concluded from the results that in case of maximising the profit of the
connected MG the DSM as shifting technique have insignificantly impacts on
the profit and the peak loads may be increased. This is an important finding for
this work. In addition, there is no reduction in the peak loads. Therefore, there is
no improvement to the spinning reserve.

B. Isolated MG

According to the literature, there appears no study proposed the impacts of the
shifting DSM techniques on the profit of the isolated MG.
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Scenario 1

The shifted and recovered loads and the optimal scheduling of the active and
reactive power are the same as the Scl for minimising the cost of the isolated
MG and they are shown in Figures 4-21, 4-22, 4-23 and 3-24. The on/off state
of the DGs is the same as well and it is as in Table 4-6. It is found that the profit
is 243.9 €, where the proposed DSM increases the profit by 9.4 € per
scheduling day or by 4 %.

Scenario 2

The shifted and recovered loads and the optimal scheduling of the active and
reactive power are the same as the Sc2 for minimising the cost of the isolated
MG and they are shown in Figures 4-25, 4-26, 4-27 and 4-28. The on/off state
of the DGs is as in Table 4-7. On the whole, the profit is 237.1 € per scheduling
day, where the proposed DSM increases the profit by 2.6 € per scheduling day
or by 1.1 %.

Scenario 3

The shifted and recovered loads and the optimal scheduling of the active and
reactive power are the same as the Sc3 for minimizing the cost of isolated MG
and they are shown in Figures 4-29, 4-30, 4-31 and 4-32. The on/off state of the
DGs is as in Table 4-8. Overall, the profit is 241 €, where the proposed DSM
increases the profit by 6.5 € per scheduling day or by 2.8 %.

Tables 4-11 and 4-12 summarise the results of the impacts of the proposed
DSM on the maximising the profit of the connected and isolated MG. The
results reveal that in the connected mode, there are insignificantly impacts on
the profit of the MG and the peak reduction of the active and reactive loads is
zero of the Scl and Sc3, whereas for Sc2 the peak load is increased. This is
because the MG sells and buys the electricity by the OMPs and the OMPs have

high values at hours of the peak load.
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In case of the isolated MG, the profit is increased for all the scenarios. The peak

active and reactive loads are reduced for the Scl and Sc3, while there is no

load reduction for the Sc2.

Table 4-11 Results of the scenarios of connected MG

Profit with DSM Profit Peak load Percentage No. No.
(€/day) increasing | reduction with reduction shifting | shifting
% DSM (kW) % WMs DWs
Scl 281.9 0.14 0 0 15 18
Sc2 281.5 0 -6.27 -2 7 11
Sc3 281.9 0.14 0 0 7 5
Table 4-12 Results of the scenarios of isolated MG
Profit with Profit Peak load Percentage No. No.
DSM increasing | reduction with reduction shifting | shifting
(€/day) % DSM (kw) % WNMs DWs
Scl 243.9 4 20.1 6.4 82 66
Sc2 237.1 1.1 0 0 32 40
Sc3 241 2.8 20.1 6.4 54 63

4.14 Results of Appling the DSM as curtailing Techniques to the
Industrial and Commercial Loads

The industrial and commercial consumers offer active and reactive loads
shedding at the peak hours of the total loads. The proposed approach is applied
to the connected and isolated MG. The industrial and commercial consumers
offer load shedding by 10 kW and 15 kW respectively at each hour from 11 to
13. The MG should accept of rejects the bids of the consumer and inform them
day-ahead.

4.14.1 Minimising the Operating Cost
A. Connected MG

The MG accepts the load shedding bids of the both industrial and commercial
consumers. It can be noticed from Figure 4-45 that the peak of the active and
reactive industrial loads is not changed because the DSM is designed according
to the peak of the active and reactive total loads, wherein the peak of the active
and reactive industrial loads does not coincide with the peak of the active and
reactive total load. Figure 4-46 shows that the peak of the active and reactive

commercial loads is reduced because the peak of the active and reactive
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commercial loads coincides with the peak of the active and reactive total loads.
In addition, the peak of the active and reactive total loads is reduced by 25 kW
and 12.12 kVAr respectively as shown in Figure 4-47. Furthermore, the peak of
the active and reactive total loads is displaced to hour 7. The reduction of the
peak of the total load decreases the generating capacity needs to satisfy the
active and reactive SSSCs. This loads to improve the system security of supply.
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Figure 4-45 Impacts of the DSM on the active and reactive Industrial loads
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Figure 4-46 Impacts of the DSM on the active and reactive commercial loads

130



350

300

=== Total active load
250 without DSM

200 === Total active load
with DSM
150

=== Total reactive load

Active and reactive load(kW, kVAr)

100 without DSM
50 === Total reactive load
with DSM

123456 7 8 9101112131415161718192021222324
Time(h)

Figure 4-47 Impacts of the DSM on the active and reactive total loads

Figures 4-48 and 4-49 reveal that the MG sells more active and reactive power
to the utility grid at hours 11, 12 and 13 with the same amount of the curtailed
loads than in the base case because at these hours the total active and reactive
loads are shed. In addition, the DGs on/off state are the same of the base case,
which is shown in Table 4-2. The total operating cost is 405 € which is reduced
by 2.8 €.
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Figure 4-48 Optimal active power scheduling of the DGs and exchanging power

with the battery and the utility grid
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Figure 4-49 Optimal reactive power scheduling of the DGs and exchanging power

with the utility grid
B. Isolated MG

Figures 4-50 and 4-51 reveal that the MG accepts the load shedding bids of the
commercial consumers for the three hours, while it accepts the offer for
industrial consumers for solely at hour 13 when the loads reach to the highest
values. This is because the prices of cutting the active and reactive industrial
loads are higher than the prices of cutting the active and reactive commercial
loads and there is no connection with the utility grid. Moreover, the peak of the
active and reactive total loads is reduced as shown in Figure 5-52 by 25 kW and
12.12 kVAr respectively, wherein the peak load is displaced to hour 7. The
reduction of the peak of the active and reactive total loads improves the active

and reactive power reserve.
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Figure 4-50 Impacts of the DSM on the active and reactive Industrial loads
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Figure 4-51 Impacts of the DSM on the active and reactive commercial loads
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Figure 4-52 Impacts of the DSM on the active and reactive total loads

Figures 4-53, 4-54 and Table 4-13 show that the MG turns off the MT2 at hours
11, 12 and 13 because the active and reactive loads are curtailed at these
hours; therefore, the other DGs can satisfy the SRCs and supply loads in
comparison with the base case. It is found that the total operating cost is 546.1
€ and it is reduced by 3.6 € per scheduling day.
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Figure 4-54 Optimal reactive power scheduling of the DGs

Table 4-13 Optimal on/off state of the DG

. On state of the DG . Off state of the DG |:| Different state from the previous state

Table 4-14 shows that the cost reduction is insignificant for both the connected
and isolated MG because the MG should pay for the load shedding by the price
consumers agree. It also can be seen that the peak load reduction is the same
of the connected and isolated MG.
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Table 4-14 Results of the connected and isolated MGs

Cost without Cost with Cost Peak load Percentage
DSM (€/day) DSM percentage reduction with | reduction %
(€/ day) Reduction % DSM (kW)
Connected MG 407.8 405 0.69 25 8
Isolated MG 549.7 546.1 0.65 25 8

4.14.2 Maximising the MG Profit

In case of the maximising the MG profit of the connected and isolated MG, there
are no curtailments for the industrial or commercial loads and the results are the

same of the base case.

It can be concluded from the aforementioned results that the applying of the
DSM as load shedding is not preferable when formulating and solving the
optimisation problem to maximise the profit because the load shedding results
in reducing the MG profit.

4.15 Results of Applying the DSM as Shifting and DBP
Simultaneously

The same control possibilities of the smart appliances are considered for the
shifting techniques of the residential loads and simultaneously the DB technique

is applied to the commercial and industrial loads.

4.15.1 Minimising the Total Operating Cost
A. Connected MG

Scenario 1

It can be observed from Figure 4-55 that the peak of the active total load is
reduced by 45.1 kW. Similarly, the peak of the reactive total load is reduced by
21.8 kVAr. The peak of the total active and reactive loads is displaced to hour 7.
The proposed DSM strategies reduce the peak of the active and reactive
residential and commercial loads because their peaks coincide with the peak of
the active and reactive total loads. In addition, the peak of the active and
reactive industrial loads is not changed because the peak of the industrial load

occurs at different hours of the peak of the total load, where the DSM strategies
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are designed to reduce the peak of the active and reactive total loads.
Furthermore, the reduction of the peak of the active and reactive total loads has
resulted from the both shifting and shedding techniques. The proposed DSM
improves the grid security by reducing the peak load.
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Figure 4-55 Impacts of the DSM on the active residential, industrial, commercial
and total loads

Figures 4-56 and 4-57 illustrate that the MG sells more active and reactive
power than the base case at hours 6, 9 to 14 by an equal amount to the shifted
and curtailed loads, while the MG purchases more active and reactive power
from the utility grid by an equal amount to the recovered load at hours 19 to 21
because the active and reactive loads are recovered at these hours because
the OMPs have the lowest values at these hours. The on/off state of the DGs is
the same in the case of applying the shifting DSM only and it is as in Table 4-4.
In addition, the total operating cost is 379.6 € per scheduling day, where the
proposed DSM reduces the total operating cost by 28.2 € or by 6.9 % per
scheduling day.
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Figure 4-56 Optimal active power scheduling of the DGs and exchanging power

with the battery and the utility grid
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Figure 4-57 Optimal reactive power scheduling of the DGs and exchanging power
with the utility grid

Scenario 2

Figure 4-58 shows that the peak of the total active load is reduced by 25 kW.
Similarly, the peak of the reactive total load is reduced by 12.1 kVAr. The
reductions of the peak of the active and reactive loads is resulted from DBP
solely, where the MG accepted both the industrial and commercial bids. The

system security is improved in this scenario as well.
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Figure 4-58 Impacts of the DSM on the active residential, industrial, commercial
and total loads

It can be shown from Figures 4-59 and 4-60 that the MG purchases less active
power than in the base case at hours 2, 3, 4, 7 and 8 by an equal amount to the
shifting loads. Whereas, the MG purchases more active and reactive power at
hours 15, 16, 17 by equal amount to the recovered active and reactive loads. In
addition, the MG sells more active and reactive power than in the base case at
hour 6 and hours 9 to 13 by equal amount to the shifted and shedding active
and reactive loads because the loads are shifted at hours 6, 9 and 10 and shed
at hours 11, 12 and 13. The on/off state of the DGs is the same as in case of

applying the shifting DSM only as in Table 4-5.

It is found that the total cost is 395.8 € per scheduling day. It can be noticed that
the proposed DSM reduces the total operating cost by 12 € or by 2.9 % per
scheduling day.
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Figure 4-59 Optimal active power scheduling of the DGs and exchanging power

with the battery and the utility grid
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Figure 4-60 Optimal reactive power scheduling of the DGs and exchanging power
with the utility grid

Scenario 3

It can be observed from Figure 4-61 that the peak of the active total load is
reduced by 32.6 kW. Similarly, the peak of the reactive total load is reduced by
15.8 kVAr. The peak of the active and reactive total loads is moved at hour 7. In
addition, the reduction of the peak of the active and reactive total loads is
resulted from both the shifting and shedding loads. The proposed DSM reduces
the generation capacity required to satisfy the SSSCs, where this leads to
improve the grid security.
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Figure 4-61 Impacts of the DSM on the active residential, industrial, commercial

and total loads

Figures 4-62 and 4-63 reveal that the MG sells more active and reactive power
than the base case at hours 9 to 14 by an equal amount to the shifted and shed
loads. In addition, the MG purchases more active and reactive power from the
utility grid at hours 16 to 21 because the loads are recovered at these hours.
The on/off state of the DGs is as in Table 4-4. It is found that the total cost is

388 € per scheduling day, where the proposed DSM reduces the total operating

cost by 19.8 € or by 4.9 % per scheduling day.
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Figure 4-62 Optimal active power scheduling of the DGs and exchanging power

with the battery and the utility grid
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Figure 4-63 Optimal scheduling of the reactive power of the DGs and exchanging
power with the utility grid

B. Isolated MG

Scenariol

The proposed DSM reduces the peak of the active and reactive total loads by
35.1 kW as shown in Figures 4-64. Similarly, the peak of the reactive total load
is reduced by 17 kVAr, where the peak of the active and reactive total loads is
moved to hour 7. The reduction of the peak total load is resulted from both the
shifting of the residential load and the shedding of the commercial load. There is
no reduction in active and reactive industrial loads because the prices of
shedding the active and reactive industrial loads are higher than the prices of
shedding the active and reactive commercial loads and there is no trading
power with the utility grid. In addition, the proposed DSM improves the grid

active and reactive spinning reserves.
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Figure 4-64 Impacts of the DSM on the active residential, industrial, commercial

Figures 4-65, 4-66, and Table 4-15 show that the MT2 uncommitted during the
whole scheduling day in comparing with the base case because the loads are
shifted and curtailed during these hours, so the MG does not need to switch on
the MT2. The DGs also generate more active and reactive power at hours 19 to
23 than the base case to supply the recovered loads and the MG needs to
switch on the FC1 at hours 21 to 23 to meet the load demand as shown in
Table 4-15 because it is cheaper than increasing the generation of the DE.
Furthermore, the DGs generate less active and reactive power at hours 6 to 16
by the same amount of the shifted load. It is found that the total cost is 538.7 €

per scheduling day, where the proposed DSM reduces the total operating cost

and total loads

by 11 € or by 2 % per scheduling day.
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Figure 4-65 Optimal scheduling of the active power of the DGs
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Figure 4-66 Optimal scheduling of the reactive power of the DGs

Table 4-15 Optimal on/off state of the DGs

. On state of the DG . Off state of the DG I:I Different state from the previous state

Scenario?2

Figure 4-67 reveals that the peak of the active total load is reduced by 25 kW.
Similarly, the peak of the reactive total load is reduced by 12.1 kVAr. The
reduction of the peak of the active and reactive loads is resulted from DBP
solely, where the MG accepts to shed the active and reactive industrial loads at
hour 13 only when the load has the highest value and it accepts to shed the

active and reactive commercial loads for the three hours.
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Figure 4-67 Impacts of the DSM on the active residential, industrial, commercial

and total loads

It can be seen from Figures 4-68, 4-69, and Table 4-16 that the MG generates
less active and reactive power by an equal amount to the shifted and shed
loads than the base case at hours 3 to 13. This is because that the active and
reactive loads are shifted and curtailed at these hours, while the MG generates
more power than the base case at hours 16 and 17 because the active and
reactive loads are recovered at these hours. In comparison with base case, the
MG switches off the MT2 for the entire scheduling day because the peak of the
active and reactive total loads is reduced at the hours of committing of the MT2.
The MG also turns on the FC1 at hour 17 to meet the active and reactive
recovered loads in comparison with the base case because it is more
economical than increasing the generation of the DE. It is found that the total
cost is 543.5 € per scheduling day, where the proposed DSM reduces the total
operating cost by 6.2 € or by 1.1 %.
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Figure 4-68 Optimal active power scheduling of the DGs with DSM
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Figure 4-69 Optimal reactive power scheduling of the DGs with DSM

Table 4-16 Optimal on/off state of the DGs

. On state of the DG . Off state of the DG I:I Different state from the previous state

Scenario 3

The proposed DSM reduces the peak of the active total load by 34.7 kW as
shown in Figures 4-70. Similarly, the peak of the reactive the total load is
reduced by 16.8 kVAr, wherein the peak of the active and reactive total loads is
moved to hour 7. The reduction of the peak of the active and reactive total loads
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is resulted from both the shifting of the active and reactive residential loads and
cutting the active and reactive commercial loads, where the MG rejects the
industrial loads for the same reasons of Scl. The proposed DSM reduces the
generation capacity necessary to satisfy the active and reactive SRCs by

reducing the peak of the active and reactive total loads.
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Figure 4-70 Impacts of the DSM on the active residential, industrial, commercial
and total loads

Figures 4-71, 4-72, and Table 4-17 demonstrate that the DGs generate less
active and reactive power than the base case at hours 7, 8, and 11 to 14
because the loads are shifted and curtailed at these hours. While, the DGs
generate more active and reactive power than the base case at hours 16 to 21
by an equal amount to the recovered loads. The MG turns off the MT2 for the
entire scheduling day in comparison with the base case for the same reasons of
the Scl and the Sc2. The MG switches on the FC1 at hours 17 and 18 because
the highest active and reactive loads are recovered at these hours. Overall, the
total cost is 541.4 € per scheduling day, where the proposed DSM reduces the

total operating and emission cost by 8.3 € or by 1.5 % per scheduling day.
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Figure 4-72 Optimal reactive power scheduling of the DGs

Table 4-17 Optimal hourly on/ off state of the DGs

. On state of the DG . Off state of the DG I:I Different state from the previous state

Tables 4-18 and 4-19 show that the highest reduction of the cost and the peak
load for both the connected and isolated MG occur in the Scl because the load
is shifted from peak to off-peak hours. The both connected and isolated MG in
the Sc2 have the lowest reduction of the cost and peak loads among other
scenarios.
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Table 4-18 Results of the scenarios of the connected MG

Cost with Percentage Peak load Percentage No. No.
DSM cost reduction with load shifting | shifting
(€/ day) reduction % DSM (kw) reduction % WMs DWs
Scl 379.6 6.9 45.1 14.4 82 66
Sc2 395.8 2.9 25 8 62 46
Sc3 388 4.9 32.6 104 51 54
Table 4-19 Results of the scenarios of the isolated MG
Cost with | Percentage Peak load Percentage No. No.
DSM cost reduction with reduction % | shifting | shifting
(€/day) reduction % DSM (kW) WMs DWs
Scl 538.7 2 35.1 11.2 82 66
Sc2 543.5 1.1 25 8 32 40
Sc3 541.4 1.5 34.7 11.1 43 47

4.15.2 Maximising the MG Profit

The results in case of maximising the MG profit of the connected and isolated
MG for all scenarios are the same as of the applying the shifting DSM technique
only because in the case of the maximising the MG profit the MG dose not shed
any active and reactive loads because the curtailed load leads to reduce the
MG profit.

4.16 Chapter Conclusions

The integration of the DSM techniques with SCUC-UARDEED of the connected
and isolated MG to minimise the total operating cost or maximise the profit is
analysed. The results show that the DSM as load shifting reduces the total
operating cost, improves the systems security and reserve for the connected
and isolated MG, increases the profit for isolated MG, and it has an insignificant
impact on the profit. In case of applying the DSM as DB, the DSM reduces the
total operating cost, and improves the system security and reserve, while there
is no curtailment to load in case of maximising the profit because the load cut
increases the profit. In case of applying both the load shifting and DB strategies
simultaneously, the results reveal that the DSM reduces the total operating cost,
improves the system security and reserve. In case, when considering the DSM
to maximise the profit, there is no curtailment for load for the connected and

isolated MG and the results as in the case of applying the load shifting solely.
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5 Integration of the DSM with Optimal Scheduling of the
MG under Stochastic Environment

5.1 Chapter Summary

The number of the appliances that are connected to the grid at each time
interval is obtained supposing that the diversified profile (Fig 4.2) is perfect.
However, this is not true and it gives uncertainties. Therefore, the uncertainties
occurring from the estimated number of the smart appliances are proposed and
incorporated with an optimisation problem of the MG in the stochastic
optimisation approach. A novel two-stage stochastic based-scenario
optimisation approach is presented, where the uncertainties deriving from the
estimation of the number of the smart appliance, the wind generation, and the
solar generation are considered as the uncertain variables. The proposed
stochastic approach is applied to the connected and isolated MG and many
scenarios are conducted to verify the effectiveness of the proposed approach.
Both the shifting and the DB techniques are applied simultaneously to the load
and the control possibility of the smart appliances of the Scl in the previous

chapter is considered in this chapter.

5.2 Literature review

The researchers pointed out the incorporating of the DSM techniques and
uncertainties evolving from different resources with optimisation problems of the
MG and investigated the impacts of the DSM with the uncertainties on the
optimal operation of the MG. In [133], the DSM as a shifting technique and
uncertainty that derived from wind generation were incorporated with
optimisation problems of the isolated MG. Reference [94] presented the
uncertainties that evolved from the intermittent nature of wind, solar
generations, and the load forecasting with the DSM as a load shedding to
minimise the operating cost of the MG. Reference [86] addressed the
integration of the DSM and WT generation fluctuations with the optimisation
problem of the LV MG to minimise the operating cost. Reference [97] presented
a two-stage stochastic optimisation with the DSM as curtailing technique to
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minimise the operating cost. The uncertainties that resulted from generations of
the RDGs, load demands, and random outages of the DGs are considered as

the sources of the uncertainties.

From above works, it would appear that the proposed stochastic optimisation
approaches did not consider the DSM as a source of uncertainties. The DSM
was treated as aggregated amount and the DSM was input to the optimisation
algorithms. The DSM was proposed for active load only. In addition, it was not
taken into consideration the models of the reactive power production cost, the
environmental cost, the battery degradation cost, purchasing reactive power
from the utility grid. Further, important constraints were ignored, such as active
and reactive security constraints of the connected and isolated MG and
emission limit of the greenhouse gases, constraints related to the reactive
power, and the constraints related to the DSM techniques. Moreover, the
optimisation problem was presented to minimise the operating cost solely. In
case of maximising the profit, it appears no study has reported the stochastic
optimisation with the DSM as source of the uncertainties to maximise the profit

of the connected or isolated MG.

5.3 Stochastic Model of the MG Components

The stochastic models of the wind and solar generations have been done in
chapter three, so solely the number of devices that are connected at each time
intervals is needed to be modelled. The proposed models of the number of the

connected WMs and DWs are as follows.

5.3.1 Stochastic Model of the Number of the WMs

The number of WMs that are connected to the MG at each time intervals is

assumed to follow the normal distribution and the developed model as follows

Xwm(© = Xwu (©)™ + (WM. (t)"™ (5.1)

where Xy, %™ and o (t)"M are the estimated number of the WMs at hour t

and the standard deviation of WMs respectively, u(t)"™ is a random variable
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that is generated for number of the WMs at time t in Mote Carlo simulation by

using normal probability with a mean of zero and a standard deviation is one.

estim

Xwum is obtained from Figure 4-4.

5.3.2 Stochastic Model of the Number of the DWs

The number of DWs that are connected to the MG at each time intervals is
assumed to follow the normal distribution and the developed model of the

number of the DWSs as follows
Xpw(@®) = Xpw®™™ + u(t)®W. o (t)PW (5.2)

estim

where Xpy, and o(t)P" are the estimated number of DWs at hour t and the
standard deviation of the DWs respectively, u(t)®" is a random variable

generated for the DWs at time t in Monte Carlo simulation by using normal

estim

probability with a mean of zero and a standard deviation is one. Xpy, IS

obtained from Figure 4-4.

By following the same procedure in section 3.3 to determine the probability of
the joint scenarios, the probability happening of each reduced scenario for the

WMs and DWs is as follows.
pra = o™, pI™ . o Jixmaz (5.3)
peit = [pt™, p2M PP Taxr (5.4)

where p"M, pPW are corresponding probability of the reduced scenarios for the
WMs and the DWs respectively, where the summation probability of scenarios

for each variable should equal 1.

e =1 (5.5)
£%=1PeDlw =1 (5.6)

The number of possible scenarios (S) is calculated as
S=n.q.m2.rl (5.7)
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The summation probability of the joint scenarios is as follows:
s=1ls = Yis-1 ?4:1 Yirer Zei=1 PL!A?,/ PLZVPI%M pet” (5.8)

5.4 Proposed Objective Functions

The proposed objective functions are a two-stage functions. In the first stage,
the UC decision variables of each DG and the shedding of the active and
reactive industrial and commercial loads decisions are taken before actual
consideration the uncertainties. These decisions could not be change in the
second stage. The decisions that are taken in the second stage after
consideration the uncertainties are the active and reactive power scheduling of
the DGs, the exchanging power with storage battery, the exchanging active and
reactive power with the utility grid, and the active and reactive shifted and
recovered loads. The decision variables are indexed by (s) for representing

scenario.

5.4.1 Minimising the Total Operating Cost

A. Grid-connected mode
The optimisation problem is formulated as
min(F) (5.9)

where the objective function F is

F = X1 1{Z1[SUpg,(t) + SDpg, ()] + Crinasha () + Coinasna(t) + (5.10)
Cpeomsha(t) + Cocomsha()} + X1 As Xi=1{XiL1[CPpg,(Ppg,(t)) +
CQp¢;(Qpg,; (1)) + COMpg,(Ppg,(t))10p¢, (£) + Ce(Ppg,(£)) +
Cho(D)+cop(t) + 5o () + XZHL; CPy,, (P, () +
My CPpy,,(Ppy,,(©)) +Cpres- Porescut (£) + Cores- Qbrescut (£) +
Cpind- Ppinacut () + Cgina- Qbinacur () + Cpcom- Pbeomeut (£) +

CQcom- le)comcut (t)}
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This objective function is constructed using equations

(2.15), (2.16), (4.9), (4.10), (4.17), (4.18), (2.1), (2.2), (2.3), (2.14), (2.11),
(2.12), (2.13), (2.5), (2.6), and the last six components which they represent the

involuntary active and reactive loads cut for the residential, industrial, and

commercial consumers.
B. Grid-isolated mode
The optimisation problem is formulated as
min(F)
where the objective function F is
F =Xl {2E1[SUpg,(t) + SDpe, ()] + Coimasha(®) + Coinasna(t) +
CPcomshd(t) + CQcomshd(t)} + Z§=1 As ZZ:l{Z?Ll[CPDGi(PDSGi(t)) +
CQpq,(Qpg, () + COMpg,(Ppg,(£))]0p6,(t) + Co(Ppg,(0)) + Cpo(t) +
?Ql:l CPWil (Plj/il (t)) + Zgzzl CPPVL-Z (Plgviz (t)) +CPres- Pgrescut(t) +
CQres- Qgrescut(t) + Cpind- Pgindcut(t) + CQind- Qgindcut(t) +
Cpcom- PDScomcut(t) + CQcom- Qgcomcut(t) + Z?]:l Cg- PDSGicut(t) +

N1 N2
i1=1Cren- Pﬁ/ilcut(t) + i2=1Cren- PPSVizcut(t)}

This objective function is constructed using equations

(5.11)

(5.12)

(2.15), (2.16), (4.9), (4.10), (4.17), (4.18), (2.1), (2.2), (2.3), (2.14), (2.11), (2.5),

(2.6), and the last nine components which they represent the involuntary active

and reactive loads cut for the residential, industrial, and commercial consumers

and the generation cuts of the WT, PVs and the DGs.
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5.4.2 The Proposed Maximising the MG Profit

A. Grid-connected mode
The optimisation problem is formulated as

max(F) (5.13)

where the objective function F is

F=- Z{=1{Z§V=1[5Unci(t) + SDpg,(0)] + Cpinasna(t) + Coinasna(t) + (5.14)
Cpcomsha(t) + Cocomsna(t)} + Yo-14s Z?:l{zlivzl[ch (). Ppg, (1) +
cga(8). Qb6 (106, (£) + cgp (D). Poass(£)- At + cgp(£). XizZa Poy, (1) +
cgp(t). T Py ()} — X321 A X1 {24 [CPpe, (P, (D) +
CQpq,(Qpg, () + COMpg,(Ppg,(£))]0p6,(t) + Co(Ppg,(0)) + Cpo(t) +
cgp (). Py (). At + XN, CPy Py, (©) + M1 CPpy, (Ppy,(0) +
Cpres- Phrescut (t) + Cores- Qbrescut (£) + Cpina- Ppinacue (0 +

CQind' Qgindcut (t) + Cpcom:- PDScomcut(t) + CQcom' Qgcomcut (t)}

The revenue of the MG comes from selling the active and reactive power from
the DGs, the discharging power of the battery, the power from the RDGs. The

cost is constructed using equations

(2.15), (2.16), (4.9), (4.10), (4.17), (4.18), (2.1), (2.2), (2.3), (2.14), (2.12), (2.5),
(2.6), the battery charging cost, and the last six components which they
represent the involuntary active and reactive loads cut for the residential,

industrial, and commercial consumers.
B. Grid-isolated mode
The optimisation problem is formulated as

max(F) (5.15)
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where the objective function F is

F ==Y {ZL[SUpg,(t) + SDpg, ()] + Coinasna(t) + Coinasna (t) + (5.16)
Cpcomsha(t) + Cocomsna(t)} + Yoot As Xie1 {2 1 [Cisor (©). Ppg, () +
Cisog (t)- @D, (D186, (1) + Cisop (t). Pogis (£). At + cisop (8). BiS%q Py, (8) +
Cisor (£)- fiz1 Py ()} — o1 As Zica {4 [CPpg, (P3g, () +
CQpq,(Qpg, () + COMpg,(Ppg,(£))]0p6,(t) + Co(Ppg,(0)) + Cpo (1) +
Cisop (£). Pocn (£). At + N1, CPy,, (P, () +
Y521 CPpy,, (Pv,, (©)) + Cpres- Pprescut (£) + Cores- @brescut (t) +
Cpind- Ppinacut () + Cgina- Qbinacur () + Cpcom- Pbeomeut (£) +
Cacom- Qbeomeut (€) + Xita Cg- Pogicu (8) + Xixz1 Cren- Py, cur () +

N
i22=1 Cren- ngiz cut (t)}

The revenue of the MG comes from selling the active and reactive power from
the DGs, the discharging power of the battery, the power from the RDGs. The
cost is constructed using equations

(2.15), (2.16), (4.9), (4.10), (4.17), (4.18), (2.1), (2.2), (2.3), (2.14), (2.12), (2.5),
(2.6), the battery charging cost, and the last nine components which they
represent the involuntary active and reactive loads cut for the residential,
industrial, and commercial consumers and the generation cuts of the WT, PVs
and the DGs.

The first stage of these objective functions is subject to the constraints of
equations (2.17) to (2.35) for the connected MG, whereas for the isolated MG,
the first stage of the objective functions is subjected to the constraints of
equations (2.17) to (2.25), (2.30) to (2.33), (2.36), and (2.37). All the above
objective functions are subjected to the constraints of equations (4.5) to (4.8).
The second stage of these objective functions is subjected to the same
constraints of the first stage. However, the constraints of the equations (2.17),
(2.18), (2.34), (2.35), (2.36), and (2.37) are modified in the second stage to

involve the DSM techniques and the uncertainties as in the following equations:
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A. Power balance constraints
The active and reactive power balance constraints are formulated as

For the connected MG
=121 8pg, (0. P, (1) + XLy Py, (8) + X524 Poy, (0 + Py () +
P5 (6) = (Pores(t) = Pordy " (8) + Py (0 —Phrescut(8)) + (Ppina (t) =
Ppinasna(t) = Ppinacuc () + (Pocom () = Pocomsna () = Ppcomeut (1))}
T (I 806, (). Q56,(8) + Q5 (D) = (Qpres(t) — Qprte® (6) + Qpecd® (8) —
Qbrescut () + (Qpina(t) = Qpinasna () = Qpinacut (1)) + (@pcom(£) —
Qpcomsna(t) = Qpcomeur (£))}

For the isolated MG

{=1{Z 16p¢,(8). Ppg,(t) + YNt Py, (8) + X2 Poy, () + Py () —
PDG cut(t) le 1 PWllcut(t) le 1 PPVilcut(t) = (PDres(t) -
shfts recos

Dres (t) + P Dres (t)_Pgrescut) + (PDind (t) - PDindshd (t) -

PDindcut (t)) + (PDcom (t) - PDcomshd (t) - chomcut (t))}

T2 1 86, (D) @56, (1) = (Qpres(®) = Qprbs™ (8) + Qpred™ () —
Qf)rescut(t)) + (QDind (t) - QDindshd(t) - Qf)indcut(t)) + (QDcom(t) -
QDcomshd(t) - Qf)comcut(t))}

B. SSSCs

The active and reactive SSSCs are modified as follows

T2 806,(8). Pigmax(®) = (Ppres(t) — Pords*(6) +
gfgss(t) PDrescut(t)) + (PDmd(t) PDmdshd (t) PDmdcut(t)) +
(PDcom(t) - PDcomshd(t) - PDcomcut(t))}

{21 606, (0): Q56,max(®) = (@pres(t) = Qpras” () + Qprea™ () —
le)rescut(t)) + (QDind(t) - QDindshd(t) - le)indcut(t)) + (QDcom(t) -
QDcomshd(t) - le)comcut(t))}
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C. SRCs

The active and reactive spinning reserve constraints are formulated as

LT=1{ Z?]:l 5DGL-(t)- PgGimax(t) = (PDres(t) - P;:-Zst’s (t) + (5'23)
PDrfeC;),s(t)_Pgrescut) + (PDind(t) - PDindshd (t) - PDsindcut(t)) + (PDCO (t) -
PDcomshd (t) - chomcut (t)) + R; (t)}

{211 606, (8): Q56,max (8) = (@pres(t) = Qg™ () + Qi) = (5:24)
le)rescut(t)) + (QDind(t) - QDindshd(t) - le)indcut(t)) + (QDcom(t) -
QDcomshd(t) - le)comcut(t)) + Ré(t)}

5.5 Results of the Stochastic Optimisation of the MG with
Integration of the DSM

The proposed approaches are applied to the connected and isolated MG shown
in Figure 2-3. The mean values of the WMs and DWSs are depicted in Figure 4-
4. Table D-1 and Table D-2 in Appendix D show the generated scenarios for 24
hours and reduced scenarios for MWs and DWs respectively. The case of the
devices can be shifted every day at any time between hours 18 to 23 (Scl) is

considered as control possibilities of the smart appliance.

5.5.1 Minimising the Total Operating Cost

A. Connected MG

Figures 5-1 and 5-2 show the impacts of the uncertainties on the active
residential and the total loads for the five highest probability scenarios and Det.
Case, while the impacts of the DSM on the industrial and commercial loads are
the same for all scenarios and are the same of the Det. Case (the results in the
previous chapter). This is because the load shedding for the industrial and
commercial consumers are taken in the first stage, which they could not be

changed.
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Figure 5-1 Active residential loads of the five highest probability scenarios and
Det. Case of the connected MG
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Figure 5-2 Active total loads of the five highest probability scenarios and Det.
Case of the connected MG

Figures 5-3 and 5-4 show the optimal active and reactive power scheduling
respectively. It can be seen from these figures and Table 5-1 that the
uncertainties are compensated from the utility grid for the first three scenarios,
wherein their active power generation are the same because they have the
same RDGs profiles. Therefore, the difference in the exchanging active and
reactive power with the utility grid is due to the uncertainties of the number of
the connected appliances. In addition, Scl, Sc4, and Sc5 have the same
reactive power generation profile and the same exchanging reactive power with
the utility grid because they have the same number of appliances and the

shifted appliance are equal and there are not any stochastic reactive renewable
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generation. Further, in all scenarios, the DGs generate the maximum possible
active and reactive power to reduce its total cost at hour 6, 10, and 14 because
at these hours the OMPs have the highest values. However, at hours 6 and 10
in the Sc4, the MG sells less active power than other scenarios because it has
the lowest renewable generation among other scenarios, while the MG sells
higher active power than other scenarios at hour 14 because the renewable
generation is higher than the other scenarios. Furthermore, in the Sc4 at hours
21 and 22, the MG purchases higher active power than other scenarios to
supply the base and recovered loads. This is because at these hours the

renewable generations are equal to zero.
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Figure 5-3 Optimal active power scheduling of the DGs for the five highest probability
scenarios of the connected MG
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Figure 5-4 Optimal reactive power scheduling of the DGs for the five highest
probability scenarios of the connected MG
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Table 5-1 Results of the five highest probability scenarios

scheduling day of the connected MG

and Det. Case per

Det. Case | Scl Sc2 Sc3 Sc4 Sch

Total Poc (KW) 3421.401 | 3425.856 | 3425.856 | 3425.856 | 3424.824 | 3428.556
Total Qoc (kVAr) 2031.643 | 2032.399 | 2032.399 | 2032.675 | 2032.399 | 2032.399
Total Pgb (kW) 1505.994 | 1457.806 | 1447.801 | 1452.414 | 1466.881 | 1448.206
Total Pgs (KW) 857.199 903.291 893.286 897.898 844.868 911.761
Total Qgb (KVAr) 721.522 723.591 718.745 720.703 723.591 723.591
Total Qgs (kVAr) 374.536 377.360 372.514 374.748 377.360 377.360
Peak load | 45.07 45,535 44.965 48.025 45.353 45,353
reduction (kW)
Total cost (€) 379.6 382.7 385.8 384.8 388.6 381.1
No. WMs 82 76 76 76 76 76
No. DWs 66 74 63 68 74 74

B. Isolated MG

Figures 5-5 and 5-6 illustrate the impacts of the uncertainties on the active
residential and total loads for the five highest probability scenarios and Det.
Case, while the impacts of the DSM on the commercial and industrial loads are
the same and they are the same of the Det. Case for the same reasons of the
connected MG. These figures reveal that the time of the recovered loads of the
Sc4 is different from other scenarios, where some of the shifted loads are
recovered at hour 24 because the wind generation is abundant in comparison
with the other scenarios. Moreover, the peak of the active and reactive loads is

displaced to hour 7.
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Figure 5-5 Active residential loads of the five highest probability scenarios and
Det. Case of the isolated MG
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Figure 5-6 Active total loads of the five highest probability scenarios and Det.
Case of the isolated MG

Figures 5-7 and 5-8 depict the optimal active and reactive power scheduling
respectively. These figures and data in the Table 5-2 reveal that the DGs
compensate the uncertainties for all the scenarios because there is no
connection with the utility grid. The total reactive power generation of all the
scenarios is equal because the DRGs generates only active power; however,
they have different generation profiles because the uncertainties of the smart
appliances. Further, the highest active power generation of the scenarios 1, 2,
3, and 5 is at hour 14 because they have the lowest renewable generation at
this hour, while the highest generation in the Sc4 is at hour 12 because it has
quite low wind and solar generation. The highest reactive power generation for
all scenarios occurs at hour 7 because the RDGs supply only active power and
the peak of the total load are displaced at hour 7. Furthermore, the Sc4 has the
lowest active power generation at hour 24 because the wind generation has the
maximum value at this hour, while other scenarios have zero wind generation at
this hour. On the other hand, it can be seen that the reactive power generation
at hours 21 and 22 for the scenarios 1, 2, 3, and 5 is higher than hours 23 and
24, although the base loads at hours 23 and 24 are higher than at hours 21 and
22. This is because the reactive recovered loads at hour 21 and 22 are higher
than recovered loads at hours 23, where there is no recovered load at hour 24.
While, for Sc4 is adverse because the recovered load at hour 23 and 24 is
higher than recovered loads at hours 21 and 22.
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Figure 5-7 Optimal active power scheduling of the DGs of the five highest
probability scenarios of the isolated MG
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Figure 5-8 Optimal reactive power scheduling of the DGs of the five highest

probability scenarios of the isolated MG
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Table 5-2 Results of the five highest probability scenarios and Det. Case per

scheduling day of the isolated MG

Det. Case Scl Sc2 Sc3 Sc4 Sch
Total Poc (kW) 4094.919 | 4005.094 | 4005.094 | 4005.094 | 4071.56 | 3989.723
Total Qoc (kVAr) 2393.159 | 2393.159 | 2393.159 | 2393.159 | 2393.159 | 2393.159
Peak load 35.1 35.535 34.965 38.025 35.535 35.535
reduction (kW)
Total cost (€) 538.7 537.8 538.4 538.1 537.8 537.6
No. WMs 82 76 75 75 76 76
No. DWs 66 74 63 68 70 74

5.5.2 Maximising the Profit of the MG

A. Connected MG

Figures 5-9 and 5-10 show the impacts of the uncertainties on the active

residential and total loads of the five highest probability scenarios and Det.

Case, where there is no cutting of industrial and commercial loads. It can be

seen from these figures that the peak of the total and residential loads is not

reduced for all scenarios for the same reason of the Det. Case.
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Figure 5-9 Active residential loads of the five highest probability scenarios and

Det. Case of the connected MG
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Figure 5-10 Active total loads of the five highest probability scenarios and Det.

Case of the connected MG

Figures 5-11 and 5-12 depict the optimal active and reactive power scheduling.
These figures show that in the Sc5 the MG at hour 20 purchases higher active
and reactive power from the utility grid than other scenarios to satisfy the base
and recovered loads because the recovered load has the highest value at this
hour. In addition, the battery is charged with maximum power at hour 17 for all
scenarios because the OMP has the lowest value of this hour and the battery is
completed its charging at hours 20 or 21 depending on the renewable power
availability and the recovered load because the OMPs are equal at these hours.
Furthermore, at Sc4 the MG purchases lower active power than other scenarios
at hour 24 because the wind generation has the maximum value at this hour in
the Sc4.

Figure 5-12 reveals that all the scenarios have the same reactive power
generation profiles because the uncertainties that come from the number of
appliances are compensated from the utility grid and the renewable generations

supply only active power.

Table 5-3 summarises the results of the five scenarios and Det. Case. This
table reveals that the total generation of the reactive power are equal for all the
scenarios because they have the same generation profile.
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Figure 5-11 Optimal active power scheduling of the DGs of the five

highest probability scenarios of the connected MG
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Figure 5-12 Optimal reactive power scheduling of the DGs of the five

highest probability scenarios of the connected MG
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Table 5-3 Results of the five highest probability scenarios and Det. Case per
scheduling day of the connected MG
Det. Case | Scl Sc2 Sc3 Sc4 Sc5
Total Poc (kW) | 3421.401 | 3425.856 | 3425.856 | 3425.856 | 3424.824 | 3428.556
Total Qoe 2040.453 | 2040.453 | 2040.453 | 2040.453 | 2040.453 | 2040.453
(kVAr)
Total Pgb (kW) 1407.482 | 1353.824 | 1350.974 | 1353.824 | 1357.438 | 1344.223
Total Pgs (kW) 683.687 724.308 721.458 724.308 660.425 | 732.779
Total Qgb (KVAr) 665.004 665.178 663.798 665.178 662.534 | 665.178
Total Qgs (kVAI) 290.504 290.679 289.298 290.679 288.034 | 290.679
Peak load 0 0 0 0 0 0
reduction (kW)
Profit (€) 281.9 277.2 277.2 277.2 271.2 278.7
No. WMs 15 14 14 14 7 14
No. DWs 18 19 14 18 19 19
B. Isolated MG

Figures 5-13 and 5-14 show the impacts of the uncertainties on the active
residential and total loads of the five highest probability scenarios and Det.
Case, whereas the MG rejects the commercial and industrial loads cutting bids
because the load cutting reduces the profit of the MG. These figures reveal that
the recovered load of the Sc4 is different from other scenarios, where an
amount of the shifted loads is recovered at hour 24 for the same reasons of the
minimising the total cost.
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Figure 5-13 Active residential loads of the five highest probability scenarios and
Det. Case of the isolated MG
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Figure 5-14 Active total loads of the five highest probability scenarios and Det.
Case of the isolated MG

Figures 5-15 and 5-16 show the optimal active and reactive power scheduling. It
can be observed that the storage battery is not operated during the entire
scheduling horizon for all the scenarios because there is not economic incentive
for operating the battery. In addition, the highest active power generation occurs
at hour 14 for scenarios 1, 2, 3, and 5, while for Sc4 is at 12 for the same
reason of the case of minimising the cost of the isolated MG. Further, the active
power generation of the DGs at hour 18 in the scenarios 1, 2, 3, and 5 is higher
than hour 17, although the active load at hour 17 higher than at hour 18. This is
because the wind generation has the maximum value at hour 17 and solar
generation is zero, while at hour 18 both the wind and solar generations have
zero generation. Furthermore, in the Sc4 the active power generations of the
DGs at hours 21, 22, and 23 are higher than other scenarios because the
renewable generation at these hours is lower than other scenarios. Figure 5-16
reveals that the reactive power generation at hours 21 and 22 for Scenarios 1,
2, 3, and 5 are higher than hours 17 to 19, 23, and 24, although the reactive
loads at hours 17 to 19, 23, and 24 are higher than 21 and 22. This is because
the recovered loads at hours 21 and 22 have the highest values. Moreover, the
reactive power generation at hour 24 for the Sc4 is higher than other scenarios
because the load is recovered at hour 24, while the recovered load for other

scenarios is equal to zero.
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Figure 5-15 Optimal active power scheduling of the DGs of the five

highest probability scenarios of the isolated MG
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Figure 5-16 Optimal reactive power scheduling of the DGs of the five

highest probability scenarios of the isolated MG
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Table 5-4 reveals that the uncertainties are compensated by the changing the
generation of the DGs because there is no connection with the utility grid. It also
can be seen that the total reactive power generation for all scenarios are the
same because the DRGs generate only active power, so solely the DGs supply

the reactive load; however, they have different generation profiles.

Table 5-4 Results of the five highest probability scenarios and Det. Case per

scheduling day of the isolated MG

Det. Scl Sc2 Sc3 Sc4 Sch
Case
Total Ppc (kW) 4139.919 | 4050.094 | 4050.094 | 4050.094 | 4116.560 | 4034.723
Total Qos (kVAr) 2414.952 | 2414.952 | 2414.952 | 2414.952 | 2414.952 | 2414.952
Peak load | 20.535 20.535 19.965 23.025 20.353 20.353
reduction (kW)
Profit (€) 243.9 244.7 244.3 2445 244.7 245
No. WMs 82 76 76 76 75 76
No. DWs 66 74 63 68 70 74

5.6 Chapter Conclusions

The integration of the DSM with the two-stage stochastic optimisation of the
connected and isolated MG to minimise the total operating cost or maximise the
profit is analysed. The results show that the active and reactive OMPs have
significant impacts on the shifted and recovered load for the connected MG. In
addition, the stochastic generation of the RDGs affects the shifted and
recovered loads for the isolated MG. Furthermore, the feasible solution is
obtained for all scenarios for connected and isolated MG.
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6 Dynamic Economic and Emission Dispatch of MG
with Integration of Electric Vehicles

6.1 Chapter Summary

In this chapter, a novel multi-period SCUC-UARDEED with the bidirectional
integration of the EVs and the environmental damage cost with a set of realistic
constraints including security constraints is addressed. New scheduling strategy
and optimisation approaches are proposed to formulate and solve the optimal
scheduling with the integration of the EVs. The EVs with their constraints are
modelled and incorporated with a novel SCUC-UARDEED two-stage scenario-
based stochastic optimisation approach. The uncertainties related to the EVs
behaviour and intermittence of the RDGs generation are considered as sources
of uncertainties in this chapter. Multiple charging and discharging scenarios are
conducted to analyse the impacts of the EVs on the optimal operation of the
MG.

6.2 Electric Vehicles

The greenhouse gases have adverse impacts on the humans, environment, and
natural resources. The electricity sector and transportation are the main sources
of the emission of these gases [134]. Particularly, hybrid electric vehicles
(HEVs) and pure electric vehicles (EVs) are the promising technology to reduce
the emission of these greenhouse gases. However, the wider integration of the
EVs may lead to negative impacts on the operation of the MG. Therefore, this
integration should be controlled and managed to prevent the negative impacts
on the operation of the MG.

The EVs in both types (HEVs) and (EVs) have many benefits for the MG
operators, owners of the EVs and for the environment. For instance, the EVs
are mobile storage devices, so it is transform surplus energy from one place to
other. In addition, during working time the EVs are connected to the MG,
therefore the EVs are saved the surplus energy when demand is low or
discharge the stored energy when the demand is high. Further, the EVs are

used as spinning reserve and regulation voltage and frequency because of its
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bidirectional energy flow capabilities with grid [135], [136]. Furthermore, the EVs
reduce the consumption of the oil and reduce the dependency on the oil.
Generally, there are two ways to penetrate both EVs and HEVs with MGs either
unidirectional power flow (charge mode as controllable load), (discharge mode
as an energy source) or bidirectional energy flow (charging and discharging).
The bidirectional integration of the EVs is considered in this thesis because its
cover both the charging and discharging operation and it is more challenging

than unidirectional.

6.3 Literature Review

The optimisation problem of the MG with the integration of the EVs was
proposed in the previous works. Some of these works considered the
integration of the EVs as V2G or G2V, and other considered the EVs as
bidirectional. Reference [24] proposed a UC optimisation problem to reduce the
cost and emission level of the conventional system with integration of EVs as
V2G. it was found that the UC with EVs reduced operational cost and the
emission level. Reference [26] presented an optimisation problem with EVs to
minimise the cost and emission level for the system including renewable energy
resources, the EVs were considered as bidirectional integration with the grid.
The results of showed that the proposed integration of the EVs reduced the
operating cost and emission level of greenhouse gases. Reference [137]
addressed the optimisation problem of the distribution network to minimise the
operating cost of the MG with the EVs as bidirectional integration. It was found
that the integration of the aggregated EVs reduced the operating cost. In
contrast, in [138], the mixed heat and electricity optimal scheduling of the
connected and isolated MG with G2V integration are proposed. It was claimed
that the charging of the EVs can manage to reduce the overall operation cost.
Reference [139] presented a day-ahead EMS for a LV connected residential
MG with the V2G and the aim of the optimisation problem was to minimise the
operating cost. The results obtained demonstrated that the managing strategy
reduced costs by 10 %. Reference [140] proposed EMS for low voltage MG
which included PV, energy storage and V2G and G2V. It was found that the
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proposed approach reduced the operation cost and improved the reliability of

the system.

Reference [141] suggested the optimisation problem with integration of the EVs
as G2V. Multi-charging regimes were conducted. The study showed that the off-
peak charging was the best scenario in terms of using less fuel and releasing
less emissions. It was pointed out in [142] that the UC optimisation problem of
power system with the integration of the EVs and renewable energy resources.
Multiple charging and discharging scenarios were conducted. The results
showed that the off-peak charging and peak discharging reduced the economic
cost significantly. Reference [143] presented an optimisation algorithm to
minimise the operation cost and maximise the amount of the renewable energy
resources by optimal scheduling of the DGs, the EVs and home appliances. It
was found that controlling the EVs can result in penetration of 100 % renewable

generation.

In contrast, some researchers proposed and formulated the optimisation
problem with the integration of EVs to minimise the cost of charging of the EVs
[144], [145] ,[146].

The above works formulated the optimisation problems with penetration of the
EVs under the deterministic environment, while many researchers proposed the
integration of EVs with an optimisation problem under stochastic environments.
Reference [46] presented the stochastic UC optimisation problem of the power
system with the integration of the EVs as bidirectional. The results revealed that
the EVs reduced the operation cost. Reference [95] addressed a two-stage
stochastic UC optimisation problem in the power system with the integration of
EVs and large scale wind energy to minimise the operating cost, the fluctuation
of the WT generation, and the EVs loads were taken as sources of
uncertainties. The results demonstrated that the smart charging reduced the
operating cost. Reference [147] proposed an optimal stochastic day-ahead
EMS of a small electric system with the EVs and renewable energy resources.

The EMS took into consideration the uncertainties that derived from the wind
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generation and the number of the EVs as sources of the uncertainties, while it
was established in [148] that a stochastic optimisation problem of the MG as
office block with penetration of the EVs. The aim of the optimisation problem
was to minimise the operating cost. The uncertainties evolved from the PV
generation, load forecast, OMP, and the driven distance of the EVs were
incorporated with the objective function. The results showed that the optimal

integration of the EVs reduced the total cost.

In [75], the economic dispatch of the distribution system with the EVs as an
uncertainty source is addressed. The uncertainties resulted from the integration
of the EVs, such as charging time, initial battery state of charge and start/end
time were considered as sources of uncertainties. It was found that the
constrained charging had the lowest operating cost. Reference [149] a
stochastic optimal scheduling of both the EVs and home appliances within MG
to reduce the price of electricity to the consumer was pointed out. The
fluctuations of the renewable generation and the arrival time of EVs to the MG
were considered as stochastic variables in the optimisation algorithm. A
stochastic multi-objective dynamic economic dispatch of the MG with
consideration of the EVs was addressed in [150]. The daily mileage of EVs and
the charging start time were adopted as stochastic variables. The results
showed that the greater the load uncertainty the higher the operating cost.
Reference [151] presented a two-stage stochastic EMS for commercial building
with integration of the EVs, the uncertainties that resulted from PV generation,
load forecasts and the number of the EVs were considered as sources of
uncertainties. The results revealed that a moderate number of the EVs helped
to reduce the overall operating cost. In [152], a scenario-based stochastic
optimal scheduling to minimise the operating cost and enhance the reliability of
reconfigurable of MG with integration of EVs was presented. It was claimed that
penetration the EVs as V2G reduced the MG operating cost. Reference [153]
proposed a two-stage stochastic simultaneous optimal scheduling of EVs and

responsive load to reduce the operating cost and emission of the MG. The
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fluctuations of WT and PV power generation were considered as stochastic

variables. The proposed scheduling reduced the operation cost.

All the above papers presented the optimisation problem under deterministic
and stochastic environments to minimise the operating cost or minimise the
operating cost and emission level solely, while quite a few researchers
addressed the maximising of the profit with integration of the EVs to the
connected MG. Reference [154] presented a day-ahead probabilistic optimal
operation of the MG to maximise the total profit of the MG and to investigate the
impacts of the integration of the EVs on the economic operation of the MG. The
load forecast error, wind generation fluctuation, and EVs were considered as
source of uncertainties. It was concluded that the stochastic results

outperformed of deterministic one.

The above literature review reveals that the majority of researchers focused on
either the grid performance or preferences of the owners, while the proposed
optimisation approach in this work considers both of them. It appears there is no
study on the unified active and reactive power scheduling with consideration the
integration of the EVs and other cost components in Chapter 2 and aims to
minimise the total operating cost or maximise the profit and is subjected to a set
of constraint in Chapter 2 and 6. In contrast, there is no publication on the
maximising the isolated MG profit with the integration of the EVs under
stochastic or deterministic optimisation. Furthermore, with regard to maximising
the profit, there appears to be no study of the stochastic optimisation of the MG

in the two-stage stochastic approach for connected or isolated MG.

6.4 Proposed Model of Electric Vehicles

The EVs are modelled as a storage battery in the economic operation of the
power system and the focus is predominantly on the optimal scheduling of the
exchanging power with grid in case of bidirectional integration. The modelling of

the EV battery is as follows:

when the EV is charging G2V at hour t
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Epy(t) = Egy(t — 1) + Pgycn(t)- Ngyen- At (6.1)
when the EV is discharging V2G at hour t

Epy(t) = Egy(t — 1) — (2evais@y ay (6.2)

NEVdis

when the EV is in bidirectional operation mode V2G and G2V, the energy
exchange at hour t as:

P is(t
Epy(t) = Egy(t — 1) + Pgycn(t). Ngyen- At — (M)-At (6.3)

NEvVdis

where Eg,(t) , E;(t—1) are the state charge of the battery at current and
previous state respectively, Pgy.n(t), Pgyais(t) are the battery charging and
discharging power respectively. ngycn, NMevais are the corresponding charging

and discharging efficiencies, At is the sampling time.

The following equations are used to determine the consumption energy by EV

during the trip when it is driven.
Epy () = Egy(t — 1) — Egy'* (8) (6-4)

EINP(t) = C.D(t) (6.5)
where Eg‘;i”(t) is the energy consumption during the trip by EV at period t, C is
the driving consumption energy per km, and D(t) is the driving distance of the
EV at hour t.

6.5 Proposed Electric Vehicle Operation Constraints

6.5.1 State of Charge Constraints

The state of charge should keep between maximum and minimum values when

the battery operates. This constraint is represented in this equation

Egymin < Epv(t) < Egymax (6.6)
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where Egymax @aNd Egymin  are the maximum and minimum values of the battery
state of charge.

6.5.2 Charging and Discharging Power Constraints

To prevent the simultaneous charging and discharging operations of batteries
of the EVs at each time interval two binary variables, &gy, (t) € {0,1} and
Sevais(t) € {0,1}, are assigned to formulate the status of battery operation and
Seven(t) + Spyais(t) < 1 is set to prevent the battery of the EV charging and
discharging simultaneously during the optimisation. The charging and
discharging power is performed at the maximum power that the charger
provides. These constraints for the EVs are accordingly formulated as

5EVch (t) PEVchmin < PEVch (t) < 5EVch- PEVchmax (6'7)
5EVdis(t)- PEVdismin < PEVdis(t) < SEVdis- PEVcdismax (6'8)

where Pgychmin @Nd Pgyaismin @re the minimum charging and discharging power
of the charger respectively, Prychmax @NA Peyaismax @re the respective maximum
charging and discharging power of the charger. dgy ., (t) and Sy 45 (t) are binary

variables to prevent simultaneous charging and discharging operations.

6.5.3 The Owner of the EV Requirements

The economic integration of the EVs with MG should satisfy the needs of the
owner of the EV as well. The minimum stored energy of the batteries of the EVs
at last period when the EVs disconnected from grid should be higher than the
energy required for the next trip of the owner of the vehicles. This constraint is

formulated as
Epy (tigst) = Egy P () (6.9)

where t;, IS the last connected time of the EV with grid before start g1 trip,

ELP9(t) is the required energy for the EV q1 trip.
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6.6 Model of the Cost of the Integration of the EVs with the MG

The MG under study includes three different loads areas, namely: residential,
industrial and commercial, wherein the EVs are connected to the MG at
different areas and times, where the cost of the bidirectional integration of the

EVs as follows:

The cost of the EVs that are connected to the residential area

Cev* () = Xo1 N§7° (0) {cpvais (6)- Pévais () —Cryen (8. Peren (6)}. At (6.10)
The cost of the EVs that are connected to the industrial area

CEvt(t) = X1y Ny () {CEVdis(t)- PE%is () —Cpyen(0). P é‘ggh(t)}- At (6.11)
The EVs that are connected to the commercial area

Cey™(t) = Xioy Ngg™ (0) {CEVdis(t)- PEoT (6)—Cgyen (D). Pg]‘/’%(t)}-At (6.12)

where cgyen(t) |, cevais(t) are the prices of charging and discharging of the EVs
in (E/kWh) respectively. NE¢S(t), NEA(t), and NEZ™ (t) are the number of the
EVs that are connected to the residential, industrial, and commercial areas
respectively. PRS,., Pid. ., and PSS are the discharging power of the EVs in
the residential, industrial and commercial areas respectively. PEeS,, P4, and
PEe™ are the charging power of the EVs in the residential, industrial and

commercial areas respectively.

The discharging price cgy4s(t) determines the economic discharging operations
of the EVs. It represents the kWh cost to the V2G battery owner for delivering

power to the grid and it can be calculated by using the following equation [74]

_ CEVch _ CEVch CEvb 6.13
Cevais = —— + Cgya = (6.13)
NEVch Neveh  Lc-Egy-DOD

where Cgyy4 IS the battery degradation cost, Cgy,, is the battery capital cost (€),

L. is the battery cycle life, Egy is the rated energy capacity of the battery (kwh).
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6.7 Proposed UC Optimal Operation of the MG with Integration
of the EVs

The proposed SCUC-UARDEED of the connected and isolated MG with the
integration of the EVs is formulated either to minimise the total operating cost or
to maximise the profit of the MG. Two objective functions are proposed and

developed for the connected and isolated MG and they are formulated as:

6.7.1 Proposed Objective Functions to Minimise the Total Operating
Cost

The aim of this policy is to minimise the total operating cost of the connected
and isolated MG with consideration the charging and discharging scheduling of
the EVs.

A. Connected MG
The optimisation problem is formulated as

min(F) (6.14)
where the objective function F is

= N1 {X A [[CPe,(Ppe,(£)) + CQpg,(Qpg, (1)) + (6.15)
COMpg,(Ppg,(t))]6pg,(t) + SUpg,(t) + SDpg, (£)] + Co(Ppg,(£)) + Cpo(t) +
Cop(®) + Co(®) + 2= 1 CPwis (Pwin () + X121 CPpyia (Ppyia(t)) +
CEv*(8) + Civ () + CE™ () + Caveur- Piveur (- At + Ceyeue- Peveur (- At +

Cevcut- I:glgglit(t) At}

where cgyoe I (E/KWh) is the price of unserved the EVs charging power,
PRes (), PI..(t), and PS™.(t) are unserved power to the EVs in the

residential, industrial and commercial areas.
This objective function is constructed using equations
(2.1), (2.2), (2.3), (2.15), (2.16), (2.14), (2.11), (2.12), (2.13), (2.5), (2.6), (6.10),

(6.11), (6.12), and the last three components which represents the cost of

183



unserved charging power to the EVs in the residential, industrial, and
commercial areas.

B. Isolated MG
The optimisation problem is formulated as

min(F) (6.16)

where the objective function F is

= Y12 [[CPg,(Pog, (1)) + CQpg,(Qpg, (D) + (6.17)
COMpg,(Ppg,(t))]8p¢,;(8) + SUpg, (t) + SDp¢,; ()] + Co(Ppg, () + Cpo +
N1 CPwin (Pin () + 215241 CPpyin (Ppyiz () +CE5° (1) + CEHA(E) +

C R I d C
Cey (t) + Ceveut- Prvewt (0)- At + Ceyeur- Peveur (). At + Cgyeue- Peyene (£)- At}
This is constructed using equations

(2.1), (2.2), (2.3), (2.15), (2.16), (2.14), (2.11), (2.5), (2.6), (6.10), (6.11), (6.12),
and the last three components which represents the cost of unserved charging

power to the EVs in the residential, industrial, and commercial areas.

6.7.2 Proposed Objective Functions to Maximise the MG Profit

For the connected MG, the MG sells the electricity to the consumers by the
OMPs. Similarly, the MG sells and purchases electricity to/from the utility grid by
OMP. The MG purchases the energy from the EVs by discharging price (cgycn)
and sells this energy to the consumers by the OMP. However, the MG sells the
energy to the EVs by the charging price (cgyn)- For the isolated MG, the MG
sells the electricity to the consumers with fixed price, while it sells the electricity
to the EVs by the charging price and purchases the energy from the EVs by the

discharging price.
A. Connected MG
The optimisation problem is formulated as

max(F) (6.18)
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where

F = (Revenue — Expense) (6.19)

where revenue is calculated as

Revenue = Y1 {¥\, [CgP(t)-PDG-(t) + cgo (D). QDG-(t)]5DGi(t) + (6.20)
Cgp (t) Pbdls(t) At + Cgp (t) ZLZ 1 PPVLZ (t) + CgP(t) 11 1 PWu (t) +
Cgp (t) gp (t) + Cg0 (t) Qgp(t) + CgP(t) [ es(t) PE}?IE(;L'S (t) +

NEgd (t) Pg‘ggis (t) + NEom(t)' PEG‘?(T{;S (t)] At}
and expense is formulated as

Expense = Y{_ {2, [[CPpg,(Ppg,(t)) + CQpg,(Qpg, () + (6.21)
COMpg,(Ppg,(t)]6pg,(t) + SUpg,(t) + SDpg,(£)] + Co(Ppg,(£)) + Cpo(t) +
Cgp-Ppcn (). At + cgp(£). P (8) + € (). Qgp(8) + XXL1 CPyis (Puia (£)) +
Y1 CPoyiz (Ppyin () +cpveut- Phseue(8)- At + Ceyeur- PRye,. (£). At +
Ceveut- PEmee (0)- At + Cayass. [NBES (D). PRe5is(8) + N (D). PR (6) +
NE™(0). Pipats (). At + (cgp(t) — cpyen)- [NES* (t). Pigen (t) +

NI (6). PR, (6) + NEZ™(6). PSR (D] At)

giving
= Yi=1{Zialegp (8)- Pog, (1) + cgo (8. Qpg, (D)]16p6, (1) + (6.22)
Cgp (8- Ppais(£)- At + cgp (). T2 1 Py, (8) + cgp(). L1 Pw, (8) +
cgp(8). INES° (1) Peyais(£) + NEP (). Peigis (8 + NEZ™ (2)- Pepais ()] At} —
=1 {21 [[CPpg,(Ppg, (£)) + CQpg, (@pe, (£)) + COMpg, (Ppg,(t))18p6, (1) +
SUpg,(t) + SDpg,(t)] + Co(Ppg,(t)) + Cpo + Cgp- Ppen (). A +
N1 CPwis (Pwin () + X521 CPoyiz (Pryia(t)) + Cpveur Peveue (). At +
Ceveut- Peveue (£)- At + Cpyeur- PEfEne (£). At + Cpyais: [NFS® (8. Payg;s (£) +
NEF(0)- Pryais () + N2 (6). Peogis (D] At + (cgp(t) —

Ceven)- [INESS (0). PRES, (©) + NEZE(6). PR, (6) + NEI™(t). PEom ()] At}
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The revenue of the MG comes from selling the active power from the DGs, the
discharging power of the battery, the power from the RDGs, discharging power

of the EVs. The cost is constructed using equations

(2.1), (2.3), (2.15), (2.16), (2.14), (2.11), (2.5), (2.6), the cost of charging the
battery, the cost of unserved charging power to the EVs in the residential,
industrial, and commercial areas, the cost of buying power from the EVs.

B. Isolated MG
The optimisation problem is formulated as

max(F) (6.23)

where the objective function F is

F =Y (3N [cisop (D) Ppg,(£) + Ciso0(t). Qpg, (£)]10p¢, (£) + (6.24)
Cisop (1) Ppais (). At + ci5op (). X2 1 Ppy,, () + Cisop (0. YHE 1Py, (8) +
Cisor (). [NEZ® (8). Peyas(£) + Ny (6). Peyais () + NEZ™(8). Pepais ()], At} —
t=1{ZA [[CPp,(Ppg, (1)) + CQpg,(Qpe, (1)) + COMpg, (Ppg, (£))18p6, (t) +
SUpg,(t) + SDpg,(t)] + Ce(Ppg,(t)) + Cpo + Cisop- Ppcn(£). At +
Nt1 CPwit (Pwin () + 21521 CPoyiz (Peviz(t)) + Coveur- Prvewe (8. At +
Cveut- Piveut (). A + Cycur. Pevene (). A + Cayqis. [N£S® (£). Piya;s (t) +
NEF (1) Pepais(8) + NEZ™(0)- Pevats (0] At + (Cisop () —

Ceven)- [INBES (6). PESS, (£) + NEBA(6). PR, (1) + NEI™(¢). PEOI (D). At}

The revenue of the MG comes from selling the active power from the DGs, the
discharging power of the battery, the power from the RDGs, discharging power

of the EVs. The cost is constructed using equations

(2.1), (2.3), (2.15), (2.16), (2.14), (2.11), (2.5), (2.6), the cost of charging the
battery, the cost of unserved charging power to the EVs in the residential,

industrial, and commercial areas, the cost of buying power from the EVs.

The objective functions of equations (6.15) and (6.22) are subjected to the

constraints of equations (2.17) to (2.35), whereas the objective functions of
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equations (6.17) and (6.24) are subjected to the constraints of equations (2.17)
to (2.25), (2.30) to (2.33), (2.36), and (2.37). These objective functions are
subjected to the constraints of equations (6.6) to (6.9), and 6.26. However, the
constraint of the equation (2.17) is modified to involve the EVs as in the

following equations:

{=1{2 11 8, (- Ppg, (1) + XNty Pw,, (8) + X121 Pey,, (8) + Py(t) + (6.25)
P,() + NEZS(0). PRssis (8 + N2 (). Py (8) +
NEZ™ (). Pgoars(8) = (Pores(t) + NEF°(8). Pigen (8) — Piss,e () +
(Poina(t) + N (). Pydn (8) — Pipd,e(0) + (Pocom () +
NEZ™(8). Pgoen (t) — Pgor ()}

For the isolated MG the same above equation is used with F,(t) = 0. The

reactive power balance constraints do not change because the EVs provide

active power solely.

To prevent the total load of the system from increasing higher than the grid
capacity, this constraint is incorporated with optimisation approach and it is

formulated as follows:

T 1{Ppen () 4 (Ppres(t) + NS (). PRss, (0) — PEes,: (©) + (Ppina(®) + (6.26)
NEZE(). Pepdn (8) — Pyt (£)) 4+ (Pocom () + NEI™(8). PEoR (8) —

PE(1)) < Ssys- €056}

where S, is the rated kVA of the grid.

6.8 Electric Vehicles Parameters

The EVs being off road 90%-95% of the time [98], [155] and they can be
connected to the MG at any area. The arriving time of the EVs to the MG, the
driving distance, and the number of the EVs connected to the MG at each time
interval are different and depend on the area where the EVs are connected. The
EV that is driven 10 miles needs 2.8 kWh [95], [156], [157]. The approximate
number of the drivers arriving their homes and works from the final trip of the

residential and commercial areas for the UK are shown in Figures 6-1 and 6-2
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respectively [158], [159], [160]. The EVs in the industrial area (IEVS) are
assumed to be connected at hour 2. The IEVs and the EVs in the commercial
area (CEVs) are assumed to be disconnected from the MG at the end of hour 9
after finishing work, while the EVs in the residential area (REVS) are assumed

to be disconnected at the end of the scheduling day.
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Time(h)

Figure 6-1 The EVs drivers arriving home from the final trip
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Figure 6-2 The EVs drivers arriving work from the final trip

The REVs are charged from the domestic charger at homes, where the main
domestic charger characteristic of the UK is single phase (13 A, 230V) which it
gives maximum possible charging and discharging power of 3 kW [161], [162],
[163], [155] this value is used in this study with charging and discharging
efficiencies of 90 %. The IEVs and CEVs are charged from the same
characteristics of the domestic charger. The batteries of all the EVs are lithium
ion and their capacities are 29.02 kWh for REVs and CEVs [159], while for IEVs
are 15 kWh. The cycle life of the batteries and DoD are 2200 and 95%
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respectively [148], [164]. It is considered that the 33 % of households have EVs

[161], [165] and 3 EVs in the industrial area and 12 EVs in the commercial area.

6.9 Case Study

The proposed optimisation approach with the integration of EVs are applied to
the connected and isolated proposed MG that is shown in Figure 6-3. The data
of this grid are taken from [83], [84], [161] and this data is according to the real
data of the UK distribution network. It is assumed that the scheduling day starts
from 8:00 AM-8:00 AM next day. The hourly time series of the wind speed, PV
generation, the OMPs, and the total active and reactive loads are illustrated in
the Table D-1. The load of each area is illustrated in the Tables D-2. The
charging and discharging prices of the EVs are shown in Table E-1. The
charging and discharging prices are unchanged during the scheduling horizon,
whether the EVs are charged or discharged. These prices are considered to

encourage the EVs owners to participate in the MG operation.
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Figure 6-3 Structure of the MG test system

6.10 Results of the Economic Integration of the EVs with the
Optimal Scheduling of the MG

The IEVs and CEVs are assumed charging and discharging during their

connection to the grid, while multiple scenarios for charging and discharging of

the REVS are considered and they are as follows:
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Scenario 1: peak discharging/off-peak charging, where the discharging
operations are allocated at peak hours (6-14), while charging allocates at hours
(17-24 AM).

Scenario 2: off-peak discharging/peak and off-peak charging, where the
discharging operations are allocated at off-peak hours (17-24), while charging
allocates at hours (6-24).

Scenario 3: whole period charging and discharging, where the charging and
discharging operations occur during the entire period of the connection of the
REVs to the grid.

Scenario 4: the worst scenario, when the EVs start charging their vehicle to

fully charge when they are connected to the grid in all areas during three hours.

Comparisons between these scenarios with the case of without EVs (base
case) are carried out to reveal the impacts of the EVs on the optimal operation
of the MG. In all scenarios, the charging and discharging decisions are made by
the MG based on grid optimisation and owners of the EVs requirements. In
order to meet the requirements of the consumers, the EVs are considered fully
charged at the end of their connection to the grid and the charging and
discharging prices are considered fixed. The base case results are illustrated in

section 4.12.

6.10.1 Minimising the Operating Cost and Maximising the Profit

The optimisation approach is applied to the connected MG to investigate the
impacts of the EVs on the optimal operation of the MG.

A. Connected MG

Scenario 1

Figure 6-4 depicts the charging and discharging operations of the all EVs. It can
be observed that the IEVs and CEVs are charged when the OMP has low
values and discharged when the OMP reaches the highest values. The ICEVs,
CEVs, and REVs are discharged at hour 6 because the OMP has high value,
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and higher than the discharging price. The highest charging power of IEVs and
CEVs occurs at hour 8 because the OMP has low value and the owners should
fully charge their vehicles before leaving the grid. In addition, the REVs are
discharged when the OMP has high values at hours 6, 10, 11, 12, 13, and 14.
The highest discharging power occurs at hour 14 because the OMP has high
value and higher than hours 12 and 13. The discharging power at hours 14 is
higher than at hour 10 as well, although the price at hour 10 is higher than at
hour 14. This is because at hour 10 the EVs connected to the grid are lower
than at hour 14.

In contrast, the REVs are charged over the entire charging period between
hours 17 and 24 to prevent the base and EVs loads from increasing higher than
the maximum capacity of the system. The highest charging power occurs at
hour 21 because the OMP has the lowest value and the load has the lowest

value as well.
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Figure 6-4 EVs optimal scheduling of the charging and discharging

Figures 6-5 and 6-6 show the optimal scheduling of the active and reactive
power. These figures reveal that between hours 17 and 24 the base and REVs
loads are provided from DE, renewable generations, and the utility grid. DE is
committed to minimum output power at these hours to satisfy the active and
reactive SSSCs and the utility grid is providing the maximum possible active
power at these hours to supply the base and charging loads of the REVs
because the OMP has the lowest values and lower than the charging price.

Therefore, the MG purchases power from the utility grid and sells the power to
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the REVs. The MG also sells the maximum permissible active power to the
utility grid at hours 6, 10, and 14 to reduce its cost and increase its revenue,
because the OMPs reach the highest values. Wherein, the MG buys active
power from the EVs and sells it to the utility grid and to consumers at these
hours because the active OMP has higher value than the discharging price.
Further, the highest active power generation of the DGs is at hour 6 because
the base load and the OMP have high values, where the MG sells maximum
power to the utility grid. The number of EVs connected to the grid also is low at
this hour, in comparison with hours 10 and 14; therefore, the MG generates
higher power than at other hours. Furthermore, the battery is discharged at this
hour as well. In comparison with the base case, the reactive power scheduling
iIs changed, although the EVs are charged and discharge only active power.
This is because the integration of the EVs changes the UC of the DGs, where

the UC takes into consideration both the active and reactive power.
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Figure 6-5 Optimal scheduling of the active power of the DGs and exchanging

power with the battery and the utility grid

193



200

150

100 —

50 - H

Reactive power(kVAr)

123456 7 8 910111213141516171819 2021222324
-50

-100

Time(h)

EDE ®WFC1 mFC2 mMT1 ®mMT2 mGrid

Figure 6-6 Optimal scheduling of the reactive power of the DGs and exchanging

reactive power with the utility grid

Table 6-1 illustrates the optimal on/off state of the DGs per scheduling day. In
comparison with the base case, the MG switches off the MT2 at hours 12 and
14 because the MT2 has the highest operating cost among the DGs and at
these hours the REVs are discharged. Figure 6-7 shows that the EVs
operations increase the load at hours 1, 2, 3, 4, and 8 due to the charging of the
IEVs and CEVs, whereas the loads are increased significantly at hours 17 to 24
due to the charging of the REVSs. It is obvious that the peak of the total active
load is shifted to hour 8, while the peak of the reactive power does not change
because the EVs are charged or discharged only active power. It is found that
the total cost is 326.3 € per scheduling day, where the proposed economic
integration of the EVs reduces the total cost by 81.5 € or by 20%, while the
profit is 363 €, where the profit is increased by 81.5 € or by 29 %.
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Table 6-1 Optimal on/off state of the DGs
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Figure 6-7 Modified load with the integration of the EVs

Scenario 2

Figure 6-8 shows the optimal scheduling of the EVs in the different areas. This
figure reveals that the IEVs and CEVs are discharged at hour 6 for the same
reason of the Scl, where the discharging power is less than Scl because the
REVs discharging time start at hour 17 in this scenario. It also can be observed
that the highest charging power occurs at hours 2, 3, and 8 because the OMP
has the lowest values at these hours. Therefore, the MG purchases power from
the utility grid at these hour and sells this power to the EVs to reduce its cost or
increase its profit. In addition, the REVs are charged during off-peak hours and
when the OMP has low values, where the highest charging power is at hour 20
because the OMP price has the lowest price at these hours. The charging
power at hour 20 is higher than 21 because the fixed battery charged at hour
21. Furthermore, there is no discharging operation in the period from 17 to 24

because the requirements of the owner of the EVs to fully charge their batteries
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at the end of the scheduling day affect the discharging operation of EVs and
there are no economic benefits for discharging during off-peak loads when the

OMP has low values.
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Figure 6-8 EVs optimal scheduling of the charging and discharging

Figure 6-9 shows the optimal scheduling of the active power of the DGs and
exchanging power with the utility grid and the battery. This figure shows that the
MG sells highest power to the utility grid at hour 6 because the OMP has high
value and the IEVs and CEVs are discharged at this hour. The battery is
discharged maximum permissible discharging power at hour 10 when the price
has the highest value, while the battery is discharged at hour 6 in the Scl
because in the Scl the REVs are discharged at hour 10, where there is not
discharging power in the Sc2. The MG buys maximum permissible power from
the utility grid at hours 17, 20, and 21 to meet its base load and charging loads
of the REVs as shown in Figure 6-9 because the REVs are charged highest
charging power at these hours.
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Figure 6-9 Optimal scheduling of the active power of the DGs and exchanging

power with battery and the utility grid

The reactive power scheduling of the DGs and on/off state of the DGs are the
same of the base case and on/off sate is depicted in Table 4-2. The reactive
power is the same of the base case because the on/off state of the DGs are the

same and the EVs are charged and discharged only active power.

Figure 6-10 shows that the integration of the EVs with MG increases the load at
hours 1 to 8, 17, and 19 to 21 when the EVs are charged, where the total peak
active load is shifted to hour 8, while the reactive power peak does not change
for the same reason of the Scl. It is found that the total operating cost is 381.8
€, where the cost is reduced by 26 € or by 6.4 % and the MG profit is 307.5 €,
where the profit is increased by 26 € or by 9.2 %.

In comparison with Scl, the MG switches on the MT2 at hour 12 and 14
because there is no discharging of the REVs at these hours. The MG turns on
the MT2 at these hours to meet the loads and sells power to the utility grid
because the OMPs have high values and higher than the cost of the generation
of the MT2. The total charging power in the Sc2 is much lower than in the Scl
because in the Sc2 there is no discharging of the REVSs; therefore, the REVsS
need lower charging power than Scl. However, the cost in the Scl is lower and
the profit is higher than the Sc2.
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Scenario 3

Figure 6-11 shows the optimal charging and discharging scheduling of the EVs.
This figure reveals that the REVs are discharged during the majority of the peak
load hours. The REVs are discharged at hours 6, 9, to 14 because the active
OMP has the highest values, whereas IEVs and CEVs are discharged at hour 6
for the same reasons of the Scl. In addition, this figure shows that the REVs
are charged at hours 15 to 24 because the OMP has the lowest values during
the scheduling day and lower than charging price, where the highest charging

power occurs at hour 21 for the same reasons of the Scl.
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Figure 6-11 EVs optimal scheduling of the charging and discharging

Figure 6-12 reveals that the MG purchases active power from the EVs and sells
power to the utility grid when the OMP has the highest values. The MG buys the
maximum permissible active power from the utility grid at hours 15 to 24 to meet
its base load and sells the active power to the REVs, wherein the charging price

is higher than OMP at these hours. Further, the fixed battery is not operated for
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the entire scheduling horizon because the EVs are discharged when the OMP
reaches the highest values and the MG sells the maximum permissible active
power to the utility grid at these hours. The MG incurs the cost of the charging
and discharging power of the battery; therefore, there are not economic
incentives from discharging the battery. The reactive power scheduling and the
optimal on/off state of the DGs are the same of the Scl. Figure 6-13 shows that

the peak load is shifted to hour 8.

It is found that the total operating cost of the MG is 323.1 € per scheduling day,
where the total cost is reduced by 84.7 € or by 20.8 %. Similarly, the profit is
366.2 € per scheduling day, where the profit is increased by 84.7 € or by 30.1
%.
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Figure 6-12 Optimal scheduling of the DGs active power and exchanging power
with the battery and the utility grid
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Figure 6-13 Modified load with integration of EVs
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In comparison Sc3 with Scl and Sc2, it can be seen in the Sc3 the battery is
not operated over the entire scheduling horizon because if the battery is
operated, it will need to be charged and the charging should be at a low OMP
time. Where, the MG buys the maximum permissible power from the utility grid
at hours when the price reaches the low values to supply its base and EVs
charging loads. Therefore, to be charged the battery, the MG needs to increase
the generation of the committed DGs and this decision may be not economics.
In addition, the MG incurs the charging cost of the battery.

Scenario 4

In this scenario, it is supposed that the owners of the EVs charge their vehicles
to fully charge when they connect their vehicles to the gird directly during three
hours. Figure 6-14 shows the charging schedule of the EVs. It can be seen from
the figure that the highest charging power occurs at hour 11 because the
highest number of the REVs are connected to the grid at this hour. The
charging power at hour 10 is low in comparing with the number of connecting
EVs at this hour. This is because the OMPs have the highest values and the
MG sells the highest active and reactive power to the utility grid rather than to
the REVs as shown in Figures 6-15 and 6-16, where the OMP is much higher

than charging price at this hour.
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Figure 6-14 EVs optimal scheduling of charging and discharging
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Figure 6-15 Optimal scheduling of the DGs active power and exchanging power

with the battery and the utility grid
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Figure 6-16 Optimal scheduling of the DGs reactive power and exchanging

reactive power with the utility grid

Table 6-2 shows the optimal on/off state of the DGs. In comparison with the
base case, this table reveals that the MG turns on the MT2 at hour 13 to meet
the base and the EVs loads and sells active and reactive power to the utility grid
because the OMPs have high value at this hour. Figure 6-17 shows the impacts
of the charging of the EVs on the total load. This figure reveals that the total
load is increased at hours 1 to 19 and the peak load is increased and shifted to
hour 11. Overall, the total operating cost of the MG is 439.5 € per scheduling
day, where the total cost is increased by 31.7 € or by 7.8 %, while the profit is
249.8 € per scheduling day, where the profit is reduced by 31.7 € or by 11.3 %.
Increasing the total cost and decreasing the profit are due to the restriction of
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the EVs to should be fully charged their batteries during three hours; therefore,
the manage and control possibilities are restricted. The charging operation is
coincided with the peak loads.

Table 6-2 Optimal on/off state of the DGs

. On state of the DG . Off state of the DG I:I Different state from the previous state
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Figure 6-17 Modified load with the integration of EVs

Figures 6-18 and 6-19 show the optimal hourly cost and profit values for the
connected MG for the four scenarios and case without the EVs and Table E-2
and Table E-3 illustrate the hourly values of these costs and profits. It can be
seen that the lowest cost and the highest profit occur at hour 10 for all scenarios
because the OMPs has by far the highest value at this hour. Therefore, the MG
sells active and reactive power to the utility grid. The MG buys active power
from the EVs and sells it to the utility grid and consumers in scenarios 1 and 3.
The highest cost occurs at hour 13 for all scenarios because the load has the
highest value at this hour. In addition, in the Scl and Sc3 the cost has low

values (negative values) at hours 17 to 21 because the MG buys active power
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from the utility grid and sells it to the EVs. Where, at these hours the OMP is
lower than the charging price.
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Figure 6-18 Optimal hourly cost with and without EVs for the connected MG
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Figure 6-19 Optimal hourly profit with and without EVs for the connected MG

Table 6-3 summarises the results of the four scenarios, where this table reveals
that the lowest operating cost occurs at Sc3 because the time of charging and
discharging operations of the REVs are larger than other scenarios and there
are no constraints to determine the certain period for charging or discharging.
This means that the charging and discharging operations are more flexible,
where this is employed to discharge the EVs when the OMP has high values
and charge when the price has low values. The highest cost is at Sc4 because

the EVs are charged only and the charging period for each vehicle is three
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hours. The table also shows that the peak active load is increased in all
scenarios; where the highest load is at Sc4 because the charging coincides with
peak load. The negative sign in percentage of the cost and the profit of the Sc4

means that the cost increases and profit decreases.

Table 6-3 Results of four scenarios of the connected MG

Cost with Cost Profit with Profit Charging Discharging Peak
EVs reduction % EVs increasing % | cost (€) cost (€) load(kW)
(€/day) (€/day)
Scl 326.3 20 363 29 104.2 98.1 328.38
Sc2 381.8 6.4 307.5 9.2 48.1 7.2 328.38
Sc3 323.1 20.8 366.2 30.1 116.2 117.6 328.38
Sc4 439.5 -7.8 249.8 -11.3 43.7 0 376
B. Isolated MG

In this case, the scheduling of the active and reactive power, the on/off states of
the DGs, the charging of the EVs, the total cost, and the profit are the same for
the first three scenarios because the EVs are operated in charge mode only.
The REVs are charged at the off-peak load for all three scenarios to prevent the
system load from increasing above the maximum capacity of the system and to
make sure that the MG resources can meet the base and EVs loads.

Scenarios 1, 2, and 3

Figure 6-20 shows the optimal charging and discharging of the EVs in the
different areas. This figure shows that the EVs in all sectors are operated in
charge mode only because the discharging price is higher than the operating
cost of the majority of the DGs and the price that the MG sells electricity to the
consumers. The charging price is lower than the cost of the generation of the
DGs; therefore, there are no economic incentives for discharging. The highest
charging power of the IEVs and CEVs occurs at hour 2 because the highest
number of the CEVs and the total number of the IEVs are connected to the grid

at this hour.

The REVs are charged for the entire off-peak period to prevent the load from
increasing higher than the system capacity and to make sure that the MG

resources can meet the base and REVs charging loads, where the charging
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power increases with decreasing the load and OMP as shown in the figure. The
highest charging power of the REVs is at hour 21 because the load reaches to
the lowest value and the OMP reach the lowest value during the scheduling
horizon, while the lowest charging power occurs at hour 24 because the load

has the highest value during off peak period.
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Figure 6-20 EVs optimal scheduling of charging and discharging

Figures 6-21 and 6-22 show the optimal scheduling of the active and reactive
power of the DGs. In comparison with base case, it can be seen that the MG
increases the generation of the DGs significantly at hours 1 to 5 and 17 to 24 to
supply the EVs and base loads. The battery is not operated during the
scheduling period. In addition, the highest generation is at hour 13 because the
load has the highest value at this hour. Figure 6-22 shows that the reactive
power generation follows the same pattern of the reactive load because the EVs
are charged or discharged only active power and the REGs deliver only active

power.

In comparison with the base case, Table 6-4 reveals that the MG switches on
the FC1 and FC2 from hours 17 to 23 for FC1 and 17 to 24 for FC2 to cover
base and EVs loads. Meantime, the MG turns off the DE at hours 18 to 24
because the FC1, FC2, and MT1 can meet the base and EVs loads and satisfy
the SRCs. This also is more economical than increasing the generation of the
DE. Figure 6-23 shows that the EVs operations do not affect the peak load,
while the load at off-peak hours is increased significantly because the charging

of the EVs is scheduled for the entire period. Overall, the total operating cost is
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560.9 €, where the charging of the EVs increases the cost by 11.1 € or 2 %,
while the profit is 223.3 €, while the profit is reduced by 11.2 € or 4.8 %.

350
300
250
200
150
100

Active power(kW)

w
o

o

12 3 456 7 8 91011121314151617 18 192021222324
Time(h)
EDE mFCl1 mFC2 mMT1 mMT2 m Battery

Figure 6-21 Optimal scheduling of the DGs active power and exchanging power

with the battery
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Figure 6-22 Optimal scheduling of the reactive power of the DGs

Table 6-4 Optimal on/off state of the DGs

. On state of the DG . Off state of the DG I:I Different state from the previous state
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Figure 6-23 Modified load with the integration of the EVs

Scenario 4

Figure 6-24 shows the optimal charging schedule of the EVs in the different
areas. This figure shows that the highest charging power is at hour 11 for the
same reasons of the connected MG. In comparison with the scenario in the
connected MG, it can be observed that in this scenario the charging load at
hour 10 is higher because there is no connection with the utility grid to sell
power at this time, where in the case of connected MG at hour 10 the OMP has
the highest value and by far higher than charging price, so the MG sells power

to the utility grid.
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Figure 6-24 EVs optimal scheduling of charging and discharging

Figures 6-25 and 6-26 depict the optimal scheduling of the active and reactive
power of the DGs. In comparison with base case, it is shown that the MG
increases the generation of the DGs at hours 1 to 19 to satisfy the base and

charging loads of the EVs. The MG generates the highest active power at hours

207



11, 12, and 13 because the load has the highest values at these hours and the
charging of EVs is high as well. Furthermore, Figure 6-26 shows that the
reactive power scheduling is different from the base case because the on/off
state of the DGs is different from the base case.
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Figure 6-25 Optimal scheduling of the DGs active power and exchanging power

with the battery
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Figure 6-26 Optimal scheduling of the reactive power of the DGs

Table 6-5 illustrates the optimal on/off state of the DGs. In comparison with the
base case, it can be seen that the MG turns on FC1 at hour 17 because it has
lower operating cost than DE; therefore, it is more economical than increasing
the generation of the DE. Figure 6-27 shows the impacts of the EVs on the total
active load. It can be seen the peak load is shifted to hour 11.
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It is found that the operating cost is 577.9 €, where the penetration of the EVs
increases the cost by 28.1 € or 5.1 %, while the profit is 206.3 €, where the
profit is reduced by 28.2 € or 12 %.

Table 6-5 Hourly optimal on/off state of the DGs

. On state of the DG . Off state of the DG I:I Different state from the previous state
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Figure 6-27 Modified load with the integration of the EVs

Figures 6-28 and 6-29 show the optimal hourly cost and profit for the isolated
MG for the four scenarios and case without the EVs and Table E-4 and Table E-
5 illustrate the hourly values of these costs and profits. It can be noticed that the
majority of the day hours in the Scl, 2, 3 the cost is lower and the profit is
higher than the Sc4. This is because that the charging of the EVs coincides with
the highest loads in the Sc4. These figures also reveal that in the Sc4 the cost
is lower and profit is higher than the Scl, 2, 3 at hours 17 to 24 because in the
Scl, 2, 3 all REVs are charged at these hours with much higher power than the
Sc4. Furthermore, both the cost and profit have only positive values for the

same reasons of the case without consideration of the EVs.
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Figure 6-28 Optimal hourly cost with and without EVs for the isolated MG

Profit(€)

1234567 8 9101112131415161718192021222324

Time(h)
e profit without EV  e=lll== profit with EV Sc1,2,3 profit with EV Sc4

Figure 6-29 Optimal hourly profit with and without EVs for the isolated MG

Table 6-6 summarises the results of the four scenarios. This table reveals that
the operating cost is increased for all scenarios because the charging price
lower than the cost of power generation and there is no exchanging power with
the utility grid. It also can be seen that the peak active load is increased in Sc4
because the charging of the REVs coincides with peak load. In addition, the
charging cost is equal for all scenarios because there is no discharging
operation and the charging price is fixed over the scheduling horizon and all the

EVs should be fully charged before leaving the grid.
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Table 6-6 Results of the four scenarios of the isolated MG

Cost with Cost Profit with Profit Charging | Discharging Peak
EVs reduction EVs increasing cost (€) cost (€) load(kW)
(€/day) % (€/day) %
Scl
Sc2 560.9 -2 223.3 -4.8 43.7 0 313
Sc3
Sc4 577.9 5.1 206.3 -12 43.7 0 362.482

To reduce the MG cost or increase the profit, it is assumed the charging price is
increased to 0.11 (€/kwh) and the results are shown in Table 6-7. This table
shows that the costs of the first three scenarios are decreased and the profits
are increased in comparison with base case, while for the Sc4 the cost is
reduced and the profit is increased in comparing with the previous case.
However, the total cost is higher and the profit is lower than the base case

because the restrictions on the charging of the EVs.

Table 6-7 Results of the four scenarios per scheduling day of the isolated MG

Cost with Profit with

EVs Co§t EVs . Profit Charging | Discharging Peak
(€/day) reduction % (€/day) increasing % | cost (€) cost (€) load(kw)
Scl
Sc2 544.6 0.95 239.6 2.2 60 0 313
Sc3
Sc4 561.5 -2.1 222.7 -5 60 0 362.482

6.11 Stochastic SCUC-UARDEED of the MG with Integration of
the EVs

The integration of the EVs with the power grids creates new sources of
uncertainties to the grid optimal operation. The EVs that are connected to each
area of the grid at each time interval together with the uncertainties arising from
the wind and solar generations are considered as uncertain variables in this
section. These uncertainties are modelled and incorporated with an optimisation
approach to address their impacts on the optimal scheduling of the MG.

6.11.1 The Stochastic Model of the EVs

The stochastic models of the wind and solar generations are conducted in

chapter three. Wherein, the EVs that are connected to the residential and
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commercial areas is assumed follows the normal distribution and the model of

the number of the EVs as follows:

EVies(t) = EVips®t™ + p(t)EVRes, g (t)EVRes (6.27)

EVom(t) = EVeom ™™™ + u(t)EVcom. g (£)EVcom (6.28)

where EVi. &t™ and EV;,,, %™ are the estimated number (mean values) of
the EVs that are connected at hour t to the residential and commercial areas
respectively. o(t)EVres and a(t)EVcom are the standard deviation of the EVs in
the residential and commercial areas respectively. u(t)EVres and u(t)EVcom are
the random variables generated for number of the EVs in the residential and
commercial areas at time t in Mote Carlo simulation by using the normal

probability density function with a mean of zero and a standard deviation is one.

By following the same procedure in section 3.3 to determine the probability of

the joint scenarios, the probability of happening of each reduced scenario is as

follows:
EVRes __ EVRes EVRes EVRes
pk3R = [,01 K y Py R ’---png ]1><m3 (6'29)
EVcom _ EVcom EVcom EVcom
pezc - [,01 com, P> com, ---przc lixr2 (6.30)

where pEVres and pfVcom are the corresponding probability of scenario for the

EVs at residential and commercial areas.

The summation probability of scenarios for each variable should equal 1 as

0 ! es —— I
m3 E R (63 )
r2 E[Com _]

The number of possible scenarios (S) is calculated as
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S=n.q.m3.r2 (6.33)

The summation of the probability of the joint scenarios is as follows

S _\m q m3 r2 W PV EVRes EVcom 6.34
5=1/15 —Zi3=1 i4=14&k3=1 e2=1Pi3 Pia pk3 pez ( )

6.12 Proposed Objective Functions

Two objective functions are considered in this section. The first is the
minimising the total operating cost and the second is the maximising the profit
of the connected and isolated MG. The objective functions include two stages.
In the first stage, the UC decision variables for each DG are taken before actual
realisation the uncertainties. These decisions could not be changed in the
second stage. In the second stage, the decisions of the output active and
reactive power of the DGs, the on/off state of the DGs, the exchanging active
and reactive power with the utility grid, and the exchanging power with the
battery and the EVs are taken. The decisions that are taken in the first stage
should ensure a feasible solution for all expected scenarios in the second stage.

All the decision variables are denoted by (s) which representing scenario s.

6.12.1 Proposed Minimising the Total Operating Cost

The objective functions of the minimising the overall operating cost under

stochastic environment are formulated as follows:
A. Connected MG
The optimisation problem is formulated as

min(F) (6.35)
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where the objective function F is

F=%_, Z?]:l[SUDGi(t) + SDpg, ()] + Ya=14s Z{=1{Z§V=1[CPDGi(PL§Gi(t)) + (6.36)
CQp¢;(Qpg,; (1)) + COMpg,(Ppg,(t))10p¢, (£) + Ce(Ppg,(£)) +
Cho (D) +c5p(t) + c5o(6) + UL 1 CPw, (P, () + X2 1 CPpy, (Poy, () +
Cas™ () 4+ Cop () + Cod™ () + Cayeur- Payone (0. At +
Caveut- Popent (0)- At + Cayeur- Poyess (£). At + Cpres. Pirescur(t) +
Cores- Qgrescut(t) + Cpcom- PDScomcut(t) + Cocom- Qgcomcut(t) +

Cpind- Pgindcut (t) + CQind- Qgindcut (t)}
This is constructed from equations

(2.15), (2.16), (2.1), (2.2), (2.3), (2.14), (2.11), (2.12), (2.13), (2.5), (2.6), (6.10),
(6.11), (6.12), and the last nine components are the cost of unserved power to
the EVs and the cost of cut of the active and reactive residential, commercial,

and industrial consumers.
B. Isolated MG
The optimisation problem is formulated as

min(F) (6.37)
where the objective function F is

F=%t, Z?]=1[SUDGi(t) + SDpg, ()] + Yo=1s ZZ:l{Z?Izl[CPDGi(PDSGi(t)) + (6.39)
CQpq,(Qpg, () + COMpg,(Ppg,(£))]0p6,(t) + Co(Ppg,(0)) + Cpo(t) +
MLt CPuy, (P, () + EZ 1 CPry, Py, () + Cay™* (6) + ™ (6) +
Ciy ™ (O)+Cpveue- Payene (0)-At + Cgyeue. Poyeny (£)- At +
Caveut-Paves (0. At + Cpres. Pirescur () + Cores- Qbrescur (t) +
Cpcom- Ppcomeut (€) + Cocom- @bcomeut () + Cpina- Ppinacur (t) +

CQind- Qf)indcut(t) + Zévzl Cg- PgGicut(t) + Zﬁlzl Cren- Plj/ilcut(t) +

N
i22=1 Cren- ngiz cut (t)}
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This is constructed from equations

(2.15), (2.16), (2.1), (2.2), (2.3), (2.14), (2.11), (2.5), (2.6), (6.10), (6.11), (6.12),
and the last twelve components are the cost of unserved power to the EVs, cost

of cut of the active and reactive residential, commercial, and industrial loads,

and the cost of renewable and DGs generation cut.

6.12.2 Proposed Maximising the MG Profit

The stochastic objective functions for maximising the MG profit are formulated

as follows
A. Connected MG
The optimisation problem is formulated as

max(F)

where the objective function F is

F=-%1_, ZIiV=1[SUDGi(t) + SDpg, (D] +
=15 Z{=1{Z§V=1[Cgp(t)- Ppg, () + cgo (D). ani(t)]%ai(t) +
Cgp(£). Pogis(£). At + cgp(8). X%, Poy,, () +
cgp(£). ZNL, P () +cgp (8). [Na ™S (). Phraia () + NERA(D). Phnais () +
Nev™ (£)- Piygis (D1 At} = X3oq s X1 {Z4L [CPog, (Pog, () +
CQpq,(Qpg, () + COMpg,(Ppg,(£))]0p6,(t) + Co(Ppg,(0)) + Cpo(t) +
cgp(). Pocn (£). At + XML, CPy (P, (©) +
121 CPry,, (Py,, () + cavais: [Ngy " (0. Piygis (6) + NE (£). Paygis (O +
Ney™ (©)- Payais (O] At + (cgp(6) = cyen)- [Ngy > (0. Piyan () +
NEB(6)- Peyer, (8 + Nigg™* (£)- Py ()] At + Cavue. Peyere (8- At +

Ind,s com,s
Ceveut- PEcht (t) At + CEvcut: PEcht (t) At + Cpres- Pgrescut (t) +

CQres- Qgrescut(t) + Cpcom- chomcut(t) + CQcom- Qgcomcut(t) +

Cpind- Pgindcut (t) + CQind' le)indcut (t)}
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The revenue of the MG comes from selling the active power from the DGs, the

discharging power of the battery, the power from the RDGs, discharging power

of the EVs. The cost is constructed using equations

(2.15), (2.16), (2.1), (2.2), (2.3), (2.14), (2.11), (2.5), (2.6), , the cost of buying
power from the EVs, and the last nine components are the cost of unserved

power to the EVs and the cost of cut of the active and reactive residential,

commercial, and industrial consumers..
B. Isolated MG

The optimisation problem is formulated as
max(F)

where the objective function F is

F = Max{~ Y1=, T4 [SUpg,(8) + SDpg, (6] +
521 s Dtea{Xila[Cisor (0. P3G, (8) + Ciso(1)- Q5 6,(D)]6pg, (1) +
Cisop (£)- Poais(8). AL + Cisop (£). X521 Piy,, (£) +
Cisor (). Tt iy (£) +isop (8). [INEF (1) Ppygia(8) + NEB (). Papais () +
NEZ™(6). Pgmess (0] 88} — X5y A X420 | CPog, (P36, (0)) +
CQpe, (@56, (8)) + COMpg, (P36, (6))] 66, (8) + Ce(PSG (D) + Co(8) +

CisoP (t) P[;ch(t)- At + Zﬁlzl CPWil (PI/SVil (t)) +

P CPpy,, (Ppy,, () + Crvais- [Ng‘;es,s (®). Pﬁfj{i () + NEA(0). Péggii ®) +

Ny (6)- Piygis (D1 At + (Cisor (8) = ceven)- [Ngy ™ (8). Py (6) +
NER (). Payer, (8 + Ny (6)- Py ()] At + Cavue. Pyere (8. At +
CEvcut- Pé?f;ft (). At + cgycut- P;fgﬁf(t) At + Cpres- Pprescut (t) +
Cores- Qgrescut(t) + Cpcom- PDScomcut(t) + Cocom- Qgcomcut(t) +
Cpind- Poinacur () + Coina- Qdinacur ) + XiLy 6 Pog,cur () +

%1=1 Cren- Pli/ilcut (t) + 2%2:1 Cren- ngizcut (t)}}
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The revenue of the MG comes from selling the active power from the DGs, the
discharging power of the battery, the power from the RDGs, discharging power

of the EVs. The cost is constructed using equations

(2.15), (2.16), (2.1), (2.2), (2.3), (2.14), (2.11), (2.5), (2.6), and the last twelve
components are the cost of unserved power to the EVs, cost of cut of the active
and reactive residential, commercial, and industrial loads, and the cost of

renewable and DGs generation cut.

The first stage of the objective functions of equations (6.36) and (6.40) is
subjected to the constraints of equations (2.17) to (2.35), whereas the first stage
of the objective functions of equations (6.38) and (6.42) is subjected to the
constraints of equations (2.17) to (2.25), (2.30) to (2.33), (2.36), and (2.37). In
addition, all the above objective functions are subjected to the constraints of
equations (6.6) to (6.9), and (6.26). The second stage of these objective
function is subjected to the same constraints of the first stage. However, the
constraints of the equations (2.17), (6.26) are modified in the second stage to

involve the uncertainties as in the following equations:
A. Active and reactive power balance constraints

These constraints are modified for the connected MG as follows
= {2 16p6, (). Ppg,” (1) + ThL 1Py, (O + P 1 Poy,, (6) + P,° () + (6.43)
PS(0) + [NEZ° (). Possis(®) + NI (6). P () +
Ny ™ ()- Payais ()] At = (Ppres(t) = Porescue (6) +
Ny (£). Payen (£). At — Pares (£). At) + (Ppina (t) = Pingcue (£) +
Ngv?(t). P, érr/lghs(t)-At E{Ir/lgust(t) At) + (Ppcom () = Ppeomeut (t) +
NEZ™ (). BSOS (£). At — Paoms(t). At)}
The reactive power balance constraint as in equation (3.23)

For the isolated MG these constraints as follows
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=1{Z11 8pg, (6)- Pog,” (£) + Xty Piv,, (8) + X521 Phy, (6) + P,°(8) + (6.44)
[Nev™* (O Poyagis () + NEF (0)- Pygis () + Ngy™* (8). Pgygiy: (D] At —
Y ce Ppgcue(t) — Nt1 Cren: Py cut (8) —
B2t Cren Pvipeut () = (Pores(t) = Prescut (8) + Ngy™* (). Pyyey, (8). At —
P (0. A) + (Pping(t) = Pdinacur (t) + Ni(0). Papar? (6). At —
Peveut (-88) + (Pocom(8) = Pdcomeut () + Ngy™* (0). Pyyer* (6). At —
—Pevet (1)- A8}
The reactive power balance constraint of the isolated MG is as equation (3.25)

The constraint to prevent the system loads from exceeding the maximum

capacity of the system is changed as follows

T=1{chh(t) + ((PDTeS(t) - PgresCut + NReS'S(t) PEI?VeCShS(t) At - (645)
lfl/ecsust(t) At) + (PDmd(t) PDlndcut + Nlnd(t) Pégghs(t)- At —
Pieuss (0. A) + ((Pocom (8) = Pdcomeur + Ny ™ (£). P> (£). At —

6.13 Results of the UC Stochastic Optimisation of the MG with
Integration of the EVs

The proposed approaches are applied to the connected and isolated MG of the
MG shown in Figure 6-3. The mean values of wind speed and PV power are
listed in Table D-1 in appendix D, while the mean values of the number of the
REVs and CEVs are connected to the grid are depicted in Figures 6-1 and 6-2.
Figures E-1 and E-2 in appendix E show the generated scenarios for 24 hours
ahead and final reduced scenarios for REVs and CEVs respectively. Two
scenarios of the charging and discharging operations of the REVs are
considered in this section. These two scenarios are the same of scenario 3 and

scenario 4 that are considered in the deterministic case and they are as follows:
Scenario 1: whole period charging and discharging.

Scenario 2: the worst scenario.
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6.13.1 Minimising the Total Operating Cost and Maximising the Profit
A. Connected MG

Scenario 1

Figures 6-30 and 6-31 show how the stochastic nature of the renewable
generation and the EVs availability affect the optimal charging and discharging
operations of the EVs. It can be noticed that for all scenarios the EVs are
discharged at hour 6 because the OMP has high value at this hour and the
OMP is higher than the discharging price. The IEVs and the REVs are charged
when the price has low values during their connection to the grid. In addition,
the highest charging power at hour 24 is in the Sc3 because it has abundant
wind generation among other scenarios, whereas the Sc3 has the lowest
charging power among other scenarios at hours 21 and 22 because at these
hours it has zero renewable generation. Furthermore, the total load is increased
significantly during off-peak load period for all the scenarios as shown in Figure

6-31because the REVs are charged at these hours.

200

100

N

' A AL AL AL AL 1

1\2)3,4 5 6 798 9 10 11 12 13 14315 16 17 18 19 20 21 22 23 24

-100 =3 3

Y

Active power(kW)
o

- -~ v
Nt 7
v

\ 4

-200

Time(h)

e Sc1-discharging

e=pim Sc4-discharging
Sc2-charging
Sc5-charging

el Sc2-discharging
=== SC5-discharging
Sc3-charging

e Sc3-discharging
==@==Scl-charging
Sc4-charging

Figure 6-30 Optimal charging and discharging of the EVs of the five highest

probability scenarios of the connected MG
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Figure 6-31 Modified load with the integration of the EVs of the five highest
probability scenarios and base load of the connected MG

Figure 6-32 shows the impacts of the uncertainties on the optimal scheduling of
the active power of the DGs and exchanging power with the storage battery and
with the utility grid. It can be seen that the DE is committed to the whole
scheduling day and some hours the DE is committed with minimum output
power to satisfy the active and reactive SSSCs. The battery also is not operated
for an entire scheduling period for all the scenarios for the same reasons of the
Det. Case. In addition, the MG sells active power to the utility grid at hours 6
and 9 to 14 when the active OMP has the highest values, where the REVs are
discharged at these hours and the IEVs and the CEVs are discharged at hour 6
as well because the values of the OMP are higher than the discharging price.
Further, the Sc3 has the lowest selling power to the utility grid at hour 12
because it has the lowest wind generation among the other scenarios. In
contrast, the reactive power scheduling is not changed when consideration the
uncertainties because the UC of the DGs for all scenarios are the same of the
Det. Case and the UC is determined before realisation the uncertainties.
Furthermore, the EVs exchange solely active power with grid and the RDGs

provide active power.
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6-32 Optimal active power scheduling of the DGs and exchanging power with

the utility grid and the battery of the five highest probability scenarios
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Table 6-8 summarises the results of the five stochastic scenarios and Det.
Case. This table reveals that the integration of the EVs with the MG reduces the
total operating cost and increases the MG profit in comparison with the base
case for all scenarios. The percentage of reducing the cost and increasing profit
are in comparison with the base case. The total peak load is increased slightly

for all the scenarios.

Table 6-8 Results of the five highest probability scenarios and Det. Case of the

connected MG

Cost Cost Profit Profit Charging Discharging Peak
with EVs reduction | with EVs | increasing % cost (€) cost (€) load(kw)
(€/day) % (€/day)
Det. 323.1 20.8 366.2 30.1 116.3 117.6 328.38
case
Scl 321.8 21.1 367.5 30.6 120 100.7 331.38
Sc2 3225 20.9 366.8 30.3 118.8 100.7 331.38
Sc3 325.3 20.2 364 29.3 115.5 100.7 331.8
Sc4 321.8 21.1 367.5 30.6 120.5 100.7 334.38
Sch 321.4 21.2 367.9 30.7 119.6 100.7 331.38
Scenario 2

Figure 6-33 shows the optimal charging behaviours of the EVs during their
connection to the grid and Figure 6-34 shows the impacts of the EVs on the
total load for the five highest probability scenarios. It can be noticed that for all
the scenarios the lowest charging power occurs at hour 1 because solely the
small number of the CEVs are connected to the grid at this hour. The charging
power of the EVs also has low values at hour 6 because at this hour the OMP
has high value and higher than the charging price; therefore, the MG sells
power to the utility grid rather than to the EVs. In addition, the lowest charging
power is in the Sc2 at hour 6 because it has the lowest number of the
connecting EVs to the grid at this hour and the two hours before hour 6. By far
the highest charging power is at hour 11 because the highest numbers of the
REVs are connected to the grid for all scenarios and the highest one occurs in
the Sc2 because it has the highest number of the EVs at hour 11 and the

previous two hours.
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Figure 6-35 shows the impacts of the uncertainties on the hourly optimal
scheduling of the active power. The battery is discharged highest power at hour
10 because the OMP has the highest value and it is charged when the price has
low values for all scenarios. The MG also sells active power to the utility grid
when the OMP has high values, wherein the lowest selling power is at hour 12
for all scenarios and the lowest selling power occurs in the Sc3 because it has
the lowest wind generation at this hour. In addition, in the Sc3 the MG
purchases higher active power at hours 21 and 22 than other scenarios

because the renewable generations at these hours equal to zero.

The reactive power scheduling of the DGs and exchanging reactive power with
the utility grid are the same for the all five scenarios and they are the same of
the Det. Case.
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Figure 6-33 Optimal charging of the EVs of the five highest probability scenarios

of the connected MG
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Figure 6-34 Modified load with integration of EVs of the five highest probability
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Table 6-9 summarises the results of the five high probability scenarios and Det.
Case. It can be seen that the total cost is increased and the profit is reduced for
all scenarios in comparison with the base case. This is because the EVs are
operated in the charge mode only and the charging power is lower than OMP in
some hours and the charging power is lower than the generation of the DGs as
well. The charging time for the EVs is restricted. Furthermore, the peak of the
total load is increased because the time restriction of the charging of the EVs
and the charging time coincides with peak load.

Table 6-9 Results of the five highest probability scenarios and Det. Case of the

connected MG

Cost Cost Profit Profit Charging Discharging Peak
with EVs | reduction | with EVs | increasing % | cost (€) cost (€) load(kw)
(€/day) % (€/day)
Det. 439.5 -8 249.8 -11.3 43.7 0 376.6
case
Scl 441.5 -8.3 247.9 -11.9 44.1 0 376.6
Sc2 444.5 -9 244.8 -13 43 0 382.6
Sc3 447.4 -9.7 241.9 -14.1 44.1 0 382
Sc4 441.4 8.2 247.9 -11.9 4.6 0 382
Sch 439.9 7.9 249.5 -11.4 44.1 0 382
B. Isolated MG
Scenario 1

Figure 6-36 shows the optimal charging operations of the EVs of the five
highest probability scenarios and Figure 6-37 shows the impacts of the EVs on
the total load of the five highest probability scenarios. It can be noticed that the
EVs in all sectors interact with the MG in the charge mode only for the same
reasons of the Det. Case. The IEVs and CEVs have two peaks of charging
power during their connection to the grid at hours 2 and 4 because at these two
hours, the load has low values and the renewable generation is abundant. At
hour 2, the highest charging power is in the Sc3 because it has the highest
renewable generation among other scenarios, while Sc5 has the lowest
charging power because it has the lowest renewable generation at this hour.
For the same reasons, at hour 4 the highest charging power is in the Sc5, while

the lowest charging power is in the Sc3. Further, the REVs are charged at off-
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peak load hours for the same reasons of the Det. Case, where the highest
charging power is at hour 21 for scenarios 1, 2, 4, and 5 because the wind
generation is abundant for these scenarios and the load has the lowest value.
While, for the Sc3 the highest charging power is at hour 20 because at hour 21
the renewable generation is zero, whereas at hour 20 the wind generation is
abundant. Furthermore, the charging power at hour 24 for scenarios 1, 2, 4, and
5 is zero because the wind generation is zero and solar generation quite low,
while the Sc3 has charging power at this hour because the wind generation has
a maximum value. Figure 6-37 reveals that the peak load is not changed

because there is no charging during on peak load.
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Figure 6-36 Optimal charging and discharging of the EVs of the five highest

probability scenarios and Det. Case of the isolated MG
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Figure 6-37 Modified load with the integration of the EVs of the five highest

probability scenarios and base load of the isolated MG

Figure 6-38 shows the optimal scheduling of the active power of the DGs. The
fluctuations of the renewable generation and availability of the EVs are
compensated by changing the generation of the DGs as shown in the figure.
The battery is not operated for all scenarios because there are no economic
incentives for involving the battery in the active power scheduling. In addition,
the highest generation occurs at hour 14 for scenarios 1, 2, 4, and 5, although
the highest load is at hour 13 because at hour 14 the wind generation has the
lowest value. For the Sc3, the highest generation is at hour 12, although the
load has highest value at hour 13 because the wind and solar generation have
the lowest value at hourl2, while wind generation has the maximum value at
hour 13. The optimal reactive power scheduling is the same for all five
scenarios and they are the same of the Det. Case for the same reasons of the
connected MG.
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Figure 6-38 Optimal active power scheduling of the DGs and exchanging power
with the battery of the five highest probability scenarios
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Table 6-10 summarises the results of the five scenarios and Det. Case. It can
be seen that the peak of the total load is not changed for all the scenarios
because the charging of the EVs is for the whole period of the connection of the
EVs. The operating cost is higher than the base case for all the scenarios and

the profit is lower.

Table 6-10 Results of the five highest probability scenarios and Det. Case of the

isolated MG
Cost Cost Profit Profit Charging Discharging Peak

with EVs | reduction | with EVs | increasing % cost (€) cost (€) load(kW)

(€/day) % (€/day)
Det. 560.9 -2 223.3 -4.8 43.7 0 313
Case
Scl 559.4 -1.8 224.8 -4.1 44.1 0 313
Sc2 559.1 -1.7 225.1 -4 43 0 313
Sc3 560.4 -1.9 223.8 4.6 44.1 0 313
Sc4 559.7 1.82 224.5 4.3 44.6 0 313
Sch 559.1 -1.7 225.1 -4 44.1 0 313
Scenario 2

Figure 6-39 shows the optimal charging of the EVs for the five highest
probability scenarios, whereas Figure 6-40 shows the base load and the base
load with EVs charging load for the five highest probability scenarios. It can be
noticed that there are two peak periods at hour 2 and hour 4 for the same
reasons of the previous scenario. The lowest charging power occurs at hours 5
and 7 in the Sc2 because it has low renewable generation and the number of
connected IEVs and CEVs to the grid at these hours and the two hours before
these two hours is lower than the other scenarios. Furthermore, the highest
charging power for all scenarios is at hour 11 because the highest number of
the REVs is connected to the MG. Figure 6-40 shows that the total load is
increased throughout the charging period of the EVs because the EVs are
operated with charge mode only, where the Sc3 has the highest peak load at
hour 13 because the Sc3 has the highest charging power at this hour. The

reactive load is still not changing and it is the same of the base case.
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Figure 6-40 Modified load with the integration of the EVs of the five highest

probability scenarios and base load of the isolated MG

Figure 6-41 shows the optimal scheduling of the active power of the DGs. This
figure shows the impacts of the uncertainties on the optimal scheduling of the
DGs. It can be seen that the highest generation occurs at hours 11, 12, and 13
for the all scenarios because the total load has the highest values at these
hours and the charging power is high as well. However, the Sc3 has the lowest
generation at hour 11 among other scenarios because at hour 11 the Sc3 has
the highest renewable generation. The Sc3 has the higher generation at hours
21 and 22 than other scenarios because the renewable generations are equal

to zero, While the Sc2 has lower generation than other scenarios at hour 24
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because the wind generation has the maximum value. The optimal reactive

power is the same for all five scenarios and they are the same of the Det. Case.
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Figure 6-41 Optimal active power scheduling of the DGs and exchanging power
the battery of the five highest probability scenarios
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Table 6-11 summarises the results of the five scenarios and Det. Case. This
table reveals that the total cost for all scenarios is increased and the profit is
decreased. The peak of the total load is increased for all the scenarios because
the charging power of the EVs coincides with the peak load.

Table 6-11 Results of the five highest probability scenarios and Det. Case of the

isolated MG
Cost Cost Profit Profit Charging Discharging Peak load

with EVs | reduction | with EVs | increasing % | cost (€) cost (€) (kw)

(€/day) % (€/day)
Det. 577.9 -5.1 206.3 -12 43.7 0 362.481
Case
Scl 576.8 -4.9 207.4 -11.6 44.1 0 360.923
Sc2 576.5 -4.87 207.7 -11.4 43 0 360.786
Sc3 576.5 -4.87 207.7 -11.4 44.1 0 369.261
Sc4 577.1 -5 207.1 -11.7 44.6 0 360.923
Sch 576.4 -4.85 207.8 -11.38 44.1 0 360.935

6.14 Chapter Conclusion

In this chapter, the bidirectional integration of the EVs with the SCUC-
UARDEED of the connected and isolated MG is analysed under deterministic
and stochastic environments. The results reveal that the EVs decrease the total
operating cost and increase the profit of the connected MG. The OMP affects
significantly the charging and discharging operations of the connected MGs. In
addition, the reactive power scheduling is changed, although the EVs charge
and discharge active power because the EVs changes the results of the UC and
it is formulated based on the active and reactive power. In case of isolated MG,
the EVs increase the total operating cost and decrease the profit. the
uncertainties affect the charging and discharging operations of the EVSs.

Feasible solution is obtained for all scenarios.
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7 Conclusions and Future Work

7.1 Chapter Summary

This chapter contains the discussions and conclusions in relation to the three
core areas of this thesis. Firstly, the SCUC-UARDEED of the MG discussions
and conclusions are presented under deterministic and stochastic
environments; second the discussions and conclusions of the integration of the
DSM with optimisation problems of the MG under deterministic and stochastic
environments are introduced; and third the integration of EVs with the optimal
scheduling of the MG discussions and conclusions are presented. Furthermore,

this chapter also recommends the future works related to the area of the thesis.

7.2 Discussions and Conclusions

7.2.1 Unified Active and Reactive Dynamic Economic and Emission
Dispatch of the MG

A SCUC-UARDEED to minimise the total operating and emission costs or
maximise the MG profit is proposed. One of the goals of this research is to
formulate and solve the unified active and reactive optimisation problem and
determine the active reactive power scheduling of the MG resources. The
models for the emission of the greenhouse gases are included in the
formulation of the optimisation problem to reduce the negative impacts to the
environment. To involve the battery in the scheduling of the MG, the model of its
degradation cost is considered. The model of the UC is developed to involve
both the active and reactive power. In addition, the models of the exchanging
active and reactive power with the utility grid are incorporated in the scheduling
of the connected MG. Furthermore, the production cost of renewable generation
is included in the proposed optimisation approach. The scheduling problem of
the MG is subjected to a set of constraints, including active and reactive power
SSSCs, active and reactive power SRCs, and limit of emission of the
greenhouse gases. These models of the different cost function components and

the constraints are combined in a unified optimisation approach, which can be
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solved in real-time. Literature has shown that no work has been done in
analysing the models of reactive power management, emission cost, and
battery degradation cost with emission and security constraints in the modelling
of the optimisation problem to minimise the operating cost or maximise the profit
for the connected and isolated MG. New approaches and strategies are
proposed to model all these cost parameters and constraints and they are
incorporated with the DEED problem of the MG. The optimisation problem is
validated by testing the proposed approaches on the LV multi-feeder connected
and isolated MG. The MG includes various types of loads, such as residential,
commercial and industrials. Each load type has a different profile, where the
active and reactive total loads are aggregated of these loads. The MG includes
different types of the DGs technology, such as DE, MTs, FCs, WTs, and PV
units. This combination presents a good renewable mix likely to be found in the
future grid. The overall optimisation problems are formulated by using MIQP,
which can be solved efficiently by using the efficient software platform CPLEX.
It is based on the branch and bond method, and if a solution is obtained from

this method, it is known as a globally optimal solution.

The importance of the DGs to generate reactive power is quantified in Chapter
2. The obtained results reveal that the total operating cost is reduced and the
profit is increased when the DGs generate reactive power is compared with the
reactive power from the utility grid. The impacts of the storage battery on the
optimal scheduling of the MG are determined, where different scenarios for the
state of charge of the battery are conducted to determine the ultimate impacts
of the storage battery on the economic operation of the MG. The results show
that the charging and discharging operations of the battery typically reduce the
total operating cost and increase the MG profit in all scenarios for the connected
MG, despite the degradation cost of the battery. The impacts of the active and
reactive power SSSCs for full and critical loads on the optimal scheduling of the
MG are determined. It is found that consideration given to the SSSCs makes
the MG operate securely throughout the entire schedule. Consideration of the
SSSCs also helps the system operator to avoid resorting to the costly
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involuntary load shedding when the connection with the utility grid is lost.
Furthermore, the SSSCs guarantee a continuous operation when the MG loses
the connection with the utility grid. However, consideration of the active and
reactive power SSSCs increases the total operating cost and reduces the profit.
In contrast, the reduction of the technical minimum of the active output power of
the DGs with consideration given to the active and reactive power SSSCs,
leads to a reduction in the total operating cost, increases the MG profit, and
reduces the emission of the greenhouse gases.

In particular, the results of the proposed connected MG demonstrate that the
lowest cost occurs at the same time with the highest profit and both occur when
the OMPs have the highest value because at this hour MG sells the highest
active and reactive power to the utility grid to reduce the cost or increase the
profit. The revenue and the profit patterns also have the same shape of the
OMPs. In addition, the total cost has a negative value when the OMPs have the
highest value during the scheduling day. In the isolated MG, the profit and the
cost profiles have a similarity to the power generation, where the pattern shapes
of the active and reactive power generation are close to the pattern of the total
load. The profit and the total cost have only positive values during the entire
scheduling horizon.

Chapter 3 presents a developed stochastic optimisation scenario-based
approach, based on the same models of the cost components and constraints
in Chapter 2 with the uncertainties arising from the fluctuations of the generation
of the renewable resources and the OMPs. This increases the complexity of the
scheduling problem of the MG. Therefore, a new scheduling strategy to model
and incorporate these uncertainties with SCUC-UARDEED of the MG is
proposed, which involves a stochastic optimisation problem with a two-stage
approach. The first stage involving the decision variables are the UC results
before taking into account the uncertainties, and the second stage is the
scheduling of the MG resources by considering the uncertainties where the UC
results are not changed in the second stage. The second stage of the objective

functions includes the penalty cost of the involuntary load cutting for the
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connected MG, while the objective function of the isolated MG contains the
involuntary load and generation cutting. The load and generation cutting are
considered to prevent the system from outages and to insure feasible solution in
the second stage, therefore, the penalty costs of the load and generation cutting
are taken significantly high to avoid the system from resorting to load or

generation cutting when it is not necessary.

The results obtained demonstrate that the proposed optimisation approaches
can accommodate the uncertainties. In addition, a feasible solution for all
scenarios and for the connected and isolated MG of the system under study are
obtained. The OMP significantly impacts on the charging and discharging

operations of the battery.

7.2.2 Integration of the DSM with Dynamic Economic and Emission
Dispatch of the MG

A novel approach and methodology are proposed to integrate the DSM with
SCUC-UARDEED of the connected and isolated MG. This is presented in
Chapter 4. The DSM techniques are developed to consider both active and
reactive load demands. All load types that are considered in Chapter 2
participate in the active and reactive DSM techniques, wherein different
strategies of the DSM are applied to the different types of load simultaneously.
The shifting technique is applied to the residential loads, where the start times
of connecting the WMs and DWs are shifted based on the optimisation
algorithm as to whether minimise the operating cost or to maximise the profit of
the connected and isolated MG. The impacts of the DSM as a shifting technique
on the profit of the isolated MG have not been analysed yet. Similarly, the active
and reactive DB strategy is applied to the industrial and commercial loads,
where the consumers in the industrial and commercial sectors offer the load
cutting with the specific price. The MG should accept or reject the bids of the
consumers according to the objective function. The DSM is considered as a
decision variable in the optimisation approach and it is treated as a separate
load with an operation cycle. The overall formulation of the optimisation problem
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of the MG with DSM involves the same models of the cost components and
constraints in Chapter 2 with integrating the models of the DSM techniques with
their constraints. Three key scenarios based on deterministic environment are
conducted to analyse the impacts of the DSM on the optimal scheduling of the
MG.

Firstly, the DSM as a shifting technique is applied to active and reactive
residential loads. The results demonstrate that the proposed DSM reduces the
total operating cost and reduces the peak of the active and reactive total loads
of both the connected and isolated MG. In addition, the grid security and the
reserve of the active and reactive generations are improved. Moreover, the
OMPs significantly impact on the time and the amount of the recovered load
with regard the operating cost of the connected MG. In contrast, in the case of
maximising the profit, the obtained results reveal that the proposed DSM of the
connected MG insignificantly impacts on the profit, while for the isolated MG the
profit is increased. The profit is increased in the isolated MG because the MG
sells active and reactive power to the consumers with fixed prices for the entire
scheduling horizon, and there is no connection to the utility grid. Therefore, the
loads can be shifted and recovered, regardless of the price. This means that the
revenue is not affected when the loads are shifted and only the expense is
affected. The shifting load of the isolated MG reduces the expense and this

leads to increase the MG profit.

Secondly, the DSM as a shedding load technique is applied to the active and
reactive industrial and commercial loads. It is found that the proposed DSM
reduces the total operating cost and the peak of the active and reactive total
loads are reduced for both the connected and isolated MG. In the case of
maximising the MG profit, the results reveal that the MG does not accept the
consume bids to cut the loads in both the connected and isolated MG because
the load cutting costs are incurred by the MG, which leads to a reduction the
profit. This means that applying the DSM as a curtailed load is not

recommended to maximise the profit.
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Thirdly, both the shifting and DB techniques are applied to the all types of loads
simultaneously. The results reveal that the operating cost and the peak of the
total active and reactive load is reduced more than when applying the shifting or
DBP technique individually. In contrast, to maximise the MG profit and for the
connected and isolated MG, the results are the same as applying the shifting

technique because the curtailed load is not preferable.

Furthermore, a two-stage stochastic optimisation of the MG with the integration
of the DSM is presented in Chapter 5. The estimated number of WMs and DWs
at each time interval are determined from the diversified curve, which is
considered as perfect. However, in reality, it is not perfect and it produces new
uncertainty to the optimisation problem. The fluctuations generated from the
renewable resources and the number of the WMs and DWs are considered as
stochastic variables. According to the open literature, the DSM as a stochastic
variable has never been investigated in the previous work. The same
constraints and cost components’ models of Chapters 2 and 4 with the
uncertainties are considered into proposed stochastic optimisation approach. In
the first stage, the decision of the UC and the bids of the industrial and
commercial consumers to cut their loads are taken, where these decisions are
not changed in the second stage. The second stage includes the scheduling of
the MGs resources and demand side while considering the uncertainties. The
optimisation approach is applied to the connected and isolated MG. In addition,
the obtained results through different scenarios demonstrate that the proposed
approach can accommodate the uncertainties from both the generation and
demand side. The obtained results also reveal that a feasible solution can be

obtained for all scenarios and for the connected and isolated MG under study.
7.2.3 Integration of the EVs with Security-Constrained Dynamic
Economic and Emission Dispatch of the MG

A novel multi-period optimal scheduling of the MG with bidirectional integration
of the EVs to minimise the total operating cost or maximise the profit of the
connected and isolated MG is presented in Chapter 6. The bidirectional
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integration of the EVs is more challenging than unidirectional integration
(charging or discharging) and the bidirectional integration covers both the
charging and discharging operations of the EVs. Therefore, the modelling of
bidirectional integration needs new optimisation approaches and strategies to
integrate the EV with optimal scheduling of the MG. The EVs are modelled with
their constraints and the EVs are incorporated with optimisation problems of the
MG together with the models of the cost function components and constraints in
Chapter 2. The charging and discharging prices are unchanged whether the
EVs charge or discharge. This is to encourage the EVs to involve in the
scheduling resources of the MG. Multiple charging and discharging scenarios
are conducted to inspect the impacts of the EVs on the optimal scheduling of
the MG.

The results show that the proposed economic integration of the EVs with
connected MG reduces the total operating cost and increases the profit.
Furthermore, the OMP significantly impacts to determine the charging and
discharging operations of the EVs. In contrast, in the case of the isolated MG,
the integration of the EVs increases the total operating cost and decreases the
profit because the discharging price is higher than the generation cost of the of
the DGs, and the charging price is lower than the cost of generating the DGs. In
particular, the integration of the EVs changes the reactive power scheduling,
although the EVs are charged and discharged only active power because the
integration the EVs change the UC results of the DGs and the UC is formulated
based on both the active and reactive power.

A two-stage scenario-based optimisation problem with the integration of the
EVs is introduced. The number of EVs are connected to the MG at each time
interval in different areas with the fluctuations of the generation of the
renewable generation are considered as sources of the uncertainties. These
uncertainties are modelled and incorporated with stochastic scheduling problem
of the MG with including the models of cost components and constraints in
chapters 2 and 6. The first stage involves the UC results of the DGs before

consideration the uncertainties, while the second stage is the scheduling of the
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MG resources and the charging and discharging operation of the EVs. The
results show that the proposed approach can accommodate the uncertainties
and it can obtain a feasible solution for all scenarios for connected and isolated
MG. The uncertainties also affect the charging and discharging behaviours of

the EVs in the connected and isolated MG.

7.3 Recommendations for Future Works

In this section, recommendations for future works relating to the subject of this
thesis are addressed. The following recommendations all equally weighted and

important:

A. The future MGs can provide both the heat and the electricity. Therefore, the
optimisation problem can be extended to involve combined heat and electrical
power (CHP) with modelling of the active and reactive economic and emission
dispatch of the MG under deterministic and stochastic environments. The heat
recovery boiler can be considered as a heat generator to supply the heat load.
This needs to develop scheduling strategy to accommodate the scheduling both

the electricity and the heat.

B. New demand management strategies to manage both the heat and electric
loads are needed to quantify the impacts of these management strategies on
the economic operation of the MG.

C. The time-based programming, such as time of use and real-time prices can
be used as the DSM techniques, wherein the load management or reduction
has to be accomplished by consumers in response to the price. These DSM
techniques can incorporate an optimisation problem of the MG under

deterministic and stochastic environments.
D. New sources of uncertainties related to the grid and to the DGs such as

outages of generation or losing lines can be modelled and incorporated with

optimisation algorithms of the MG. These increase complexity of the scheduling
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strategy in term of formulation and solution. This needs to develop scheduling

strategy to accommodate these uncertainties.

E. The EVs can be integrated with optimisation problems as demand response
appliances to manage the network congestion and to increase the network

capability in accommodating the renewable energy.
F. The huge developments of the battery technologies need to develop new
models of the batteries and consider new pricing scheme to involve the EVs in

the scheduling operation of the MG.

G. The proposed optimisation approaches in this work can be analysed with

respect of the sensitivity of the system to change in the MG parameters.
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Appendix A Line Impedances of the Test System

Table A-1 Line impedances of the test system

Line buses Lines resistance and reactance
From | to | R(Q/km) X(Q/km) Ro(Q/km) Xo(Q/km) Rn(Q/km) | 1z(A) | CSA
(m?)
Residential feeders
1 2 0.284 0.083 1.136 0.417 0.284 355 185
2 3 0.284 0.083 1.136 0.417 0.284 355 185
3 4 0.284 0.083 1.136 0.417 0.284 241 95
4 5 0.284 0.083 1.136 0.417 0.284 241 95
1 6 0.284 0.083 1.136 0.417 0.284 355 185
6 7 0.497 0.086 2.387 0.447 0.63 355 185
7 8 0.497 0.086 2.387 0.447 0.63 241 95
8 9 0.497 0.086 2.387 0.447 0.63 241 95
Industrial feeder
1 10 0.264 0.071 0 0 0.387 280 120
10 11 0.264 0.071 0 0 0.387 280 120
Commercial feeders
1 12 0.397 0.279 0 0 0.397 355 185
12 13 0.397 0.279 0 0 0.397 355 185
13 14 0.397 0.279 0 0 0.397 241 95
14 15 0.397 0.294 0 0 0.397 241 95
12 16 0.574 0.294 0 0 0.574 205 70
16 17 0.574 0.294 0 0 0.574 120 35
13 18 0.574 0.294 0 0 0.574 205 70
18 19 0.574 0.294 0 0 0.574 120 35

Iz= the conductor current -carrying capacity

CSA-= Cross section area of the conductor
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Appendix B Characteristics Parameters of the DGs

Table B-1 Technical characteristics parameters of the DGs

DE FCi1 FC2 MT1 MT2
Pmin(KW) 20 1 16 20 6
Prmax(Kw) 140 30 920 60 50
Qnmin(KVAT) 0 0 0 0 0
Qmax(KVAr) 70 15 45 30 25
d (€/h) 0.6 13 1.14 0.65 1.34
e (€/Kwh) 0.05 0.031 0.06 0.0152 0.062
f (€/Kw? h) 0.0002 0.0001 0.0004 0.00052 0.0013
dr(€/h) 0.06 0.13 0.114 0.065 0.134
er (€/kVAr) 0.005 0.0031 0.006 0.00152 0.0062
fr (E/kVAr?) 0.00002 0.00001 0.00004 0.000052 0.00013
Komi (€/Kw?) 0.01258 0.00419 0.00419 0.00587 0.00587
Tu(h) 1.5 0.5 1 0.5 0.5
Tdown(h) 15 0.5 1 0.5 0.5
Sci(€) 0.25 0.16 0.2 0.1 0.1
Sdi(€) 0.25 0.16 0.2 0.1 0.1
URi(KW) 100 30 70 60 50
DRi(kW) 100 30 70 60 50

Table B-2 Emission rate of greenhouse gases for the DGs

Unit | CO2 (kg/kWh) [NOx (kg/kWh)| SO (kg/kwWh) | PM(kg/kwWh)
DE 0.848 0.0013 0.00125 0.00036
FC1 0.489 0.00001 0.000003 0.000001
FC2 0.489 0.00001 0.000003 0.000001
MT1 0.725 0.0002 0.000004 0.000041
MT2 0.725 0.0002 0.000004 0.000041

Eco2 0.02 (€/kg)
Enoy 5 (€/kg)
Esoz 6 (€/kg)
Epy 25 (€/kg)

Table B-4 Wind turbines data

Table B-3 Cost of emission of greenhouse gases

Py _r(KW)

v(m/s)

Vo (M/S)

v,.(M/s)

20

3

25

12
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Table B-5Storage battery data

Ep(KWh)

E bmin(kWh)

E bmax(kWh)

Nbch

Nbdis

DOD%

50

25

50

0.9

0.9

50

Table B-6 Hourly profiles of the wind, PV generation, active and reactive open

market prices, and the total active and reactive loads

Time(h) | Wind PV power | Active Reactive Total Total
speed generation | power power active | reactive
(m/s) (kW) price(€/kwh) | price(€/Kw) load load
(kW) (kVAr)

1 7.8 0 0.035 0.004 100.240 | 48.546
2 9 0 0.032 0.003 92.000 | 44.556
3 9.5 0 0.030 0.003 90.260 | 43.713
4 10.5 0 0.030 0.003 84.600 | 40.972
5 9.7 0 0.033 0.003 90.820 | 43.984
6 8.6 0.335 0.050 0.005 100.040 | 48.449
7 7 1.693 0.047 0.005 136.100 | 65.913
8 6.6 3.916 0.050 0.005 186.800 | 90.467
9 6.8 6.721 0.070 0.007 221.060 | 107.059
10 6 9.014 0.080 0.008 250.400 | 121.269
11 5.3 10.760 0.090 0.009 266.500 | 129.066
12 55 11.589 0.120 0.012 265.080 | 128.378
13 5.8 11.431 0.225 0.023 286.500 | 138.752
14 6.3 10.408 0.100 0.010 297.400 | 144.031
15 7.5 8.414 0.085 0.009 283.380 | 137.241
16 8 5.962 0.150 0.015 270.100 | 130.809
17 9.6 3.352 0.450 0.045 258.000 | 124.949
18 10 1411 0.150 0.015 292.600 | 141.706
19 9 0.3 0.180 0.018 300.200 | 145.387
20 8.5 0 0.160 0.016 313.000 | 151.586
21 7.8 0 0.310 0.031 277.800 | 134.539
22 7 0 0.050 0.005 233.000 | 112.842
23 6.8 0 0.040 0.004 186.000 | 90.080
24 7.1 0 0.025 0.003 104.600 | 50.658
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Appendix C the Stochastic Scenarios of Wind, PV
Generation and Open Market Price
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Figure C-1 Scenarios generation and reduction of wind speed (a) generated 1000

scenarios of wind speed (b) reduced the scenarios to 5
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Figure C-2 Scenarios generation and reduction PV generation (a) generated 1000

scenarios of the PV power (b) reduced the scenarios to 5
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Figure C-3 Scenarios generation and reduction of the OMP (a) generated 1000
scenarios of OMP (b) reduced the scenarios to 5

Table C-1 Hourly cost values of the five highest probability scenarios and Det.

Case for the connected MG

Time(h) Cost(€/h) Cost(€/h) Cost(€/h) Cost(€/h) | Cost(€/h) Cost(€/h)
Scl Sc2 Sc3 Sc4 Sch Det. Case
1 6.8 6.4 7.8 6.8 7.5 7.9
2 6.8 6.4 6.5 6.8 6.0 7.2
3 8.0 8.0 8.0 8.0 8.0 7.2
4 7.6 7.7 4.5 7.6 4.6 7.4
5 8.3 8.2 5.4 8.3 5.2 7.5
6 9.0 8.1 9.1 9.0 8.3 8.5
7 7.7 9.5 10.5 7.6 11.7 10.0
8 13.8 13.6 14.7 13.7 14.6 14.1
9 20.8 184 21.1 20.7 18.9 20.2
10 22.3 25.7 22.4 225 25.8 24.8
11 27.7 27.4 27.4 27.9 27.1 27.2
12 29.1 28.8 290.1 29.1 28.8 29.1
13 8.2 17.3 11.3 7.7 19.9 21.4
14 325 317 32.7 325 31.9 31.8
15 28.8 29.1 28.8 28.6 29.1 28.3
16 28.9 25.7 28.9 28.9 25.6 28.8
17 -23.9 -21.0 -16.6 -25.0 -14.0 -28.5
18 32.6 324 324 325 32.2 32.8
19 34.1 31.1 35.8 34.1 34.0 325
20 35.7 35.9 35.6 35.8 35.7 36.3
21 21.3 25.5 19.0 21.3 23.8 135
22 20.7 20.3 20.3 20.7 19.8 19.1
23 13.5 12.0 14.3 13.5 12.9 12.5
24 104 9.8 7.9 104 7.1 8.5
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Table C-2 Hourly profit values of the five highest probability scenarios and Det.

Case for the connected MG

Time(h) Profit (€/h) Profit (€/h) | Profit (€/h) Profit (€/h) Profit (€/h) Profit (€/h)
Scl Sc2 Sc3 Sc4 Sch Det. Case
1 -2.6 -2.6 -3.6 -2.6 -3.8 -4.2
2 -3.6 -4.1 -3.3 -3.6 -3.6 -4.1
3 -5.4 -5.3 -5.4 -5.4 -5.3 -4.4
4 -5.4 -5.3 -2.3 -5.4 -2.3 -4.7
5 -5.0 -5.1 -2.1 -5.0 -2.1 -4.3
6 -2.8 -3.5 -3.0 -2.8 -3.7 -3.3
7 -2.6 -2.2 -5.5 -2.6 -4.4 -3.3
8 -3.5 -3.6 -4.5 -3.4 -4.6 -4.3
9 -2.8 -5.6 -3.1 -2.7 -6.1 -4.0
10 -5.7 -2.5 -5.9 -5.9 -2.6 -3.8
11 -2.7 -3.2 -2.4 -2.9 -2.9 -2.1
12 3.2 0.9 3.2 3.2 0.9 4.3
13 70.5 53.3 67.5 71.1 50.7 46.1
14 -1.5 -0.6 -1.7 -1.6 -0.8 -0.6
15 -10.5 -2.7 -10.5 -10.3 -2.7 -3.1
16 10.0 23.4 10.0 10.0 23.4 13.7
17 143.3 135.9 136.0 144.4 128.8 150.3
18 13.5 15.0 13.7 13.6 15.2 13.2
19 14.0 26.6 12.3 14.0 23.7 24.2
20 15.4 14.5 15.5 15.4 14.7 16.2
21 58.2 41.5 60.5 58.2 43.2 76.7
22 -7.5 -8.1 -7.0 -7.5 -7.5 -6.9
23 -5.3 -6.0 -6.0 -5.3 -6.9 -4.7
24 -7.4 -7.7 -4.8 -7.4 -4.8 -5.7

Table C-3 Hourly cost values of the five highest probability scenarios and Det.
Case for the isolated MG

Time(h) Cost(€/h) Cost(€/h) Cost(€/h) Cost(€/h) | Cost(€/h) Cost(€/h)
Scl Sc2 Sc3 Sc4 Scbh Det. Case
1 10.6 10.5 10.6 10.6 10.5 10.4
2 9.2 9.1 9.2 9.2 9.7 9.3
3 9.5 9.5 9.5 9.5 9.5 9.2
4 9.1 8.3 9.1 9.1 8.5 8.9
5 9.6 9.0 9.6 9.6 9.3 9.3
6 10.0 10.1 10.0 10.0 10.3 10.0
7 13.9 14.1 13.9 13.9 13.8 13.7
8 20.0 19.6 20.1 20.1 19.3 19.7
9 24.0 23.8 24.0 23.9 23.7 23.9
10 27.3 27.3 27.3 27.3 27.4 27.3
11 28.8 29.0 28.7 28.8 29.4 29.3
12 29.1 29.1 29.1 29.0 28.7 29.0
13 314 318 313 31.2 314 318
14 34.7 34.1 34.6 34.8 34.3 345
15 311 311 31.2 311 313 315
16 29.5 29.5 294 29.5 30.1 29.8
17 28.5 29.0 28.4 28.4 28.1 28.3
18 34.1 34.0 34.0 34.1 34.0 34.2
19 35.0 36.1 35.0 35.0 35.1 35.4
20 36.9 36.8 36.9 36.9 36.8 37.3
21 32.2 31.8 32.2 32.2 31.0 31.6
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Time(h) Cost(€/h) Cost(€/h) Cost(€/h) Cost(€/h) | Cost(€/h) Cost(€/h)
Scl Sc2 Sc3 Sc4 Scb Det. Case
22 25.1 25.3 25.1 25.1 25.9 25.5
23 19.5 19.5 19.6 19.6 19.8 19.7
24 11.6 104 11.7 11.7 11.7 10.6

Table C-4 Hourly profit values of the five highest probability scenarios and Det.

Case for the isolated MG

Time(h) Profit (€/h) Profit (€/h) Profit (€/h) Profit (€/h) | Profit (€/h) | Profit (€/h)
Scl Sc2 Sc3 Sc4 Scb Det. Case
1 5.2 5.3 5.2 5.2 5.3 5.3
2 5.3 5.4 5.3 5.3 4.8 5.2
3 4.7 4.7 4.7 4.7 4.7 5.0
4 4.2 5.0 4.2 4.2 4.8 4.4
5 4.7 5.3 4.7 4.7 5.0 5.0
6 5.7 5.7 5.7 5.7 5.4 5.7
7 7.5 7.3 7.5 7.5 7.6 7.7
8 9.3 9.8 9.3 9.3 10.1 9.6
9 10.8 10.9 10.8 10.9 11.0 10.9
10 12.2 12.1 12.1 12.0 11.9 12.1
11 13.1 12.9 13.2 13.1 12.5 12.6
12 12.6 12.6 12.6 12.6 13.0 12.7
13 13.7 13.3 13.8 13.8 13.7 13.3
14 12.1 12.7 12.2 12.0 12.5 12.3
15 13.4 13.4 13.4 13.5 13.3 13.0
16 13.0 13.0 13.0 13.0 12.4 12.7
17 12.1 11.6 12.2 12.1 12.5 12.3
18 12.0 12.1 12.0 12.0 12.1 11.8
19 12.2 11.1 12.2 12.2 12.1 11.9
20 12.4 12.4 12.4 12.5 12.4 11.9
21 11.4 11.9 11.4 11.4 12.6 12.1
22 11.5 11.4 11.5 11.5 10.8 11.2
23 9.6 9.5 9.6 9.6 9.4 9.6
24 4.8 6.0 4.7 4.8 4.7 5.7
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Appendix D Input Data of Integration of the DSM with
Optimisation Problems

Table D-1 Hourly profiles of the wind weather, PV power, active and reactive

OMPs, and the total active and reactive loads

Time(h) Wind PV power Active Reactive Total Total
speed(m/s) | generation power power active reactive
(kW) Price(€//kwW) Price load load
(€E/I/kVAr) (kW) (kVAI)

1 | 8am-9am 6.6 3.916 0.050 0.005 186.800 90.467
2 | 9am-10am 6.8 6.721 0.070 0.007 221.060 | 107.059
3 | 10am-1lam 6 9.014 0.080 0.008 250.400 | 121.269
4 | 1lam-12am 5.3 10.760 0.090 0.009 266.500 | 129.066
5 | 12am-1pm 5.5 11.589 0.120 0.012 265.080 | 128.378
6 | 1pm-2pm 5.8 11.431 0.225 0.023 286.500 | 138.752
7 | 2pm-3pm 6.3 10.408 0.100 0.010 297.400 | 144.031
8 | 3pm-4pm 7.5 8.414 0.085 0.009 283.380 | 137.241
9 | 4pm-5pm 8 5.962 0.150 0.015 270.100 | 130.809
10 | 5pm-6pm 9.6 3.352 0.450 0.045 258.000 | 124.949
11 | 6pm-7pm 10 1411 0.150 0.015 292.600 | 141.706
12 | 7pm-8pm 9 0.3 0.180 0.018 300.200 | 145.387
13 | 8pm-9pm 8.5 0 0.160 0.016 313.000 | 151.586
14 | 9pm-10pm 7.8 0 0.310 0.031 277.800 | 134.539
15 | 10pm-11pm 7 0 0.050 0.005 233.000 | 112.842
16 | 11pm-12pm 6.8 0 0.040 0.004 186.000 90.080
17 | 12pm-lam 7.1 0 0.025 0.003 104.600 50.658
18 | lam-2am 7.8 0 0.035 0.004 100.240 48.546
19 | 2am-3am 9 0 0.032 0.003 92.000 44.556
20 | 3am-4am 9.5 0 0.030 0.003 90.260 43.713
21 | 4am-5am 10.5 0 0.030 0.003 84.600 40.972
22 | 5am-6am 9.7 0 0.033 0.003 90.820 43.984
23 | 6am-7am 8.6 0.335 0.050 0.005 100.040 48.449
24 | 7am-8am 7 1.693 0.047 0.005 136.100 65.913
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Table D-2 Hourly time series of residential, industrial, commercial and total loads

Time(h) Residential | Industrial | Commercial Total
active load | active load | active load | active load
(kw) (kw) (kw) (kw)
1 8am-9am 76.800 45.000 65.000 186.800
2 9am-10am 82.560 54.000 84.500 221.060
3 10am-11lam 86.400 60.000 104.000 250.400
4 1lam-12am 96.000 60.000 110.500 266.500
5 12am-1pm 94.080 54.000 117.000 265.080
6 1pm-2pm 105.600 60.000 120.900 286.500
7 2pm-3pm 115.200 60.000 122.200 297.400
8 3pm-4pm 113.280 57.000 113.100 283.380
9 4pm-5pm 105.600 54.000 110.500 270.100
10 5pm-6pm 96.000 45.000 117.000 258.000
11 6pm-7pm 124.800 37.800 130.000 292.600
12 7pm-8pm 163.200 33.000 104.000 300.200
13 8pm-9pm 192.000 30.000 91.000 313.000
14 9pm-10pm 172.800 27.000 78.000 277.800
15 10pm-11pm 144.000 24.000 65.000 233.000
16 11lpm-12pm 124.800 22.200 39.000 186.000
17 12pm-lam 57.600 21.000 26.000 104.600
18 lam-2am 51.840 19.800 28.600 100.240
19 2am-3am 48.000 18.000 26.000 92.000
20 3am-4am 44,160 16.200 29.900 90.260
21 4am-5am 38.400 15.000 31.200 84.600
22 5am-6am 40.320 18.000 32.500 90.820
23 6am-7am 42.240 24.000 33.800 100.040
24 7am-8am 57.600 33.000 45.500 136.100
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Figure D-1 Scenarios generation and reduction of WM (a) generated 1000
scenarios of WM (b) reduced the scenarios to 5
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Appendix E The EVs Data

Table E-1The charging and discharging prices of the EVs

Time (h) Charging price (€) Discharging price (€)
1 8am-9am 0.08 0.16
2 9am-10am 0.08 0.16
3 10am-1lam 0.08 0.16
4 1lam-12am 0.08 0.16
5 12am-1pm 0.08 0.16
6 1pm-2pm 0.08 0.16
7 2pm-3pm 0.08 0.16
8 3pm-4pm 0.08 0.16
9 4pm-5pm 0.08 0.16
10 5pm-6pm 0.08 0.16
11 6pm-7pm 0.08 0.16
12 7pm-8pm 0.08 0.16
13 8pm-9pm 0.08 0.16
14 | 9pm-10pm 0.08 0.16
15 | 10pm-11pm 0.08 0.16
16 | 11pm-12pm 0.08 0.16
17 | 12pm-lam 0.08 0.16
18 lam-2am 0.08 0.16
19 2am-3am 0.08 0.16
20 3am-4am 0.08 0.16
21 4am-5am 0.08 0.16
22 5am-6am 0.08 0.16
23 6am-7am 0.08 0.16
24 7am-8am 0.08 0.16
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Table E-2 Hourly cost with and without the EVs for the connected MG

Time(h) Cost Cost with | Cost with | Cost with | Cost with
without EV | EV Scl EV Sc2 EV Sc3 EV Sc4

1 14.5 14.3 14.3 14.3 14.3
2 20.2 19.9 19.9 19.9 19.9
3 24.8 24.8 24.8 24.8 24.8
4 27.2 27.3 27.3 27.3 27.4
5 29.1 29.1 29.1 29.1 29.7
6 21.4 15.5 18.5 17.3 22.5
7 31.8 31.8 32.0 32.0 32.2
8 28.3 28.5 28.5 28.5 28.5
9 28.8 28.8 28.8 29.4 31.4
10 -28.5 -33.3 -28.5 -33.3 -19.0
11 32.8 32.9 32.8 33.3 38.8
12 32.5 29.8 32.5 30.0 38.6
13 36.3 36.2 36.3 36.2 415
14 13.5 0.2 135 0.2 17.4
15 19.1 17.5 19.1 16.1 18.2
16 12.0 14.2 12.0 8.9 10.9
17 8.5 -0.7 0.0 -0.7 7.3
18 7.3 0.9 7.3 0.9 7.0
19 7.2 -0.2 6.2 -0.2 7.1
20 7.2 -0.7 -0.7 -0.7 7.2
21 7.9 -1.0 2.1 -1.0 7.9
22 7.5 0.0 7.5 0.0 7.5
23 8.5 4.1 8.5 4.1 8.5
24 10.0 6.5 10.0 6.5 10.0

Total 407.8 326.3 381.8 323.1 439.5

Table E-3 Hourly profit with and without the EVs for the connected MG

Time(h) | Profit Profit with | Profit with | Profit with | Profit with
without EV | EV Scl EV Sc2 EV Sc3 EV Sc4
1 -4.7 -4.5 -4.5 -4.5 -4.5
2 -4.0 -3.7 -3.7 -3.7 -3.7
3 -3.8 -3.8 -3.8 -3.8 -3.8
4 2.1 -2.2 -2.2 -2.2 -2.3
5 4.3 4.3 4.2 4.3 3.7
6 46.1 52.1 49.1 50.2 45.1
7 -0.6 -0.6 -0.8 -0.8 -1.1
8 -3.1 -3.3 -3.3 -3.3 -3.2
9 13.7 13.7 13.7 13.0 11.1
10 150.3 155.0 150.3 155.0 140.8
11 13.2 13.2 13.2 12.7 7.2
12 24.2 26.8 24.2 26.7 18.0
13 16.2 16.3 16.2 16.3 11.0
14 76.7 90.0 76.7 90.0 72.9
15 -6.9 -5.3 -6.9 -3.9 -6.0
16 -4.2 -6.4 -4.2 -1.1 -3.1
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Time(h) | Profit Profit with | Profit with | Profit with | Profit with
without EV | EV Scl EV Sc2 EV Sc3 EV Sc4
17 -5.7 3.5 2.7 3.5 -4.6
18 -3.6 2.7 -3.6 2.7 -3.3
19 -4.1 3.3 -3.1 3.3 -4.0
20 -4.4 3.5 3.5 3.5 -4.4
21 -5.2 3.7 0.6 3.7 -5.2
22 -4.3 3.2 -4.3 3.2 -4.3
23 -3.3 1.1 -3.3 11 -3.3
24 -3.3 0.3 -3.3 0.3 -3.3
Total 281.5 363.0 307.5 366.2 249.8

Table E-4 Hourly cost with and without the EVs for the isolated MG

Time(h) | Cost without | Cost with | Cost  with
EV EV Scl,2,3 | EV Sc4
1 19.8 20.0 20.0
2 23.7 25.0 25.0
3 27.3 28.3 28.6
4 29.3 29.8 30.1
5 29.0 29.8 30.1
6 31.8 31.8 32.6
7 34.5 34.5 35.6
8 31.5 31.5 32.9
9 29.8 29.8 31.8
10 28.3 28.3 31.3
11 34.2 34.2 38.4
12 35.4 35.4 38.7
13 37.3 37.3 39.7
14 31.6 31.6 33.7
15 25.5 25.5 26.9
16 19.7 19.7 20.7
17 10.8 11.5 10.9
18 10.0 10.9 104
19 9.3 104 9.3
20 9.2 10.3 9.2
21 8.9 10.0 8.9
22 9.3 104 9.3
23 10.0 11.0 10.0
24 13.7 14.0 13.7
Total 549.7 560.9 577.9
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Table E-5 Hourly profit with and without the EVs for the isolated MG

Time(h) | profit profit with | profit with
without EV | EV Sc1,2,3 | EV Sc4
1 9.5 9.3 9.3
2 11.1 9.7 9.7
3 12.1 11.1 10.7
4 12.6 12.1 11.8
5 12.7 11.9 11.6
6 13.3 13.3 12.5
7 12.3 12.3 11.2
8 13.0 13.0 11.7
9 12.7 12.6 10.7
10 12.3 12.3 9.3
11 11.8 11.8 7.6
12 11.9 11.9 8.5
13 11.9 11.9 9.5
14 12.1 12.1 10.0
15 11.2 11.2 9.7
16 9.6 9.6 8.6
17 5.6 5.0 5.6
18 5.8 4.8 54
19 5.2 4.1 5.2
20 5.0 3.9 5.0
21 4.4 3.3 4.4
22 5.0 3.9 5.0
23 5.7 4.7 5.7
24 7.7 7.4 7.7
Total 234.5 223.3 206.3
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Figure E-1 Scenarios generation and reduction of REVs (a) generated 1000

scenarios of REVs (b) reduced the scenarios to 5
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Figure E-2 Scenarios generation and reduction of CEVs (a) generated 1000
scenarios of CEVs (b) reduced the scenarios to 5
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