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ABSTRACT

Full Name : [HUSSEIN ADEL ABDELAZIM ABDELLATIF]
Thesis Title : Virtual Power Plant Operation Optimization
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Date of Degree : [May 2022]

A virtual power plant is considered as a microgrid that trades power with the electricity
markets and that does not work in an islanded scheme. Virtual power plants have attracted
attention over the past years and even decades and some virtual power plants have been
practically implemented such as Next Kraftwerke, Germany. Virtual power plants may
have a centralized, distributed or comprehensive control scheme. Based on the control
scheme, the optimization/ operation of the virtual power plant is designed. In this research,
a comprehensive literature survey on the major mixed integer linear programming models
on the operation optimization of the virtual power plants will be done. After that, a
comprehensive virtual power plant optimization model will be constructed comprising
dispatchable and non-dispatchable generators with their comprehensive constraints based
on the models studied in literature. Then, the first objective optimization problem will be
designed to achieve operational cost minimization and profit maximization as well.
Additionally, risk factor will be considered through the use of conditional value at risk
representation. Next, reliability constraints for the system power balance security will be
developed and tested for effectiveness. Using those reliability constraints along with the
previous objectives, a multi-objective optimization problem will be formulated. It is
proposed to include a water desalination unit (WDU) as a specific load type due to its
importance especially in countries that rely heavily onto water desalination such as Saudi

Arabia. Water desalination units have a huge infrastructure and they can serve as virtual
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storage units. These reasons make it very essential to consider such type of load and to
consider its way of interaction with the electrical network. The virtual power plant will
participate in both the day-ahead and real-time markets. An improved auto regressive
moving average model is proposed and a special-order set type two model is also tested for
the representation of piecewise linear functions representation in linear programming since
the conventional generator variable cost is approximated as a piecewise linear function.
Lastly, a virtual power plant cluster is proposed, designed, simulated, and tested as a newly
introduced concept in this research that is analogues to the microgrid cluster concept. The
final design proposed in this research will have extremely high reliability such that it shall

not fail to balance the power at any hour of the day.
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CHAPTER 1

INTRODUCTION

1.1 Background

In traditional networks, the load was assumed to be given and the supply had to be
continuously adjusted. The units with the least production cost would cover the minimum
load during the year and that can be easily illustrated on a load duration curve (LDC). In
certain places, these units with the least energy production cost are usually the nuclear or
coal fired units. The more expensive energy production units usually cover the peaks and
renewable energy resources were not used as main sources that often. However, with the
need for the reduction of CO2 emission and for newer policies that help the world become
greener, the urge of having more renewable energy resources and higher renewable energy
resources penetration has risen. This requirement of variability of resources comes with
network transformation, and different network topologies such as microgrids and virtual
power plants (VPP). In Denmark and Germany for example, the renewable energy sources
on some days would exceed the total demand and/or would exceed 50% of the total energy
generation. If we take Germany as an example of a country whose energy demand has a
peak around 80 GW, due to CO2 reduction policies, it will phase out about 7GW of coal
fired plants by 2022 in addition to 11 GW of nuclear power plants as well, [1]. We can

notice the dramatic change in the resources types and structures. It is worth noting that not



only the generation resources are variable such as renewable energy sources (RES) but also
the demand types such as electric vehicles (EV) and the network topologies are different,
like distributed energy resources (DER) or distributed generation (DG). By 2030 and
compared to 1990, the European Union (EU) is planning to reduce the greenhouse gases
by 40% and to increase the renewable energy resources generation by up to 27%, [1]. Also,
to avoid the climate change risks, 178 countries have signed Paris agreement which states

that the global increase in temperature shall be reduced below 2 °C, [2].

The renewable energy sources (RES) are non-dispatchable unlike nuclear and coal powered
sources. Therefore, the RES shall be treated differently to avoid wasting/curtailing their
output. Such sources have both intermittent output as well as an output that cannot be
dispatched whenever needed. There are challenges that come with the intermittency of
those RES such as power quality, and voltage level control, but those challenges can be
tackled with the use of the right technologies as stated in [3]. Due to the fact that those RES
are non-dispatchable, the electricity market has to adjust its structure or strategy. In order
to make the renewable energy sources competitive in the electricity market and to
encourage the installation of renewable energy sources, policies like feed-in tariff have
been made. But that has an effect on the profit of utilities. In [2][4], the authors stated that
10% penetration of photovoltaic (PV) resources has led to up to 15% drop in the profit of
utilities in the US. The effect on the wholesale EU market is observable as well since the
marginal cost of wind and solar is theoretically zero which causes a wholesale electricity
price reduction, [5]. One of the methods that can be used to overcome the issue of

dispatchability is to consider the load and the generation variable/flexible where both have



to be adjusted to meet each other. This helps in adjusting the demand based on the
wholesale prices through what is called demand side management (DSM) or demand
response (DR). Variable power plant is one idea that handles this concept of variable

demand and variable supply.

RES penetration however can cause big loss to generators whose generation plants have
high energy production cost as RES cause wholesale market price drop as illustrated in
Figure 1-1. Though there are multiple issues that have been mentioned regarding the
penetration of RES, the advancement in the communication technologies is making it easier
now for the distribution and transmission operator to control the load in a way that can
mitigate some of these issues. However, how to optimally dispatch these RES in a flexible
manner with the flexible demand stays complicated with the current policies and market
models. This is where VPP plays a role in transforming smart grids and RES into a more
advanced model of interaction between the wholesale and retail markets. And that is done

through the use of modern communication, control, and optimization technologies.
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Figure 1-1 High penetration of DER into the Spot market [6].



There are a few VPPs that have been developed already by different entities and one of the
most popular ones is Next Kraftwerke in Germany. Usually, those VPPs follow a
centralized control scheme. Next Kraftwerke has more than 13,000 consumers and
suppliers as participants in its VPP and their capacity exceeds 10,000 MW. Figure 1-2
shows that almost one third of the generation in Germany in 2016 was from renewable
energy sources which shows why a VPP would be essential for areas like that. This of
course does not apply to Germany only but a couple of other places too, for example:
California, New York, Hawaii, Texas, Denmark, South Australia, Norway and Iceland.
Figure 1-3 shows the same the energy generation in Germany in 2022. The results
compared to Figure 1-2 show that there is great renewable energy sources penetration. As
stated earlier, the RES participation into the wholesale market would lower the market

price and that can be seen clearly in Figure 1-4.
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Figure 1-2 Breakdown of renewables in German electricity generation mix in 2016. Source: Next Kraftwerke,
based on German Renewable Energies Agency 2016
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Figure 1-3 Breakdown of renewables in German electricity generation mix in 2021,[199].
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Figure 1-4 Development of electricity future prices in Germany since 2012. (Source: Next Kraftwerke, based on
data from the European Energy Exchange (EEX) 2016.)

As per [7], The inclusion of RES will lead to drop in the electricity prices based on which
the sources with high energy production cost will be unprofitable. The authors estimated
that through 2020, around 230 GW of the fossil resources capacity will be unprofitable in

Europe.



1.2

Motivation

A VPP is the concept of managing multiple distributed energy resources (mainly

renewable) in order to be represented as big power generator and thus help in the network

power generation and to participate in the wholesale electricity market. The main

difference between a microgrid (MG) and a VPP is that a MG can work in an islanded

mode and it does not participate in the wholesale electricity market. The VPP participates

in the wholesale electricity market and cannot be disconnected from the grid, [20]. From

this, it can be concluded that the main purposes of having a VPP are:

1.

2.

3.

4.

Energy trading in the wholesale market
Generation and demand balancing
Network services

Optimization of the VPP consumption and generation.

VPP can be an aggregation of DER and that helps in:

1.

2.

3.

4.

Giving the DER the ability to enter the wholesale electricity market.
Having both the generation and load in one location.
Diversification of generation sources and locations.

Adding new ways of paying the renewable energy sources owners.

Though the most common applied VPP in practice is the centralized one, other schemes

have various benefits but higher level of complexity. The three main control schemes are:

1.

2.

Centralized control method where the decision comes from the VPP operator.
Distributed control method where the generators have the choice to maximize their

own profit and that might affect the overall competitiveness of the VPP in the



market. However, it would reduce the calculation burden compared to the
centralized control. There is also a VPP communication control level.

Comprehensive control method. It is similar to the distributed control method but
with multiple control points at the generators’ side. Which means that there are
multiple distributed control points that pass their best output to the central VPP to

submit the overall strategic decision to the market.

Virtual Power plants have different control schemes among which some have advantages

over others but also each has its own disadvantages. With that being said, there is a big

area of research in the topic of VPP in terms of the technical aspect, commercial aspect,

and optimization of objectives.

1.3

Objectives

The objectives of this research are:

1.

To develop a model for the VPP which will contain both dispatchable and non-
dispatchable generators.

To formulate the problem as a multi-objective optimization problem.

To assess and select an accurate and the most computationally efficient model for
the conventional generator that will resemble the piecewise variable generation cost
model.

To include specific type demand, a water desalination unit, into the VPP as this
demand specifically plays an essential role into countries like Saudi Arabia that rely

heavily onto desalination as a source of sweet water. In addition, the water



desalination unit can be used as a virtual energy storage unit in the planning of the
VPP.

To develop a sequential ARIMA model for increased prediction accuracy for the
real-time market data.

To propose, introduce and construct a new concept for a reliable VPP that is highly
immune to power imbalance.

To construct a new concept of a VPP cluster. This VPP cluster will include an

energy pool (EP) as part of its structure.

In order to achieve the above objectives, the following milestones/tasks shall be

accomplished:

1. To make a thorough literature review on the major linear programming models of
the VPP.

2. To make the most comprehensive model in terms of constraints based on the models
studied in literature.

3. To formulate a single objective optimization problem to achieve operational cost
minimization.

4. To make a single objective optimization problem in order to maximize the net
profit.

5. The VPP model shall/will participate in the balancing and day-ahead markets.

6. Add the risk factor into the optimization problem.



1.4 Dissertation Organization

This dissertation starts with the introductory chapter which is the first one. The second
chapter covers the literature work that has been done on the topic of virtual power plants,
and its related areas. After that, the problem is formulated in the third chapter where
multiple models are presented among which one is selected for the simulations. The fourth
chapter explains the methodology used in this research while the fifth chapter has case
studies and simulations of the selected virtual power plant. These simulations will be
assessed and analyzed before introducing the idea of involving an energy pool with the
VPP in the sixth chapter. The technique of using an energy pool with a virtual power plant
will be introduced and a base case study will be simulated in the sixth chapter. After that,
A virtual power plant cluster will be designed, its input data will be provided, and it will
be simulated and analyzed in the seventh chapter. Lastly, the conclusion and possible future

work will be provided over the last chapter.



CHAPTER 2

LITERATURE REVIEW

In this chapter, the definition and topologies of VPP will be presented and a review on
the research done so far on VPPs will be made. Also, the applications of the different

types of VPPs will be reviewed.

2.1 Virtual Power Plant

A VPP is a software platform that is based on the technologies of communication which
integrate multiple distributed generation sources, and manages them along with energy
storage systems and variable loads with the aid of Energy Management Systems (EMS),
[8], [9]. To overcome the issues that come with the traditional DER such as the voltage
level control, a VPP can be adopted, [10]-[12]. A VPP usually integrates and coordinates
different DER into one single point which helps in both adding new benefits to the DER
consumers and operators as well as eliminating/ easing issues that come with the DER such
as stability [13]. There are a lot of concepts that apply to the smart grids that can also apply
to VPPs such as web to energy [14]. Web to energy is a project to standardize information
and communication technologies (ICT) in terms of network security, data base control, and
communication. Thus, all market participants can have fair access to the same amount of
information. New technologies in communication and concepts like Internet of Things

(IoT) have enabled the operation of VPPs to be more efficient [15]. The idea of combining
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multiple generation sources of different types under one virtual power plant has been
assessed in [ 16] and several benefits have been given by the authors. Their proposed Virtual
utility offers both the ability to participate in the wholesale market and the ability to have
lower electricity prices. Their virtual utility was however not considered as a VPP without
having the software and the structure that connects those DER to the grid as one big virtual
power generator. This then helps the Transmission System Operator (TSO) to deal with the
multiple DER as they are aggregated into one single point. The authors in [17] have divided
the VPP into two types, where the first one is the Technical VPP (TVPP) and the second
is the Commercial VPP (CVPP). The CVPP is responsible for the interaction between the
wholesale market and the DER where it does the bidding, and balancing jobs without
having to own the DER. On the other hand, the TVPP is responsible for the technical
parameters of the VPP, sharing the necessary technical details with the TSO, including the
physical structure of the VPP. It also covers the regulations segment of the VPP and its

interaction with the network.

One of the necessary requirements for a well-designed VPP is using optimization
techniques to handle the different objectives from the point of view of the TSO, VPP, DER
owners, and the consumers. These optimization algorithms have been discussed and
compared in [18]. With the increase of DER, and consumers turning into prosumers
(consumers who have generators), the uncertainties have become more complicated to
predict, and to have some statistics about the consumption, the authors in [19] proposed
the use of Artificial Intelligence (AI) for the forecast purposes. In [20]-[21], different

techniques of scheduling VPPs have been discussed. In [22], the authors have divided the
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control methods of VPPs into three categories: centralized control where the VPP owner is
the ultimate decision maker, and it sets the operating point for all participants, and they
must follow. Thus, the optimization is done on the overall system with a large number of
variables and uncertainties and this has two main issues. One of those issues is the
computational burden and the other is the difficulty of inclusion of new participants. The
second control method is the distributed control method where the central controller is
responsible for the security and operation of the system while each DER has its own
controller for subsystem optimization and this helps in allowing for system scalability. The
third control method is the fully distributed control method which is very similar to the
distributed control method but with less reliance on the central controller. In the third
control method, the central controller becomes responsible for information exchange only.
This method appears to be the best practice only in case the DER have the ability to respond
to the market and system changes intellectually. Nevertheless, with the current network
structure, it is very hard for the DER to make such intellectual and accurate optimization

decisions in a well-coordinated manner.

In CVPP, the economic optimization issue is very complex and cannot easily be solved by
deterministic approaches which urges the researchers to focus on the stochastic
approximations. In [23], the different stochastic approximation methods for CVPP are
discussed and compared. TVPP is responsible for the security of the participants of the
VPP and the security of their information, and thus, the communication methods must be
as secure as possible under the governance of the TVPP, [24]. A VPP solves the issue of

intermittency of the RES by integrating multiple types of generators under one virtual
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platform [25]. It also balances both the supply and the demand locally, and in the market
which makes it promising for network operators, [26]-[27]. Other benefits that participants
can make use of when being part of a VPP, as per [28]-[30], are profit maximization, which
comes from the energy trading benefit. Also, the ability to participate in the balancing and

network services.

A VPP can be thought of as an expanded and improved idea of a smart energy hub. A smart
energy hub is considered as a zone where multiple generators and consumers are gathered
in one hub with the use of network and communication technologies and they have their
own control system, [31]. A smart energy hub also makes use of DSM where it helps both
increasing the profit of the electricity providers and reducing the bills of the consumers,
[32]. Expanding the idea of smart energy hub leads to the concept of VPPs. The VPP must
work on maximizing the profit of all participants with the ability to help in network

balancing services and having the least negative environmental impact, [18].

TVPP and CVPP cover all the technical and commercial aspects of the VPP and that
includes the different feed in tariffs which are also a part of the EMS. These tariffs must
be updated regularly and informed to consumers, [33]. Different ways of calculating these
tariffs are provided in [34]. The authors in [35] propose information and communication
technology for the communication between the VPP components. This highlights how

essential the EMS to the VPP especially in terms of sizing optimization, [36].
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2.2 Virtual Power Plant Components

As discussed earlier, a VPP contains both dispatchable and non-dispatchable generation
units where the dispatchable units may include Combined Heat and Power (CHP), Plug-in
Hybrid Electric Vehicle (PHEV), and Energy Storage Systems (ESS), [37]. The non-
dispatchable units can be PV, Wind Turbines (WT), and Hydropower (HP). In addition to
also including flexible loads under the category of demand response. Some references such
as [38] and [39] study VPPs that are made of only one type of generators, which is WT in
this case, and they study its participation in the intraday and day ahead markets. However,
a more comprehensive study should cover different types of generators and loads. In [40],
the authors consider only PV virtual power plant, and they proposed a distributed control
method which also lacks the inclusion of multiple resources. In addition to the previous
VPP components, the Information and Communication Technologies (ICT) are considered
essential components of the VPP as well, [21]. EMS is one of the main components of the
ICT, [41]. The EMS is utilized by the VPP to control and coordinate all the internal and

external activities as well as the communication part, [37].

The authors in [42], study only non-dispatchable generators as part of the VPP while
dispatchable sources are not considered. It is expected that by aggregating the separate
DER into one VPP that can participate into the wholesale market that the total profit would
increase according to [43],[44]. Considering the dispatchable generators adds a very
important aspect to the VPP as they allow for the participation in the balancing market as
well though this could come with the cost of extra CO2 emission, [45],[46]. In [47], the
authors include CHP as part of the dispatchable generates while [48] considers using ESS
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with WT to make up for the uncertainty of the WT output. Thus, considering the ESS can
mitigate the uncertainty of the non-dispatchable generators as per [49],[50]. In addition,
the ESS by itself can be considered as a VPP and participate in the wholesale market, [51].
EVs can be integrated as a VPP if their size is sufficient enough and they can be a part of
a VPP as well, [52]-[54]. A VPP may not only contain generators but also flexible loads
under the category of demand response. These loads help in balancing the system as they
can be optimized with the output of the intermittent resources, [55]-[57]. In [38] to [57],
some authors consider one generator type such as wind or PV while others consider only
one category of generators, dispatchable or non-dispatchable, some consider ESS, and
some consider flexible loads. Nonetheless, none of them have considered combining all of
these components in one system for a more comprehensive model of interaction between

the different sources and load types.

2.3 Prediction Algorithms in VPP

In power systems, a number of mathematical methods/algorithms are used in forecasting.
These methods can apply to VPPs as well since the components of a VPP are power
systems components. In [58]- [60], energy management model method is implemented
which aims for prediction accuracy improvement by the adjustment of the time scale. The
authors in [61]-[63] proposed a model for a renewable energy market which has a
stochastic nature. The proposed model is based on fuzzy logic and it is utilized often with
WT models. Monte Carlo Simulation (MCS) is a good simulation method for solar
radiation prediction, and it has been applied in [64]-[66] and they showed improvement in

the prediction accuracy. A stochastic hybrid intelligent algorithm is employed in [67]-[69]
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to predict the level of energy in the storage units which showed promising results in terms
of’balancing the energy and lowering the electricity prices. Another method is the empirical
model and Artificial Neural Network (ANN) decomposition. This method was used in [70]
and it has been proven to give better results compared to traditional methods in the
diagnosis of faults in WT. ANN is a popular method which is implemented for optimization
as well as prediction, and it helps in improving the computing efficiency in addition to the

accuracy in prediction as per [71]-[73].

2.4 Uncertain Parameters

Uncertain parameters can be addressed through a different number of techniques. Some of
these techniques are addressed here. One of the most popular techniques is Monte Carlo
Simulation (MCS). It is used generally when there is a number of uncertain parameters. In
[117], MCS was used to address the uncertainties in the renewable energy units output as
well as the prices of the market. The same model was used in [118]-[120]. The normal
distribution method (NDM) as used in [121] and [122] can also address those uncertain
parameters which in return can help maximizing the profit. In [123] and [124] the Weibull
distribution method was used to address the same three main uncertain parameters. One of
the most popular models as well is the Auto Regressive Moving Average (ARMA) as used
in [125]. ARMA was used in this paper in order address the uncertainty in the power
production of a wind turbine. In [126], Point Estimate Method (PEM) was used. This
method was used in [127] and [128] to model the uncertainty in a wind turbine power

generation and the market prices. An extension to the PEM which is the two PEM was used
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in [126] and [127] as well. When the volatility of the data does not have a specific
distribution, the robust optimization method could be used as studied in [129]. In [130],
the scenario tree method was adopted. It works by making a number of scenarios for a
stochastic problem such as the problem with uncertain parameters. Each method of
prediction of uncertain parameters has its advantages and drawbacks. ARIMA and MCS
are however two of the most common methods used for prediction due to their

effectiveness and strong mathematical theories and basis.

2.5 Optimization Algorithms in VPP

Optimization is the heart of the software part of any VPP as the objective functions for a
VPP can vary and can be too many. Therefore, it is important to discuss the recent research
onto the optimization of VPPs. In [34], [74], [75], the authors applied a method based on
Ant Colony (AC) optimization method in order to prove that denser networks are not
necessarily worse or less efficient. The authors have proven that the efficiency of the
network rather improves the denser the network becomes; up to a certain point. A Mixed
Integer Linear Method is used in [33], [35], [76] to forecast the wind speed and solar
radiation. This method is rather a prediction method than an optimization one, but the
authors considered the accuracy of the data as optimization to the output results. Genetic
Algorithm (GA) is another heuristic search algorithm which has been applied in [77]-[79]
to get the optimal sizing of multiple DER for an increase of the reliability of the system. In
[80]-[83], Firefly (FF) optimization technique was employed to optimize the power lines

loading for both the transmission and distribution systems for the most effective and
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flexible loading condition. When it comes to DER placement and sizing, Artificial Bee
Colony (ABC) is a good optimization method to use, [84]-[86]. Mixed Integer Linear
Programming (MILP) has been utilized in [87]-[88] and obtained that the use of VPPs in
networks help in increasing the reliability of the energy and in enhancing the economic
feasibility of the system. Quantum Particle Swarm Optimization (QPSO) is an
updated/improved model of the Particle Swarm Optimization (PSO) method,[89]-[91].
Optimal energy management of microgrids has been considered using PSO in [92]-[94] in
a probabilistic framework. There are analytical methods such as the two thirds method,
[105], or even better the upgraded form of'it, [106]. The two thirds method has a drawback
when the loads are not uniformly distributed and this is why the upgraded form of it was
introduced. Linear programming as used in, [107], uses linear constraints to increase
distributed generation penetration. When considering the variations of the renewable
energy resources output over time, nonlinear programming could be used, [105]. There are
also other methods such as dynamic programming and the heuristic methods. In [108],
genetic algorithm was used for deciding the location and size of the power generating units
under the constraints of the network. A similar purpose was served in [109] but using the
firefly algorithm. In general, the optimization can be divided into two categories as per
[103]. The first category is the optimization of the structure of the VPP. The second
category is the optimization of the operation of the VPP. The operational optimization
involves the constraints on the generation, charge and discharge of the battery, power flow

limits and other technical limitations, [104].
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In summary, there is a number of optimization techniques such as the one-dimensional
optimization techniques such as Gauss Seidel which work only for objective functions of
one variable only. Therefore, these are not suitable techniques for the purpose of this
research. Multivariable objective model such as Newton’s method have to be
differentiable, continuous and they rely on initial conditions which also makes such
methods not suitable for problems such as VPP optimization. Guided random or heuristic
methods are popular and they can be used in VPP optimization problems. However, these
techniques do not guarantee that the obtained solution is optimum. The solution could be a
local minimum/ maximum. This makes linear programming models very appealing for
VPP optimization problems especially that a VPP problem can be defined through linear
set of constraints. A linear program that converges to an optimal solution, where the
problem does not go infeasible or unbounded, guarantees an optimal solution. Therefore,
mixed integer linear programming is selected as a balanced and powerful optimization

technique among all the aforementioned techniques.

2.6 Electricity Market and VPPs

There are different markets for trading electricity. In fact, there are markets that are meant
for supporting electrical services rather than electricity such as the frequency stability
service. The main three markets are the day ahead market (DA), real time market (RT),
and the ancillary service market (AS), [95], [110]. The DA market is the market where the
bidding and offering are done for the next day. The prices of the DA market follow a

probability distribution and there are a number of methods that address this uncertainty as
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discussed in the previous sections. Point estimation method is one of those methods that
can address the uncertainty in the prices of the DA market, [111]. Renewable energy
sources have issues participating in those electricity markets namely: their limited capacity
and their unstable output, [112]. To overcome this issue, the concept of a VPP is

introduced, [113].

Participating in the DA market does not guarantee that the VPP will suffice its
requirements. Therefore, there has to be a balancing market to make up for this. This is
where the role of the RT market comes. The RT market is a market where the bids and
offers are cleared on hourly basis. If a VPP for some reason is not able to satisfy the demand
after the participation in the DA market, it can balance this by purchasing energy from the
RT market, [114]. The last market of the three is the AS market. This is the market
concerned about the security and stability of the electrical network. Therefore, services
such as frequency balance, power balance and the compensation of reactive power are
considered in the AS market. In addition, power quality concerns and voltage stability are
part of this market too, [115]. The uncertainty of the prices causes a big burden on VPP
owners when participating in the DA market. A big deviation from the forecasted prices or
renewable energy sources output could lead to decrease in the expected profit or even big

loss, [116].

To make a VPP to participate in these markets, a number of challenges are faced. These
challenges can be technical, commercial, environmental, or regulatory. Overcoming these

challenges or some of them can help in making the VPP feasible and profitable, [11], [102].
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Market structure, forces, and prices are all commercial challenges. Some of the technical
challenges are failures, maintenance and cyber security. Dispatchable units form an
environmental challenge while forming regulatory entities is a regulatory challenge.
Considering the DA or the RT market alone is not sufficient for VPP studies as any
mismatch in the DA market can be covered in the RT market, and thus, a comprehensive
model should consider both markets and should include different types of generators and

loads.

2.7 Network Management Methods

The VPP is considered a network. Similarly, a microgrid (MG) is a network with some
differences in terms of control/ management. Two more types are the load aggregator (LA)
and the active distribution network (ADN). In this section, the control differences between
those four types will be explained. First, in terms of objective, the VPP tries to maximize
its profit, while a microgrid tries to stay stable while increasing the penetration of
renewable energy sources, [131]-[138]. On the other hand, an ADN tries to have a stable
power distribution and provide ancillary services when possible [139]-[146]. A load
aggregator tries to make the maximum possible profit out of the load control [147]-[154].
In the four types, a controller shall be available. In a MG, and an ADN, the control scheme
is centralized while it can be centralized or distributed in a LA. On the other hand, for a
VPP, it can be centralized, distributed, or comprehensive. In terms of pricing, all the four
systems are considered price takers which means that they offer/bid and wait for the

clearing price of the market. Nevertheless, the VPP can be a price maker too.
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2.8 Summary on VPP

The first point that is important to understand is why should a VPP be made. Figure 2-1
shows the objectives of a VPP. The term renewable distributed generation on the figure is
referred to as (RDG). There are three main objectives, environmental, economic, and
technical. Technically, the system shall be as reliable as possible. Also, voltage and power
quality shall be maximized. This is in addition to preserving the technical constraints.
Economically, the operational cost shall be minimized and the profit shall be maximized.
Furthermore, the network losses shall be minimized which is part of the minimization of
the operational cost and maximization of the profit. Environmentally, the whole world is

going towards increasing the penetration of the renewable energy resources which also

helps in reducing the emission of carbon dioxide.

Planned objectives
of VPP

Environmental b .

Minimization of carbon emission
Maximization of RDG penetration
Maximization of subsidy for RDG

A 4

Economic >

Minimisation of operational cost
Minimisation of network losses
Maximisation of net profit value

Technical >

Maximisation of system reliability
Improvement of voltage quality
Technical objectives
Improvement of power quality

Figure 2-1 VPP objectives
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In order to achieve these objectives, a number of challenges shall be overcome. These
challenges are summarized in Figure 2-2. For example, with the introduction of the VPP,
regulatory has to be made or the existing regulatory has to be adjusted to account for the
introduction of this new system. The market prices are one of the most basic and biggest
challenges to any participant in the electricity market. This is intensified where the market
forces are considered. Dispatchable technologies can still be part of the VPP and they have
an environmental impact that makes a new challenge for the VPP. Technically, there are
some classical technical challenges such as outages, maintenance and failures. However,
there are new challenges introduced with the introduction of smart grids and VPPs. A new
challenge is the cyber security. This is because those systems rely heavily on the

communication within the system and between different systems.

Commercial
¢  Market structure
* Market forces
* Market prices
» Energy prices

Environmental
» Dispatchable technologies

VPP implementation challenges

Technical Regulatory
* Generator failures * Formation of regulatory
* Maintenance bodies

* Line outages
* Cyber security

Figure 2-2 VPP implementation challenges
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The VPP is beneficial in multiple ways. It benefits its owner or participants in terms of
profit. It also benefits the system operator and policy maker as well as the environment
since it will helps reducing the emission of carbon dioxide. Whether the participant is a
consumer or a supplier, both can benefit from being part of a VPP. This is summarized on
Figure 2-3. To build the VPP, the architecture shown on Figure 2-4 is followed. First,
forecast for the demand and renewable energy sources output shall be made. Second,
stochastic optimization is run in order to decide the strategy of bidding, and scheduling of
the virtual power plant. Third, the VPP communicates with both the operator of the market
and the participants of the VPP in order to ensure no break in the technical requirements.
This is all done through a controller which can be one of three types as shown on Figure

2-5.

benefits to policy makers

benefits to suppliers and aggregators

benefits to energy consumers

benefits to DSOs and TSOs

benefits to DER unit's owner

v

Benefits of the VPP

Figure 2-3 Benefits of the VPP

24



I 1 Forecasts for renewable energy generation and demand are made

Stochastic optimization is run to determine market offers and bids.

VPP architecture implementation

! A controller is used to reach commitment target

On the basis of commitments and updated forecasts, unit commitment
optimization adjusts DER operation.

Figure 2-4 VPP architecture implementation

The controllers are three types mainly. The first is the centralized type where a central EMS
controls the VPP. The EMS is in charge of all the units of the VPP where scheduling is
done and communicated to the operator of the electricity market. The unit commitment is
also under the control of the EMS in addition to the optimization of the system objectives
in order to participate into the electricity markets. The central EMS also then communicates
with the participants to inform them about their final commitment. On the other hand, in a
distributed control, each participant has its own EMS and decides for its own profit. Those

distributed EMS inform their schedules to the central EMS which then communicates with
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the market operator. Lastly, a combination of those two control methods is the

comprehensive control method.

Centralized control

Comprehensive control

Distributed control

VPP control methods

Figure 2-5 VPP control methods

To achieve the objectives of the VPP while facing the aforementioned challenges,
optimization techniques are needed. Figure 2-6 shows the most popular but not all the
optimization techniques that can be used for this purpose. Monte Carlo simulation can be
used which is very useful for forecasting the uncertain parameters such as the output of the
renewable energy sources. Robust optimization is also very important as it is a more
conservative form of stochastic optimization which helps the VPP owner considering the
worst-case scenario in the scheduling problem. There are many more techniques that can

be used; some of which are mentioned on the figure below.

26



Monte Carlo simulation

Robust optimization

Rolling horizon approach

First-order stochastic dominance constraints

Information gap decision theory

Fuzzy chance constraint programming

Optimization approaches

LS A

Interval analysis

Pont estimation method

Figure 2-6 VPP optimization techniques

Since the optimization techniques consider forecasting data and uncertain parameters, it is
important to define the uncertain parameters involved with the VPP. Figure 2-7 categorizes
those uncertain parameters into three groups. Generator outages, unplanned outages and

failures are all technical uncertain parameters. The demand and production can also
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fluctuate for example when using renewable energy sources. The market and fuel prices
are uncertain and they affect the operational cost and the profit directly. It is worth noting
that some of these uncertain variables are direct inputs to the VPP model while others are

not directly used as inputs to the VPP model. They are rather considered as risk factors.

Uncertain parameters

Technical Economic Climatological

* Production ]
* Market prices

* Load demand . Fuel rices » Weather interruption
* Unplanned line . Enerp= rices *  Windpower prediction
outages &P * Solar power prediction

» Generator outages * Market guidelines

Figure 2-7 VPP uncertain parameters

Lastly, the VPP has two main parts. One is technical and one is commercial. Each ensures
that no constraint will be broken and they also work towards the main objectives of the
VPP. The technical part of the VPP which is referred to as TVPP monitors the technical
parameters such as the voltage stability, system safety and a reliable connection between
the DER and the grid. It is also responsible for maintenance and system monitoring as well
as the balance of the system. Thus, any deviation from the schedule, for example in the DA
market, shall be balanced in the RT market. Similarly, the commercial part of the VPP
referred to as a CVPP has its own objectives. It is responsible for production and

consumption forecast as well as the buying and selling services. The optimization,
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calculation and scheduling that are used for trading in the market are all part of the tasks

of the CVPP. This is shown on Figure 2-8.

VPP

TVPP CVPP

* Trade dealing in the wholesale
electricity market
+ Selling DERs” power in the

¢ Determines fault location

* Provides maintenance facilitation
services

* Continuously monitors assets

* offers balancing services,

electricity markets
* Power production and

management of local network and consumption forecast of the VPP

implementation of ancillary
services

*  Offers visibility to DER units in 1¥1a1‘1'(et.s ) )
* Optimization of daily schedule

* Preparation of DER bids and their
submission to the electricity

energy markets
production

* Ensures that the power system 1s ) . )
* Balancing trading portfolios

operating in an optimal safe way

- Asset monitoring Visualization and participation of

. \-’oltag e proﬁl e control DER units in glec-t1‘1c-1t}’ markets
* System balancing services

* Optimisation of contracts

Figure 2-8 Technical and commercial VPP
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CHAPTER 33

PROBLEM FORMULATION AND INPUT DATA

3.1 Virtual Power Plant Components Overview

A virtual power plant (VPP) is made up of a number of components. It includes stochastic
renewable energy sources, energy storage units, conventional power plants, and demand.
All of these components are interconnected through an electric network which is also
considered in the operation of the VPP. For example, the lines power flow limits could
affect the power transfer from the VPP to any demand existing on another node of the

network.

Each of these components can be further classified to sub-components. For instance, the
stochastic renewable energy sources can be wind turbines, solar cells, electric vehicles, etc.
The demand can be flexible, semi-flexible, or inflexible. Conventional power plants can be
diesel generators, combined cycle gas turbines, and so on. The most popular form of
storage units is the battery. Nevertheless, other storage units can be considered too. The

electric network itself can be further categorized into conventional network or smart grid.

The variables that are used in the research are divided into groups, namely: indexes, sets,

parameters and variables. This notion is used as the majority of the coding of the equations
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of the research will be done on General Algebraic Modeling System (GAMS). And GAMS
requires the data to be divided into those categories. GAMS is a powerful software for
linear programming problems. Based on the model, the problem could be a linear
programming (LP) one and it could be mixed integer linear programming (MILP),

nonlinear programming (NLP), or mixed integer nonlinear programming (MINLP).

3.2 The Electricity Markets

The electricity market has multiple trading floors including day ahead (DA) trading, and
real time (RT) trading. In the DA market, as the name implies, the planning can be done
one day ahead of the actual power delivery. It can also be done up to a few hours before.
On the other hand, when it comes to the real-time market, just minutes before the actual
power trading, it closes. The market has two main participants: suppliers/producers and
consumers. This is aside from other regulatory participants. Based on the bid and ask prices
which are ranked against each other as shown on Figure 3-1, the clearing price is decided.
The clearing price is the price which the consumers need to pay to the producers for the
quantity of power they will consume. The market considered in this research is New
England Independent System Operator Market (ISO-NE). The ISO of New England, USA
is responsible for all the planning, administration, contract management, and electricity
markets of six states. Those six states are Massachusetts, Vermont, Connecticut, New
Hampshire, Maine and Rhode Island. The state considered is Massachusetts. The data is
collected for the city of Worcester, MA, USA which is considered the second most popular

city in the state of MA after the city of Boston.
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supply curve

Market clearing price

I demand curve

Price (S/MWh)

v

Quantity MW

Figure 3-1 Ask/bid prices listing.

3.3 Virtual Power Plant and Energy Management System

Now as the idea of the VPP, its components, and the network is presented, it is important
to elaborate on the operation of the VPP and then on the optimization of this operation.
The VPP is governed by an energy management system (EMS). The EMS communicates
with the network operator in a two-way communication channel in order to exchange both
the technical and the commercial data. This data helps the VPP owner/controller to receive
market data such as prices, and power transfer limits and helps the market operator balance
the market between different parties. Figure 3-2, Figure 3-3, and Figure 3-4 elaborate more

on the EMS operation with the VPP.
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Renewable Energy(subsystem1):
Solar
Wind

Storage system(subsystem2):
Electrical
Thermal
Pumped-hydro
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* Power flow

+ Load forecast

* Clearing
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CHP(subsystem3):
Electrical Output
Thermal Output

Demand response(subsystem4):
Elcctrical
Thermal

Figure 3-2 EMS operation with the VPP.

EMS Monitoring Data Demonstration

* Availability
* Storage capacity
* Operator specifications

* Power prediction
*  Wind power
* Solar power

* Market data
* Market prices
* Contracts
* Power balancing

» Usage data
* Grid usage
* Load forecast

Figure 3-3 EMS monitoring data demonstration.

33



Purpose of the EMS

Reduction of energy
production cost

Reduction of power losses

Reduction of the greenhouse
effect

Enhancing the quality of
energy

Increase the profit margin of
energy

Figure 3-4 Purpose of the EMS.

3.4 Uncertainty and Decision Making

Due to the uncertainty of a number of parameters, stochastic modelling needs to be
considered. There are different types of modelling for uncertain parameters. Before
discussing the modelling methods of uncertain data, it must be noted that in stochastic
modelling a limited set of realizations is made for each uncertain parameter. This has some
disadvantages because it requires the availability of the data related to those realizations
and the probability distribution of each of those uncertain parameters. With an increase
into the number of scenarios in order to get the best possible output, this will definitely be
computationally expensive. These scenarios or realizations can be made using several

techniques some of which are shown on Figure 3-5.
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Uncertainty modelling techniques

L T~

Monte carlo
method

ARMA method

Point estimate
method

Robust
optimisation

Normal distribution
method

Weibull distribution
method

2-PEM method

Scenario tree method

Figure 3-5 Uncertainty modelling techniques.

In robust optimization, the worst-case scenario is considered. In other words, all the

possible scenarios are considered for each uncertain parameter. Then, the worst-case

scenario is considered when optimizing (maximizing or minimizing) the objective function

of the problem. By tuning some parameters, the decision maker may not go with the worst-

case scenario but with less conservative results. This can best be explained by considering

two types of robust optimization. The first type is the static robust optimization which

considers the worst-case scenario as explained above and this is done by taking all

decisions before making any scenario realization. The second is the two-stage robust

optimization which in contrary to the first type allows some decisions to be made after

some uncertainty realizations are made.

3.5 VPP Components

The VPP comprises multiple components which will be addressed in the sections below.
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3.5.1 Demand

A VPP has demand units i.e., it has both generation and consumption units. These
consumption units may be fed by the grid and may be fed by the sources of the VPP itself.
The selection between the supply source depends on the market price and the maximum
profit that can be made. For the best achievement of this objective, the demand has to be
flexible which means that it can be partially shifted. The shifting can be based on the need;
for example, due to the lack of the supply from the renewable energy units. It can also be
due to the price of the market. Whenever the market price is high, the demand can be locally
fed and when the price is low, it can be fed by the grid. The equations below represent the
demand. It is worth noting that capital letters generally refer to sets or maximum and

minimum limits. The detailed meaning of each symbol is shown on the list of abbreviations

section.
—D
PP <pl <P, vde P, vtel
P2 — poe_1y < RyVAt,vd € QP vt € QT

PR—1) — PR < RyPAt,vd € QP vt € QT

Z pR. At > EP,vd € QP

teqT
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Equation (3-1) shows that the demand at a point of time t shall be bounded by the maximum
and minimum demand limit requirements. Equation (3-2) puts a limit on the rate of increase
of demand over a period of time t while equation (3-3) puts a limit on the rate of decrease
of demand over a period of time t. Lastly, equation (3-4) states that the summation of the
energy demand of all points of time t shall be above the minimum demand level. It is worth
noting that equation (3-1) shows that the demand is flexible, and it can be between two
limits based on the requirement and planning. However, it can also address inflexible
demand by considering that the maximum and minimum power limits are equal at a point
of time t. The above equations form a linear set of constraints that can be used as a part of

a linear program.

3.5.2 Conventional Generator

Conventional generators can be modelled by the equations below. This applies to

conventional generators whether nuclear, combined cycle gas turbine, or others.

uS, vSP vsY € {0,1},ve € Q% vt € QT (3-5)
ul —uy = v — v Ve € Q% vt € QT (3-6)
vePU v <1, veeal ve et (3-7)
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PfuS < pb < P. cus,vee Qb vee (3-8)

P& = pEe-1) < (R uS_yy + R v’U)At, ve € af vt € QT (3-9)

pCony — 1S < (REPuS, + REPvE )AL, ve € a6, vt € QT (3-10)

Equation (3-5) is a binary equation which lists the variables that can take a value of either
zero or one. This will turn the problem to a mixed integer linear programming problem
(MILP). Those three binary variables explain the status of the conventional generator: up
and running, starting, or shutting down respectively. In addition, equations (3-6) and (3-7)
bond a relation between those binary states. For example, the generator cannot be starting
up and shutting down at the same time. Equation (3-8) points out the power generation
limit of the generator with respect to its state. If the state is zero/off, then the power output
shall be zero, and it shall be greater than zero otherwise. The last two equations, (3-9) and
(3-10), restrict the ramping up and down of the generator respectively. Note that this
ramping is tied with the status of the generator and with the ramping status. For instance,
if the generator was up and running at time t-1, it cannot be starting up at time t. And thus,

there is no starting up ramping but there can be ramping up while the generator is running.
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3.5.3 Stochastic Renewable Energy Sources

The renewable energy resources are naturally intermittent and thus, the equation that
governs them is concerned with the power being available or not being available. Thus, the

power generation is between zero and the maximum output limit.

—R
0<pR<pP.,vreORvteqrl (3-11)

It is important to note that for demand, the main objective function can be cost
minimization as the consumer is paying for supplying its demand. For the power generating

units, the objective function would be maximizing the profit.

3.5.4 Energy Storage Units

Energy storage units are important when using renewable energy sources in order to cover
up for their intermittent nature. When there is a surplus in the supply of the renewable
energy sources, it can be stored in the batteries and when the power output of those
renewable energy sources is low, it can be covered up by the discharge of the batteries. The

following equations address the working behavior of the storage units.

ud, € {0,1},vs € O5,vt € QT (3-12)

—S,C
0<pSt <P, us,vsesveteql (3-13)
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—S,D
0<p <Py (1—-us) vseqsveeqQrl (3-14)

S,D
DAt
€S = €Sy + PSCAmSC — P E vs € a5, v € QT (3-15)
S
—S
ES <eS <EgvVsesvteql (3-16)

The first binary variable states that the battery is either charging or discharging as it cannot
be at both states at the same time. Equations (3-13) and (3-14) put limits on the charging
and discharging processes of the battery respectively. Equation (3-15) shows the energy
state of the battery considering the energy consumed/supplied by the discharge/charge.
Equation (3-16) shows the limits on the energy state of the battery. For example, the energy
might not be allowed to go below a specific state of charge (SOC) to avoid the degradation

the battery’s life.

3.5.5 Electric Network and Smart Grids

Each component of the VPP has been addressed separately, but when put together, they are
part of an electric network. Thus, the network constraints must be considered such as the
line flow limits. For simplicity, the power flow losses might be neglected. Therefore, the

network model could be as below.
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—P, <ph <P, veeQlvteQrl (3-19)
8pe = 0,nuref,vt € QT (3-20)
pg: € Wi, Vg € Q% vt € QT (3-21)
p2 e WP, vd € QP,vt € QT (3-22)

The nodal power balance is explained by equation (3-17) where the power going into the
node (generated or received from the power lines) shall be equal to the power sent out to
the power lines plus the power consumed by the demand at the node. Equations (3-18) and
(3-19) define the amount of power on the network lines with respect to the power limits of
the lines. The reference angle is set to zero at the reference node as per equation (3-20).
Equations (3-21) and (3-22) define the generation and demand respectively in order to
ensure that the battery is within the generation set while discharging and within the demand

set while charging.
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In all the models explained above, the simulation can be done ahead of time in order to
plan the operation of the VPP. This is because the models rely on some known data and
some uncertain data which are planned ahead of time. But what if some of this uncertain
data becomes known before the planning horizon ends? This is actually the case with smart
grids. When a two-way communication happens where the VPP and the grid exchange
information, due to the availability of good communication technologies within the smart
grid, both parties can utilize that while planning. For example, if the planning horizon is
three hours, without communication systems, the VPP controller must plan the 3-hours
horizon at once. If there is a good communication system, the controller has to plan the
first hour only and the second hour can be planned based on the information available from
the first hour which is communicated between the different parties within the smart grid.

And the same thing applies to the 3™ hour of the planning horizon.

3.6 Optimal Scheduling

The main purpose of scheduling a virtual power plant is to decide what amount of energy
to buy/sell at which point of time to maximize the overall profit. This is not a
straightforward task as the parameters involved in the scheduling are not all certain. Some
of the parameters that are uncertain are the energy price and the available power from the
renewable energy resources. There are three ways to address these uncertainties. The first
way is the deterministic way where the uncertain variables are represented with a single
point forecast (one scenario). This makes the computation time at its minimum, generally.
However, this method lacks accuracy. This is because any deviation from the single point

forecast could change the results dramatically.
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Therefore, another modelling method is the stochastic modelling. In stochastic modelling,
every uncertain variable is represented with a certain number of scenarios. This usually
gives better results compared to the deterministic modelling as it covers a wider range of
feasible regions. Nevertheless, the actual scenario could still be outside of the region
covered by the stochastic model. This is where the role of the third modelling technique
comes. Robust optimization technique focuses on the worst-case scenario among all
possible scenarios. This is the most conservative way to address an uncertain problem. The
VPP owner can relax the conditions of the robust optimization if needed as per the available
technical and commercial information. Robust optimization also guarantees the solution is
feasible as it is considering the worst-case scenario and this is another advantage compared

to stochastic modelling.

The modelling techniques apply to the energy traded in both the real-time (RT) and day
ahead (DA) markets. Though most of the energy is traded in the DA market, the RT market
must be considered in order to balance any mismatch from the DA market. The integration
of the components of the VPP makes it challenging technically and commercially as there
are many factors involved into the model. In addition, it must be noted that modelling a
VPP using the aforementioned techniques could either consider risks and may not consider
them. Considering risks can be addressed through the conditional value at risk (CVaR).
The modelling will start by considering risk-ignorant model and later on, the risk factor

could be considered.
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Adaptive robust optimization is when stochastic optimization is merged with robust
optimization. This is an evolved method from the two. Regardless to the method used, the
decision making could be either be centralized using a central EMS and could be
decentralized. In the centralized control method, the central EMS is the decision maker and
it coordinates with both the system operator and with the local units in order to maximize
the VPP profit. On the other hand, in the decentralized control scheme, the local units of
the VPP have their own local EMS and they work to maximize their own profits separately.
Then, the central EMS communicates with both the local units and the system operator to

pass the economic information while ensuring no violation of the technical parameters.

3.6.1 Bidding Process

The scheduling process of the VPP passes through a sequence of steps which differ based
on the market. This means that there should be flow of work for the DA market and flow
of work for the RT market. As a start, it is easier to draw a timeline and start explaining
the process of both the Day-ahead and real-time markets on it. The timeline is shown on

Figure 3-6.

I I

Day D Day D+1

Figure 3-6 Day-ahead and real-time markets timeline
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Let the timeline start at time t, on day D. The day ahead market bids one day ahead of time
as the name suggests. Therefore, being on day D means we already know the schedule of
the VPP for all the hours of day D for the DA market. However, we do not know the
schedule of the virtual power plant in the real-time market for day D. So, at point t for
example, the VPP operator wants to plan for the next DA market, day D+1. After all the
information required is obtained from all components/participants of the virtual power
plant, the EMS makes forecast for the next day market price. In addition, forecast is also
made for the available power from the renewable energy resources. With this available
information, the EMS of the VPP can now plan the bidding details for day D+1 in the DA
market and shares this information with the market operator. Once the DA market closes,
the VPP operator receives the final schedule and prices for day D+1. This is when the

scheduling for the RT market starts.

Since we are at time t and the RT market works on hourly basis, the planning has to be
done hour by hour continuously. This applies to day D and day D+1. Since we are at time
t, the RT scheduling will be done for the next hour, call it . The EMS at this point knows
almost for sure the available production from the renewable energy resources for time .
This is because we are only few minutes away from time 1. The EMS also knows the DA
schedule for day D in addition to the prices for the same market and same day. Based on
this information, the EMS submits its schedule to the system operator and receives

confirmation on the amount of power and price for that hour of the RT market. This process
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continues until the scheduling horizon ends. The next timelines show the summary of the

aforementioned processes for the Day-ahead and real-time market scheduling.

Collect the prices and schedule of Collect information from the
the VPP for day D components of the VPP for day D+1

\/

Forecast the prices and renewable
energy sources output of the next
day D+1

A\ 4

Decide the schedule of the VPP
for day D+1

A 4

Receive confirmation from the
market operator on the final
schedule and prices for day D+1

Figure 3-7 DA scheduling flowchart
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Figure 3-8 RT scheduling flowchart

47

\ 4



3.7 Deterministic Model of the VPP

The first model discussed is the deterministic model where each parameter of the uncertain
parameters is introduced as a single point. This model is governed by the equations

presented in the sections below.

3.7.1 DA Market Deterministic Scheduling

The optimization problem is a MILP problem. The problem formulation shall account for
all the components of the VPP and the network. Those components could be: conventional
generator, renewable energy source, storage, and demand. The network has transmission
lines, buses, and is connected to the electric network. The model should also account for
the day-ahead and the real-time markets. Even though this section models the DA market,
the RT market shall still be part of the forecast and planning in here. The objective function
is the first equation which aims to maximize the profit from the Day-ahead and real-time
markets. It also maximizes the utility of the demand. On the other hand, it minimizes the

generator running cost, and the ramp up and ramp down costs.

Equation (3-24) is the nodal power balance at the busses connected to the electric network
while equation (3-25) is the nodal power balance at the buses that are not connected to the
electric network. Equation (3-26) states that the power traded in the day-ahead and real-
time markets shall be equal to the power exchanged through the main grid. Equations
(3-27) and (3-28) calculate the power flow over the lines and sets them within the technical
limits respectively. After that, the voltage angle of the reference bus is set to zero while the
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angles at the other busses are calculated accordingly. Then, the power traded in the DA
market alone or in both the Day-ahead and real-time markets together cannot exceed the

lower and higher limits of the capacity of the VPP.

Next, the power exchange limits with the main grid are set. The minimum daily energy
requirement of the demands of the VPP is also set and this addresses the first constraint on
the first component of the VPP which is the demand. The demand is then set within the
maximum and minimum limits and the demand ramp up and down limits are also outlined.
After that, the equations governing the conventional generator are provided. Similar to the
demand, there are limits on the generation, ramp up and ramp down of the generator. It is
worth noting that the first binary variable is introduced in the power limits equation of the
conventional generator and it represents the status of the generator as on or off. The next
group of equations govern the startup and shut down cost of the conventional generator.
There are auxiliary variables introduced in these equations and they help with the purpose
of including the startup and shut down costs in the objective function. For example, if the
startup cost is included in the objective function without the help of the auxiliary variable,
it might give wrong results because the conventional generator might not run at all or might
not be running at time t. Thus, an auxiliary variable helps ensuring that the startup and shut
down costs will not be included in the objective function if the generator did not start up

or shut down at time t.

The last two elements are the storage units and the renewable energy units. The storage

unit is represented by five equations stating the state of charge, maximum and minimum
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states of charge, discharging limits, charging limits and the total power produced/
consumed by the storage unit. Lastly, the power produced by the renewable energy source
is limited by upper and lower boundaries. It must be noted that the uncertain parameters
are represented by a single point forecast in this model. This is apparent from the objective
function which has a fixed forecasted price for the Day-ahead and real-time markets
denoted by AP# and ART. The same thing applies to the last equation which governs the

renewable energy units’ output and represents their output by a single point forecast.

max Z [A‘EAPPAM

teqT
(3-23)
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8 = 0,n:ref., vVt € T,

— < 8,y <1, ¥n € QN \ n:ref, vt € QT

PV <pPA<PV,vtel

PV <pPA+pRT < PV,vteQT,

M vn e M, vt € T,

Z pR.At > EP,vd € P,

teqT

PP <pR < PP vd e P vteql,

—R?'DAt < Pth - Pg(t—n = Rc[i)'UAt' vd € 0P, vt e o7

IA
=
Qan

IA

t

PtuS,ve e 0f vt € QT,

—pCe_1y < REVAL, Ve € Q% vt € QT,
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(3-28)

(3-29)

(3-30)

(3-31)

(3-32)

(3-33)

(3-34)

(3-35)

(3-36)

(3-37)

(3-38)



CE(us —uy_qy) < €& Ve e Ol ve el (3-39)

0<c5,veenl vteQl (3-40)
CE(ugory —us) < c& Ve e Qf vt e QT (3-41)
0<cl, veenlvteqrl, (3-42)
S,.D
e = eS¢ 1) + 15 piAL — pszD At,Vs € Q5,vt € QT (3-43)
ES<ed <ESvseQS,vteQl (3-44)
0<pSP < P3P vs e s, veeqT (3-45)
0<pt <P vsensveel (3-46)
pS: = psi. —psr Vs € A5, vt e QT (3-47)
0<pR <P vreaRvteqr (3-48)

52



Note that by solving this optimization problem, the scheduling in terms of quantity and
price for both the Day-ahead and real-time markets will be done. Thus, the EMS of the
VPP will be able to submit the bids and offers for the planning horizon for both the DA
and the RT markets. However, the VPP operator will apply only for the DA market and the
RT market will be optimized separately after the output results of the DA market are
provided. Noting that ®PA represents the set that comprises all the variables to be

optimized in the DA market.

3.7.2 RT Market Deterministic Scheduling

Once the DA scheduling is done as per the previous section, the RT market scheduling
starts. It can be noticed that the equations are very much similar. The first main difference
is that the RT market scheduling will start from time t. Thus, the DA term will be removed
from the objective function. Wherever the power delivered to the DA market is mentioned,
it will have a sign ‘~’ above it to state that this has become and actual value and not an
estimate anymore. Also, the equation governing the power exchange limit in the day-ahead
market will be removed since the DA market scheduling is done. In equation (3-59), the
demand is split into two time periods. The time period where the demand is known by now
and the time period after point 1. Lastly, the renewable energy source output will be made
into two equations and this is because the output of the renewable energy source at time t
which is right after the day-ahead market closes and right before/the real-time market

scheduling starts is known.
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max > [z{%{% + ) URpRAt— > (CEVPGAL + G + c&)

tet deqP ceqt

Z p#‘ﬁz ps — Z Ph + Z p%t=20,“{'t+z pR,vnea" vt =t

reqf SEQS tIs()=n Lir()=n deq?

z p5t+z D3 — z pjﬁt‘*‘ Z p}t=z pae, ¥n € QN \ n

reQR SEQd tIs(f)=n tr(®)=n deql

eWM vt >+

~DA |, . RT _ M
pe” +pe = Z Pnt,VE 21,

neqM
s = By(8serye — 6-()t), V€ € Qb vt > ¢
—P} <pl < PhveeQlvt=r
Opt = 0,niref, VvVt >t
—T <8y Sm,VnEQN \niref, vt >
PV < BPA + pRT < PV, vt > ¢

—BM < pM < BPM vne M vt >,
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(3-49)

(3-50)

(3-51)

(3-52)

(3-53)

(3-54)

(3-55)

(3-56)

(3-57)

(3-58)



-1 2T

Z PacAt + Z pa:At > EP,vd € QP,
t=1 t=1
Bgl)t S p(];t S Pgl)t,Vd € QD,Vt 2 T,

—Rg”At < pg; = Pa-1) < Rg At Vd € 0P, ve 2«

Pful < p& < PfuS,, ve € Q% vt > 1,

—REPAL < pS — pSi_qy < REVALVCE QS vt > 1,
CE(ule —ug—yy) S €5 Ve € QS VE 2 1
0<c5 vee b vt>1

gf(ug(t_l) —u&) < ¢S Vee Qb vt >,

0<cSVceQl vt>r,
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(3-59)

(3-60)

(3-61)

(3-62)

(3-63)

(3-64)

(3-65)

(3-66)

(3-67)



pS,D
SL_At, Vs €QS,Vt >t (3-68)

S _ /S S,C_S,C
st = €5t—1) T Ns Pt At —

SS,D
ES<ed <ESVseQSvtx>r (3-69)
0<pSP <P® vseSvi=n (3-70)
0<pSf <P vseSvizn (3-71)
pse = Dot — Pt VS EQS, Ve 2T (3-72)
0<pR <PR vreqRvi=1 (3-73)
0<pR <PR vreaRve>t (3-74)

Thus, the information known at the beginning of the RT market are: the schedule of the
DA market (price and quantity), the renewable energy output at time t and the prices of the
time periods of the RT market that have come before the point . Based on this, the planning

for the RT market will be done step by step for every step of time (say every hour).
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3.8 Stochastic Scheduling of the VPP

For more accurate modelling, the parameters that are not deterministic, uncertain, are
represented with multiple scenarios instead of one. This is the main idea of stochastic
modelling. The first step to make these scenarios is to know how to build a scenario tree
for them. A scenario tree starts by making the scheduling decisions for the DA market.
There is no step before the scheduling of the DA market and thus, it is the first decision in
the decision tree. Since the day-ahead market prices are uncertain, a set of possible
scenarios for the DA market price will be studied. Since there is a correlation [95] between
the Day-ahead and real-time market prices, once a decision will be taken in the DA market,
it will lead to a scenario w. Where w refers to the possible combinations of Day-ahead and
real-time market prices that could happen on the next day. Once a scenario w happens, the
price of the day-ahead market will be known for sure and the real-time market price will
be known for the hour that is right before the opening of the RT market and right after the
closer of the DA market. The planning for the RT market starts after a scenario w happens.
At this step, there are multiple possible scenarios y. Where y refers to all the possible
scenarios of the prices of the RT market and the stochastic units’ production. The y
scenarios are evaluated for each time step in the RT market until the RT market scheduling
ends. A timeline for this process is shown on Figure 3-9 to visualize this process. A general

example will be given as well in order to make the process clearer.
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We are at a point of time between
t=0 and t=1. The DA market for day
D+1 closes at t=0. Planning for the RT
market for t=1 and so on starts after
t=0 and beforet=1

While t=0 belongs to day D, at t=0, While t=1 belongs to day D+1, at t=1,
the DA market price is known, the RT the DA market price is known, the RT
market price is known, and the market price is unknown, and the
stochastic power is known stochastic power is known right

( | \ before t=1 and thus can be known at

=1
| I | | .
1 I 1 1 "
t=-1 2o t=1 t=2
L || J
Day D Day D+1

Figure 3-9 Stochastic Day-ahead and real-time markets timeline

Table 3-1 shows the prices of the DA market. There are two possible scenarios for that:
PDA1, PDA2. There are also two possible scenarios for the production of the renewable
energy sources: pR1, pR2. For the difference between the RT and DA prices, there are two
scenarios PRT1 and PRT2. Under each scenario of those two, there are 2 more scenarios.
The numbers highlighted in bold are known. Since there are two possible scenarios for the
DA prices and two for the RT prices, that leads to four scenarios referred to as w. Under
each RT price, there are further 2 scenarios. Those two scenarios in combination with the
two scenarios of the renewable energy production give four scenarios referred to as y. Thus,

there will be a total of 16 scenarios as shown on Table 3-2.

Table 3-1 Uncertain variables example

Time Price DA Price RT- Price DA Renewable power production
0 PDA1 PDA2 PRT1 PRT1 PRT2 PRT2 pR1 pR2
1 PDA11 | PDA21 | PRT11 | PRT14 | PRT21 | PRT24 pR11 pR21
2 PDA12 | PDA22 | PRT12 | PRT15 | PRT22 | PRT25 pR12 pR22
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Time Price DA Price RT- Price DA Renewable power production
3 PDA13 | PDA23 | PRT13 | PRT16 | PRT23 | PRT26 pR13 pR23
Probability | pPDA1 | pPDA2 | pPRT1 | pPRT2 | pPRT3 | pPRT4 ppR1 ppR2

Table 3-2 Scenario tree example

Scena Price DA Price RT- Price DA Renewable un.its POWET
rio production Probability
1 2 3 0 1 2 3 1 2 3

wiyl PlDlA P1D2A P%A -T-? P1R1T P1R2T P1R3T bR11 oR12 pR13 pP Dfpl; E;’ RT1
wly2 PlDlA PlDzA P1D3A -T—? PlRlT PlRZT P1R3T pR21 PR22 PR23 Calcaut:ztzd as
wiy3 PlDlA P1D2A PE%A 1P-Fli PlFZT P1R5T PlF;T bR11 bR12 DR13 Calcaut:j)f/id as
wiyd PlDlA PlDzA P;A _IID_Fli PlFZT P1R5T PlF;T pR21 bR22 pR23 Calcaut::/e;d as
w2yl PlDlA P1D2A PE:,A _I:_E P2R1T P2R2T P2R3T pR11 bR12 bR13 Ca Icaublzieed as
w2y2 PlDlA P1D2A P;A _IID_E P2R1T P2R2T P2R3T pR21 bR22 pR23 Calcaut::/eed as
w2y3 PlDlA PlDzA P1D3A _FI’_E P2R4T PZRST PZRGT pR11 PR12 pR13 Ca Icaut:ztzd as
w2y4 Pi)lA szA PE%A _Fl’-g P2R4T PZRST PZF{6T pR21 pbR22 pR23 Ca Icau;zca)t/(:;d as
w3yl PleA PZDZA P2D3A _IID_Fli PlRlT P1R2T PlF;T PR11 bR12 pR13 Calcaut::/e;d as
w3y2 PleA PZDZA P2D3A _I:_I; PlRlT P1R2T P1R3T pR21 bR22 pR23 Calcaut::/eed as
w3y3 PleA PZDZA P2D3A -T-? Pll'\;T P1R5T P1R6T pR11 bR12 bR13 Calcaut::/eed as
w3yd PleA PzDzA P2D3A -T-? Pll'\;lT P1R5T P1R6T pR21 bR22 pR23 Calcaut:z's/eed as
wayl PleA PZDZA P2I33A _Fl’-g PZRJT PZRZT PZF;T pR11 R12 pR13 Ca Icau;zca)t/(:;d as
way2 PleA PZDZA P2D3A 1P-§ P2R1T P2R2T PZF;T pR21 bR22 pR23 Ca Icautizt/ e; das
way3 PleA PZDZA P2D3A _I:_g PZR;T P2R5T P2R6T pR11 bR12 pR13 Ca Icaut::/zd as
wayd PleA PZDZA P2D3A _I:_E PZR;T P2R5T P2R6T pR21 bR22 pR23 Ca Icaubli eed as

The scenario table shows all the possible combinations/realizations under study. Once the
DA scheduling is done, all the DA prices will be known, for day D+1, and the scenario w

will be selected/clear. The next stage will be the RT planning with the possible realizations
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y. Table 3-3 shows the status after the closure of the DA market and before the RT market
planning starts. It can be seen that all the day-ahead market prices are known and thus their
probability is 1. The RT market prices have two scenarios as they are still unknown except
for time zero which is known. The production of the renewable energy resources is known
for time zero and time 1. At this point, realizations y are to be made. This is much easier
than the case before as there are only four scenarios. This is because there are two
possibilities for the RT prices, PRT1, PRT2, and two possibilities for the renewable energy

production, pR1, pR2. These possible realizations are summarized in Table 3-4.

Table 3-3 Uncertain variables RT market, first hour

Time Price DA Price RT- Price DA Renewable units power production
0 PDA1l PRT1 PRT2 pR1 pR2
1 PDA11 PRT11 PRT21 pR11 pR21
2 PDA12 PRT12 PRT22 pR12 pR22
3 PDA13 PRT13 PRT23 pR13 pR23
Probability 1 pPRT1 pPRT2 ppR1 ppR2

Table 3-4 Possible realizations ‘y’, first hour

Renewable units
Price RT- Price DA power
Scenario Probability
production
1 2 3 2 3
yl PRT11 | PRT12 | PRT13 | pR12 | pR13 pPRT1*ppR1
y2 PRT11 | PRT12 | PRT13 | pR21 pR23 Calculated as above
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Scenario

Price RT- Price DA

Renewable units
power

production

Probability

v3 PRT21 | PRT22 | PRT23 | pR12| pR13

Calculated as above

vé PRT21 | PRT22 | PRT23 | pR21| pR23

Calculated as above

The last two steps are the planning for the second hour, out of a 3-hours planning horizon,

and the third hour. The same methodology applied to the first hour can be applied to the

second. Note that at this point, the renewable energy production for the second hour is

known and the RT price for the first hour is known too. Therefore, the table will be as

below.
Table 3-5 Uncertain variables RT market, second hour
Time Price DA Price RT- Price DA Renewable units power production
0 PDA1 PRT1 PRT2 pR1 pR2
1 PDA11 PRT11 PRT21 pR11 pR21
2 PDA12 PRT12 PRT22 pR12 pR22
3 PDA13 PRT13 PRT23 pR13 pR23
Probability 1 pPRT1 pPRT2 ppR1 ppR2
Table 3-6 Possible realizations ‘y’, second hour
Price RT- Price DA p Renewable
Scenario Probability

2 3 3

yl PRT12 PRT13 pR13 pPRT1*ppR1
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Price RT- Price DA p Renewable
Scenario Probability
2 3 3
y2 PRT12 PRT13 pR23 Calculated as above
y3 PRT22 PRT23 pR13 Calculated as above
ya PRT22 PRT23 pR23 Calculated as above

The next two tables describe the last hour of the planning horizon for the RT market.

Table 3-7 Uncertain variables RT market, third hour

Time Price DA Price RT- Price DA Renewable units power production
0 PDA1 PRT1 PRT2 pR1
1 PDA11 PRT11 PRT21 pR11
2 PDA12 PRT12 PRT22 pR12
3 PDA13 PRT13 PRT23 pR13
Probability 1 pPRT1 pPRT2 1
Table 3-8 Possible realizations ‘y’, third hour
Price RT- Price DA
Scenario Probability
3
yl PRT13 pPRT1
y2 PRT23 pPRT2

By this, the idea of building the decision tree and scenario realizations is fully clarified.

However, this is the first step towards making the stochastic optimization model for the
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Day-ahead and real-time markets. The models explained will be incorporated with the

technical models made for the RT and DA markets.

3.8.1 DA Market Stochastic Scheduling

The equations below are not different from the equations used to represent the deterministic
model for the day-ahead market. The actual difference lies in the fact that the probability
of each scenario is considered and of course, that multiple scenarios are considered.
Therefore, the objective function will be expanded to cover all possible scenarios and each
scenario will be multiplied by its probability. The second main difference is that the
constraints will be in terms of w and y. This is to allow for the feasibility region to expand

and cover all the possible scenarios.

DA _,.DA RT .,RT
g’b%?g Z z T[a)y Z [Atw Piw At + Ata)}/ptw At
w Y

+ Z UtlijtpthwyAt (3_75)
deqP

CV =
+ Z (Cc p((::ta)yAt + Cgtwy + Egt(uy)]'

ceqt
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z pgtwy‘l' Z pﬁtwy'*’ Z ps?ta)y_ Z p};‘twy

cen§ reql seqs LIs(£)=n
¥ ) Dhuy =Pyt ) Phapvnetyve G770
Llr(£)=n deqbl
€ 0T, Vw, vy,
z pgtwy + Z pﬁtwy + Z ps?ta)y - Z p};‘twy
cen§ reql seQd tIs(f)=n
+ Z p};‘twy& = Z pthwy'V" e QN \n (3-77)
Llr(£)=n deql
e OM vt € QT, Vo, vy,
PRAHPEN = > bl Ve € 0T V0,V 378)
neqQM
Phrwy = Be(8sortwy — Sroyay), V€ € QL VE € QT, Vo, vy, (3-79)
—Py < pliwy < Pp Ve e Qb vt € QT Vo, Vy (3-80)
Sntwy = 0,n:ref,, Vt € T, Vo, Vy, (3-81)
—T0 < Speayy < ,V0 € QN \ niref., VE € QT, Vo, vy, (3-82)
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PV <pPd <PV,vte QT
PV <pPd +pRT < PV,vt € QT Vo
—P < Pty < BMLvn e QM vt € QT Vo, vy,

Z ParwyAt = ER,Vd € QP,Vw, vy,

teqT

PY < pbi,, < PD,vd € QP vt € T, Vo, vy,

—RZPAt < PRy — PRt-1ywy < RTVAL VA € APVt € QT, Vo, vy,
Pfutiy < Py < Pfutiyy, Ve € Q% Ve € QT Vo, vy,

—RePAt < PGy — PS-1ywy < REVAL Ve € Q6 vt € T, Vo, vy,
CE(UStwy — Uct-1ywy) S Citwy, V€ € Q5 VE € T, Vo, vy,

0 < Chwy Ve € QS VE € QT, V0, VY,

C C C
gcc(uc(t—l)wy - uctwy) < Cetwy: Vc € QC, vVt € -QT, Yw,Vy,
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(3-83)

(3-84)

(3-85)

(3-86)

(3-87)

(3-88)

(3-89)

(3-90)

(3-91)

(3-92)

(3-93)



0 < cSwyVe € Q% vt € QT Vo, vy,

SD
pstwy

S _ S $,C.S.C S
€stwy = €s(t-1)wy + 1 pstwyAt ~ 3D At,Vs € (°,Vt
s

€ 0T, v, vy,

ES < €5y < ES, Vs €05, vt € QT Vo, vy,

0 <pSS, <P vse s, vt e, vo,vy,

0<pP

pS,D S T
twy < P57, Vs €2, VE € Q7 Vo, Vy,

S —..5D S,C
Pstwy = Psiay — Pty VS € Q5,Vt € T, Vo, vy

0<pR,, <SPS, vreaRvteQl,vo,vy

= "rtwy’

pPA < pPA if APA < 2PA vt € T, v, Vo'

ppd = pDh, if 224 = 224, vt € QT, Vo, Vo
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(3-94)

(3-95)

(3-96)

(3-97)

(3-98)

(3-99)

(3-100)

(3-101)

(3-102)



Another difference compared to the deterministic model is the addition of the last two
equations. The addition of the last two equations also implies the need for adding the
subscript w to the DA market power. Equation (3-101) is required for a non-decreasing
behavior. This means that the offer/bid submitted to the market operator will be a
combination of power and price and it will be in a non-decreasing form as required by the
market operator. To make the idea clearer, consider the two cases of bidding and offering.
When bidding, the power has a negative sign (purchasing) and it has a price pair, call it
pricel. Thus, the pair would be (-powerl, pricel). Consider another bid with higher price,
price3. Since price3 is higher than pricel, then -power3 shall be greater than -powerl. This
in fact means that the higher the price, the less is the purchased power which makes sense.
This is happening due to the negative sign in the Boolean equation. When offering, the
power has a positive sign (selling) and it has a price pair, call it price2. Consider another
offer with higher price, price4. Since price4 is higher than price2, then power4 shall be
greater than power2. This means that the higher the price, the more power is offered for
selling to maximize the profit. On the other hand, equation (3-102) implies that if there are

two scenarios with the same expected price, they should have the same power pair.

3.8.2 RT Market Stochastic Scheduling

The same concept applied to the DA deterministic and stochastic markets is applied to the
RT deterministic and stochastic markets. This means that the equations will be the same
with two main differences. The first one is that the objective function will be scenario

dependent. The second difference is that the constraints will be in terms of the ¥ scenarios.
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CV_C ~C C
- Z (CC pctyAt + Cety + Ect)/)]

cent

Z pgty-l_ Z PBty"‘ Z pssty_ Z p%ty-l_ Z p%ty

cen§ reql SEQS ts(f)=n tir(f)=n
(3-104)
= pht, + Z Pary,Vn € OM, vt > 7, vy,
deql
Z pccty + Z pﬁty + Z pssty - Z p%ty + Z p%ty&
cen§ reql SEQS ts(f)=n tir(f)=n
(3-105)
= z Py, Vn € QN\n € OM, vt > 7, vy,
deqbl
ﬁPA + p?T = z prl\l/[ty,‘v’t =1,Vy, (3-106)
neQM
p;‘ty = B{’(as({’)ty - 6T(f)ty)!v'€ € QL,Vt > T, V]/, (3-107)
—Py <pj,, <PyvL eVt =1,vy (3-108)
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8nty = 0,n: ref.,, Vt > 1,VYy,

—T < 8pey < 1,VN € QN \ niref., VE > 7, Vy,

PV<pPA+pRT <PV vt>1

—P < phty < B vne QM vt > 1, vy,

-1 ||
Z p"gtAt + Z PthyAt > E}?,Vd € OP, vy,
t=1 t=1

Pl < pdy < P, Vd € QP,Vt > 1,Vy,

—Ry At < Py — Pg(t—m < RyAtvVd € 0PVt 2 1,vy,

c,,C C 5C, C C
Prucy, < Pery < Py, Ve € Q5 VL 2 1,Vy,

—REPAL < pSy — PEi-1y, < REVALVC € QS VE > 1, Wy,

=C(,/C C C
C&(uSey — uSit-1yy) < Cetyr Ve € Q6 VE > 7,y

0 < C5y, Ve € QS VE = 1,VY,
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(3-109)

(3-110)

(3-111)

(3-112)

(3-113)

(3-114)

(3-115)

(3-116)

(3-117)
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¢ ¢ ¢ 3-120
CE(uSto1yy — USey) < Ceyn Ve € Q5 VE > 1,Vy, ( )

0 < ¢l Ve € Q5 vt > 1,Vy, (3-121)
SD
ety = es_1yy + 115 PaiyAt — :Efg At,Vs € Q5,Vt > 1,Vy, (3-122)
ES <e5, <E5, Vs€QSvt>1,vy, (3-123)
0 <p5S <P, vseqsvt>1vy, (3-124)
0<psy <P vs € Qs vt>1vy, (3-125)
Dsty = pssgg — 'psségi, Vs € Q5,Vt > 1,Vy (3-126)
0<pR, <BY vreaRve=1vy (3-127)
0<pR, <PEAvreaRve>rvy (3-128)
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PRl <pgr, if AT < 47T, vt € QT, vy, vy (3-129)

pRT =prl, ifART =A%, vt € T, vy, vy (3-130)

The last two equations are added for a non-decreasing power-price pair submittal and for
ensuring that the same price level will have the same power quantity, respectively. It can
be seen that if there are 16 scenarios for example, each equation will be replaced by 16
equations. This heavily affects the computational time. Robust optimization plays a crucial

role in reducing this computational time.

3.9 Scheduling Considering Risk

The robust optimization adds the risk factor into the calculation. In both the deterministic
and stochastic techniques that were discussed earlier, the risk was not included into the
models. In the robust optimization models, risk will be included in different ways
depending on the model. Four models will be discussed in this section. The first one is the
stochastic model which represents the uncertain parameters through scenarios. The second
one is the static robust optimization which represents the uncertain parameters through
confidence bounds. Combining the previous two models results in the third one which is
the hybrid stochastic robust model. In this case, both scenarios and confidence bounds will
be used. The last model is the adaptive robust optimization model. It is called adaptive

because it has the ability to adapt, take corrective actions, after a realization is reached.

71



3.9.1 Stochastic Programming Considering Risk

Risk is incorporated in this model through the conditional value a risk (CVaR) metric. The

model is very similar to the aforementioned ones. It is represented by the equations below.

p_

: ]
E Tl (3-131)
1—«a N

w€eIP

max Z Twlo 6

w€IDPA

(o= [a%pmt + AT A
teQT

(3-132)
+ Z UL]i)tptha)At - Z (CCC'FuEt + CCC’VpCCta,At) VYo
deqb ceqc
—{pt P — Uy <0,Vo € TIPA, (3-133)
0 <pu, Vo €IPA (3-134)
C R SD _ ,,SCY _ L
Z Pctw T+ Z Priw + Z (pstw Pstw Z Petw
ceql reqR seql 21S(0)=n
+ ) bhe =pMut ) PhavneaMyve (3-135)
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€ 0T vw e IPA
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Z pctw + Z prtw + z (pstw pstw z p%tw

ceql reqR SEQS tIs(f)=n

+ Z Ptlftw = 2 Pthw,Vn e N\ ne oM vt
tir(f)=n deqb

€ 0T vw e nIPA

pet + piy = Z pM vt € T, Vo € [IPA

neqQM
Pirw = Br(8soyew — Or(oyew ), V€ € QL VE € QT, Vo € TIPA
—P} < ph., < PF, vt € Ql vt € T, Vo € IPA
Sntew = 0,m:ref.,Vt € QT, Vo € IIPA
—TT < Sppe, <,V E QN \ i ref, Vt € QT, Vo € I1PA
PV <pPA<PV,vteQT
PV < pPA 4+ pRT < PV, vt € QT, Vo

—BM <pM < PM vne M vte QP vo € PA
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(3-137)

(3-138)

(3-139)

(3-140)

(3-141)

(3-142)

(3-143)
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Z p2. At > ED,vd € QP,vw € N1PA
teQT

PP <pl. < PP,vd e qP vt e af,vw € ITPA

—RLPAt < Pl — PR-1yw < RYVALVd € 0P, Vt € T, Ve

Pfu, < p&., < PuS,ve e 0l vt e QT,vo € IPA
_pCD c _.cC CU C T DA
R7At < Peroy = Pe-1)w < R AL Ve € Q5 VEEQ, Vo €11

S,D

p
€St = 5t 1)w T 15 Do At — 5;‘]‘)’ At, Vs € Q5S,vt € QT Vw
S

€ [bA

—S
ES <eS, <Eq,vs€QSvteQl,vo e IPA

—S,C
0< Ps,ség) <P, ,vs€OSvtel,vw e IPA

—S,D
0<pSP <P, ,vs€QSvteTl,vow e P4
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(3-146)

(3-147)

(3-148)

(3-149)

(3-150)

(3-151)

(3-152)
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0<pR, <P vreaRvteq vo enPA (3-154)
It is clear that the equations are almost identical to the stochastic model without risk
consideration. The key difference actually lies within the objective function which has two
terms in which the first term is related to maximizing the profit as in the previous models.
The second is in terms of the CVaR. Note that the weighing factor § controls the effect of
the CVaR. If it is equal to zero, the model will be the same as the risk-free model discussed
earlier. If it is greater than zero, risk will be incorporated in the model which would in
return reduce the expected profit. Equations (3-133) and (3-134) are added in order to
incorporate the CVaR as a set of linear equations into the model. Further details on the

derivation of this process of CVaR addition can be found in [96].

3.9.2 Robust Optimization

In this section, robust optimization is briefly introduced and a table of comparison is shown
below in order to make it easier understanding the reason behind moving from one model

to another.

Table 3-9 Comparison between the optimization models

Model Advantages Disadvantages

Easier, and requires less
Deterministic Does not cover all possibilities
computation time
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Model

Advantages

Disadvantages

Stochastic with

no Risk

Better results compared to the

deterministic model

Requires a big number of scenarios,
more computational time, and
knowledge about the probability
distribution of the uncertain
parameters. It also does not
consider risk. Limited feasible
operation and requires a big

number of scenarios.

Stochastic with

Risk

Better results compared to the
deterministic model. It also

considers the risk factor.

Requires a big number of scenarios,
more computational time, and
knowledge about the probability
distribution of the uncertain
parameters. Limited feasible
operation and requires a big

number of scenarios.

Static Robust

Easier to generate confidence
bounds compared to scenarios.
Less computational time
compared to the stochastic
model. More reliable

compared to the stochastic

Can be/ is very pessimistic/

conservative.
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Model Advantages Disadvantages

model as it considers the

worst-case scenario.

A balance between the

stochastic with risk and the

static robust methods. It Does not consider the ability of
Hybrid Robust considers scenarios for the taking corrective actions. Very
objective function and conservative

confidence bounds for the

constraints

It gives the VPP the ability to
Mathematically complex and

Adaptive take corrective actions
requires solving three levels
Robust assuming the worst-case
optimization problem. Very
Optimization scenario realization has
conservative
happened

Based on the information in the table above, it is important to note that confidence bounds
will be considered instead of or along with scenarios in robust models. As discussed earlier,
and due to the correlation between the Day-ahead and real-time prices, the RT price can be
written in terms of the DA price with the aid of an extra term called the residual. This is
based on the analysis in [95] which has found out that the RT and DA market prices are

highly correlated. On the other hand, it was found that the residual prices and the DA
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market prices are not highly correlated and thus, each of them can now be used as an

independent random variable.

ART = 2PA 4+ RT ve e QT (3-155)

Based on the equation above, the confidence bounds can be defined as:

APA € [APA — APA JPA 4 JPA] ve e QT (3-156)
rRT € [FRT — #RT #RT 4+ #RT] vt € QT (3-157)
P4 e [BYA — YA PRA + PR, vt e T, vr € OR (3-158)

The terms with the ~ sign refer to the nominal or average value of the parameter while the
terms with the * sign refer to the deviation from the nominal value. The deviation terms
are all positive. We can now define two sets where the first one is the set of prices JP4.
Since for each time period there are two prices, the DA and the RT, the cardinality of this
set would be 2|QT|. The other set contains the other uncertain parameter P~ which will be
called JR. For each time period, for each renewable energy resource, this set will contain
only one element and thus have a cardinality of one. Therefore, the confidence bounds

parameters I'’4 and F,f% can be defined. They can take the values of [0 to 2|QT|] and [0 to

1] respectively. Where zero means ignoring risk and the right-hand side limit means taking

the most conservative scenario.
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3.10 Notes on The Models

The following models were discussed in detail in the previous sections: deterministic
model, stochastic model with no risk, and stochastic model with risk. Also, the robust
models presented are: static, hybrid stochastic, and adaptive. Each model has its advantages
and disadvantages. It can be noted however that some models are more detailed than the
others. Some require deep interaction with the mathematical background of linear
programming and some do not. Some models require the use of linear programming
techniques are duality, linearization of nonlinear equations, and the conversion of multiple

stage LP into a single LP.

The deterministic model is the simplest. The stochastic model is balanced in terms of
complexity, accuracy, and computational time. However, the consideration of risk is
important and thus, the stochastic model with risk is a better choice in this case. The robust
optimization models though being more conservative, they can be computationally costly
and mathematically involved. Also, extreme conservativeness is not necessarily the best
option in assessing the market and the profitability. As a balance between complexity,
conservativeness and accuracy, the stochastic model with risk will be considered. Also,
robust optimization works when confidence bounds are available. When they are not, it
becomes infeasible to use robust optimization. For stochastic programming, scenarios can
be generated based on historical data. Historical data is usually available. Nevertheless, the
RT model for this technique was not presented in the literature. Therefore, before
advancing to the next sections, all the constraints will be combined from all the mentioned
techniques to make a more comprehensive form of the stochastic model with risk for the
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DA market. Additionally, the model for the RT market will be developed from the DA
market model. As per [198], stochastic programming was found a much better choice in
terms of tradeoff between cost and risk compared to robust programming even when setting
the robust programming risk parameters to the less conservative values. In addition to the
fact that robust optimization is more mathematically complex and more conservative. This
makes stochastic programming with risk a balance between complexity, conservativeness,
and accuracy. When the distribution function of the unknown parameters is unknown,
robust optimization can be selected as an alternative to stochastic programming. Lastly,
stochastic programming works directly on the objectives such as maximizing the profit or
minimizing the cost while robust optimization works on maximizing the minimum profit
or minimizing the maximum cost which makes robust optimization very conservative

naturally even when the parameters of conservativeness are lowered.

3.11 Historical Data Modelling

Regardless to the model of choice, three main historical data inputs are required. The first
is the renewable energy source input which will be considered as a wind turbine for
example. The second is the historical prices of the day ahead market and the third one is
the real time market prices. Those three inputs have one thing in common. They all require
historical data modelling for the purpose of forecasting the studied time frame which is the
next 24 hours in this study. There are several modelling techniques for historical data and
one of the most popular methods is the autoregressive moving average (ARMA) model.
The term ARMA is composed of the autoregressive segment (AR) and the moving average

segment (MA). There are other forms of the ARIMA model. One of which is the ARIMA
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model which has an integration term (I). Another one is the SARIMA where the (S) term
stands for seasonal. One more variation is the SARIMAX model where the term (X) stands
for an exogenous variable i.e., the model uses more than one independent variable of
historical data. The selection of the order of each segment of the SARIMAX is based on

the historical data type and properties.

3.11.1 ARIMA Model

The ARIMA model is going to be built in a step-by-step process starting with the AR part.

An AR model is represented as:

p
Xp=ct Y ¢iXei+e (3-159)
i=1
Which can be expanded as:
XKt =91 Xeg = —PpXp p=c+e (3-160)

By using a lag operator BP which represents a difference of order p it becomes:

(1-¢B—¢,B2— - —$,BP)X, =c+¢ (3-161)

Which is equivalent to:
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$(B)X; =c+& (3-162)

Where ¢ (B) is defined as:

¢(B) = (1 — ¢1B — ¢p,B? — -+ — ¢,BP) (3-163)

This means that a variable X in terms of time t can be represented in terms of some p points
of the historical data of X in addition to a constant ¢ and an error term &;. The error term
here is generally represented by a gaussian distribution with zero mean and constant
variance. If the error term is also represented by a lag function similar to ¢(B), it is called

a MA representation which will produce the ARMA model.

H(B)X, = ¢ + 0(B)e, (3-164)

Integration is when the function X, is differenced. Integration is usually done in the order

of 1 and sometime the order of 2. This can be represented by (1-B) term multiplied by X;

which simply means X; — X;_;. Therefore, ARIMA model will be represented as:

$(B)(1 - B)X; =c+ 60(B)e; (3-165)

Seasonality means doing the difference at specific points where repetition happens

seasonally. For example, if some data repeats with a similar fashion every 24 hours, it will
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have a seasonality of 24 which can be treated as differencing in the order of 24. Thus,

SARIMA could look like this:

#(B)(1—B)(1—=B)SX, = c + 8(B)s, (3-166)

Where s is the differencing order. It can be 24 for daily, or 168 for weekly seasonality. The
last part is the X part which can be added to SARIMA to produce the SARIMAX model

as:

d(B)(1—B)(1—B) X, = c+BY, +0(B)e, (3-167)

Where Y is the other variable considered. For example, X and Y can be wind speed and
wind power when forecasting the wind power of a wind generator. SARIMAX stands for

Seasonal Auto Regressive Integrated Moving Average with exogenous factors.

3.11.2ACF and PACF

An ARIMA model has three unknowns to be selected before doing the model fitting. Those
three parameters are p, d, and q. Where p is the AR order, q is the MA order and d is the
integration order. ARIMA (p, d, q) is how this model is represented. The selection process
of those parameters is not a straight forward process as it requires experience in addition
to the mathematical tools. First, by looking at the timeseries of the data, trend, volatility,

seasonality and other characteristics can be noted. If there is volatility and/or a trend, it is
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better to use a transformation technique before proceeding in order to eliminate this trend.
Transformation techniques can be the natural logarithmic function, the cubic root, or
others. The logarithmic function is one of the most popular for positive data. For negative
data, modifications of the logarithmic functions exist such as adding a small constant to

the time series which is not statistically favorable.

After this step, the autocorrelation function (ACF) and the partial autocorrelation function
(PACEF) can be plotted for further analysis. The ACF is generally concerned with the order
of q while the PACEF is related to the order of p. If for example the ACF has a cut off after
q lags and the PACF dies exponentially or sinusoidally, then it is a MA model with order
q. If the opposite behavior happens between the ACF and the PACEF, it is an AR model
with order p. The analysis become more difficult if the ACF and/or the PACF does not die
out or cut off. This can be a sign for the need of differencing which usually has an order of
1 or 2. If differencing is done and the ACF and PACF are still fluctuating without a specific
pattern that leads to deciding the order of p and g, the model might be ARIMA/ARMA.
This is where experience and other statistical tools are needed. If the data is for example
hourly and there is a spike every 24 lags, this can a sign of a seasonality which needs to be
addressed in the model to turn it into SARMA/SARIMA. One of the most popular tools
for deciding the order of p and q after that are the extended ACF (EACF), Akaike's
Information Criteria (AIC), and Bayesian Information Criteria (BIC). The working
principle is the same for those techniques. A table is made where the header row has the
order of q and the header column has the order of p ranked from one to any desired degree,

say 5. For each cell ordered as (p, q), a statistical value, say the BIC, is noted. Based on
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these values, the order of p and q can be figured out. For example, for the case of BIC, the
cell at which the BIC is minimum is selected as the order of (p, q). Table 3-10 shows an
example where p and q are selected to be equal to three. Further details on ACF and PACF

can be found in [155] and [156] while EACF is explained with numerical examples in

[157].
Table 3-10 BIC example
q=1 q=2 q=3 q=4 q=5
p=1 862.9 863.4 866.1 869.2 874.5
p= 863.8 864.3 871.5 865.2 865.9
p=3 866.7 868.4 847.6 868.9 873.2
p=4 872.2 861.2 866.5 872.8 872.1
p=5 854.7 863.3 868.2 877.2 864.7

There are other techniques to model such historical data such as neural networks and
transfer function. Transfer function has shown good capabilities while neural networks are
less powerful compared to ARIMA and transfer function when it comes to historical data
modelling and fitting such as the wind power and market prices [158]. The market prices
do not have one specific model to represent them as the model can vary based on the market
behavior [159]. Generally, a univariate model is used where only one historical variable is
used but in cases where the data is difficult to model, such as the wind power, multivariate
models can be useful [160]. For wind power modelling specifically, nonlinear fitting can
be utilized [161]. If there are multiple wind turbines in the studied grid, the model could
be slightly modified to account for modelling multiple wind turbines in multiple locations

[162]. Finally, when modelling uncertain data, multiple scenarios are generated, and this
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number of scenarios might be big which adds a burden onto the calculation time and for

this, scenario reduction models can be utilized [163].

3.11.3Scenario Generation

After developing a model for the historical data, say ARIMA, scenarios can be generated.
Scenarios are usually generated in large numbers which adds computational burden, and
this can be handled through the use of scenario reduction techniques. The general idea of
reducing the number of scenarios is to remove the scenarios with the lowest probability
and group the scenarios that are close to each other [164]. The process of scenario
generation and reduction can be summarized in a number of steps as follows:
1. The historical data has to be prepared and the regression model, say ARIMA has to
be estimated.
2. If N scenarios are to be made, start with scenario w=1.
3. [If'the time steps are T, start with time t=1.
4. Based on the error of the ARIMA model, which is a normally distributed error with
zero mean and a standard deviation o, generate a random number R.
5. Evaluate/simulate the ARIMA model with the obtained error and other parameters.
6. If N is reached, move to the next step, otherwise, set w=w+1 and go to step 4.
7. Assign each scenario a probability. This has to be updated every time a new
scenario is added. If N scenarios are there, and they have equal probability, each

will have probability 1/N.
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8. Use a scenario reduction technique in order to reduce the number of scenarios if
required.

9. If T is reached, move to the next step, otherwise, set t=t+1 and go to step 2.

10. End

Figure 3-10 shows the flowchart of the steps above.
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Start

\ 4

Prepare the historical data and
estimate the regression model

\ 4

Start with scenario w=1 out of N <

!}

Based on the error of the estimated

[
ARIMA, generate a random number R
Evaluate ARIMA based on the error
and other parameters
No
w=w+1

Yes

Assign each scenario a probability and
update this every time a scenario is added

t=t+1

v
Use a scenario reduction technique if
needed
No
Yes
End

Figure 3-10 Scenario generation and reduction flowchart
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3.12 Wind Turbine Mathematical Model

To get the power output of a wind turbine using the mathematical calculations, the wind
speed has to be obtained and forecasted as explained in the previous sections. This wind
speed can then be converted to wind power. The relationship curve between the wind speed
and wind power looks like Figure 3-11. It can be seen that the figure has two flat areas and
one nonlinear segment. The modelling of the relationship between the wind speed and wind
power differs due to the representation of this nonlinear region. Different references in the

literature use different ways to represent this region [165] to [167].

Wind Speed Vs. Wind Power
T

80— b

60 - b

40 .

Wind Power (W)

1 | 1 1
0 5 10 15 20
Wind Speed (m/s)

Figure 3-11 Wind power and speed relationship

There are three main parameters that need to be defined on the curve. The first one is the
cut-in speed. This is the wind speed before which the wind turbine does not produce any
power and after which the wind turbine starts producing power. The rated speed after which

the wind turbine produces power equals its rated power. The cut-out speed which is the
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speed at which the turbine stops producing power for protection purposes. The nonlinear
region is the region between the cut-in and rated speeds. This behavior is defined using a

piecewise function as below:

0 , UV < Vg
Cl1+C2v? v, < V<V
PW = » Vel T _
BY U < V< Vg (3-168)
0 y Vo < U
Where C1 and C2 are defined as:
b.
Cl=PRY——— (3-169)
ci — Vr
o (3-170)
vl — vk

Where P" is the rated wind power of the turbine, v, is the rated wind speed of the turbine,
v.; and v, are the cut in and cut out speeds respectively. The term b is the shape factor of
the Weibull distribution which is the probability distribution function that suits the wind

speed data.

3.13 Generator Variable Cost in LP

In general, for simplicity, in literature, the conventional generator’s variable cost is taken

as a fixed number. This is especially the case when the model is made through linear
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programming. This is because the variable cost is not by itself a linear equation. It is a
piecewise function. This piecewise function is by itself an approximation to a nonlinear
function. In this work, the piecewise function will be converted to a linear model in order
to be incorporated into the MILP. This will be done through the special-order set (SOS)

constraint of type 2. To explain this, the following example will be explained:

alx + b1l 1< x <12
Z ={a2x + b2 2 < x <13 (3-171)
a3x + b3 3 < x< 14

The first constraint is [1 < x < 4. Then, the conversion model will start by introducing

four non-negative variables x1 to x4.

x =11x1 + [2x2 + [3x3 + [4x4 (3-172)

Where each new variable is multiplied by one of the limits of the piecewise function. This

is subject to:

1=x1+x2+x3+x4 (3-173)

We can now define Z by substituting each limit into its respective equation and adding

them up.
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Z = (ali1l + b1) x1 + (all2 + b1) x2 + (a313 + b3) x3
(3-174)
+ (a4l4 + b4) x4

By this, the model is ready except for one issue. The system will go out of the feasible
region for some values of xi. This is where the role of SOS type 2 handles this issue. There
must be restriction on xi such that only two xi can be nonzero at a time and they must be
two consecutive xi. For example, x1 and x4 cannot both be nonzero at the same time
because they are not adjacent [168]. This requires the introduction of binary variables Yi

such that:

xi <yiforalli

yl+y3<1 (3-175)

It can be noticed that the first and second rules ensure that only two values of xi will be

nonzero at a time. The last three rules ensure that the nonzero xi will have to be adjacent.

In literature, there is another way of linearizing the generator cost model as in [76], [171],

and [181]. The model is explained through the equations below:
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Nx

CGetyy = CEF « USty + z CY « Petwyx VCE Q¢ vee Q' v, vy,
x=1

Potwy = BE * Sy + XNZ) Peryyx Ve € Q% VE € QT Vo, vy,
Peroyx <Py — Pr-1,Vc € Q% VE € T, Vo, Vy,Vx € [2,Nx — 1]
Petwyx <Py — BF Ve €QC vt € T, Vo, vy, Vx = [1]

Petwyx < BF — py_1 Ve € Q% vt € O, Vo, Vy, Vx = [Nx]

Perwyx =0 ,Vc € Q% vt € O, Vo, Vy,Vx € OF

Where CGy,, is the conventional generator running cost. The piecewise representation of
the generator running cost is divided into blocks/segments, x, where each segment has a

slope CY and power produced Petoyx- Finally, pYis the upper limit of the power of block

X.

The SOS2 is however better only in terms of the computational speed as explained in [182].

In this research, first, the SOS2 model is designed. Second, the speed of the SOS2 model

and the model that is based on normal constraints will be compared.
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3.14 Expanded Risk Averse Stochastic Programming Model

This model is adjusted to be more comprehensive in terms of combining all the possible
constraints from all the aforementioned models. In addition, extra constraints will be added

to make the model even more realistic.

3.14.1Selected Stochastic DA Model with Risk

g%)%?g Z z T[(uy(wy +B|p— 1—a z Z TwyHwy (3-182)

w€elPA yenRT w€lPA yenRT

Sy =) [z?gypt%m + (AR, + i, ED, At
teQT

CF CV
+ Z Uc]i)tpthwyAt - Z (Cc ugta)yAt + (7 At (3-183)
deqP ceqC

,Vw € IIPA, vy IIRT

—C C
+ Cctwy + gctwy)

~Cyy TP~ Moy <0,V € TPA vy ¥ (3-184)

0 < Uy, Vo € IPA, vy IFT (3-185)
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Z Doy + Z PRy + z Pstwy — 2 Plrawy + Z Plray

cead reaR seab oS@=n ar@=n

= pmwy + Z pc?twy,vn € QM,Vt € .QT, Yw
daeqbl

€ HDA, V)/ HRT

Z pgtwy + Z prr"{ta)y + Z p.sstwy - Z p%‘twy + Z p}‘twy

ceql reqR S€Qd tIs(£)=n tir(f)=n

= Z Pthwy,Vn eON\ne oM vieQl,vw
deql

€ HDA, V)/ HRT

Pt + Diay = Z pM oy, Vt € QT, Vo € TIPA, vy R

neQM

p};‘twy = Bg((ss({))twy — 5r({7)twy),V‘€ € QL, VvVt € QT, Yw

—P§ < Dlrwy < PP,V € QL vt € QT, Vo € TIPA, vy I'T
Sntwy = 0,niref., vVt € O,V € P4, vy I*T

—T < Speeyy <, V0 € QN \ nirefl, VE € QF, Vo € IPA, vy VT
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PV <pPA <PV, vte Tl
PV < ppit +phy, < PV,vt € T, Vo, vy I’T

—PM < pht,, < BPM vne oM vt e P, vw € IPA, vy *T

Z p(]i)twyAt = Ec]l); vd € -QD, Yow € HDA, V]/ HRT

teqT

PP < pB,, < Ph.vd € QP,vt € QT,vw € IPA, vy IV

—RYPAt < PRy — PRy < RTVAL VA € QP, vt € O,V

E HDA’ v,y HRT
Pfuiy < Sy < PEuSiwy, Ve € Q% vt € QT, Vo € IIPA, vy IFT

—R&PAL < Détwy — pcc(t—l)wy < ReAt Ve € Q6 vt € 0T, Vo

CE(UStwy — Uet-1ywy) S Citwy, V€ € QCVE € T, Vo, vy,
0 < Cory Ve € QS VE € QT V0, VY,
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c(,,C C
gc (uc(t—l)wy - uctwy) < Egtwy' Vc € QC, vVt € -QT, Yw,Vy,

0 < ¢Sy Ve € Q5 Vt € QT, Vo, vy,

S,D
s __S S,C..S,C Pstwy
Estwy = es(t—l)wy + 75 pstwyAt - TAL Vs € QS; vVt € -QT; Vw
s

€ HDA’ vy HRT
—S
ES, < €5y < Eg, Vs € Q5,vt € O, v € P4, vy I*"
5,C p° S T DA RT
0< pooy <Ps Vs €Q5,VeeQl,Vw € IPA vy I
sp - p>P s T DA RT
0 < D5ty <Ps ,VSEQ°VLEQ ,Vw €14, Vy 1l
pSSta)V = pSSt'E)y - pssli‘((:uy ,Vs € .QS, VvVt € .QT, Yw € HDA, V]/ [IRT
0<pR,, <PYA ,vre QR vt €T, vo € P4, vy IV

= Irtwy’

pPA < pPA if APA < 2PA vt € T, v, Vo'

ped = pPh, if AR5 = P4 vt € OT, Vo, Vo'
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coVF =824 p°  4+1463p° 4+1972pC . +2804p

C
ctwy ctwyl ctwy?2 ctwy3 ctwy4 +

C

C
Coye + 49915, . +5765p

ctwy7

3504 p° _+4235p

C
ctwy5 ctwy8 +

C C C C
6566 Peyyo + 7394 Pl 10 + 8324 DLy, 11 Y € QS VEE

Q' Vo, vy

Pcctwy =112 pc(‘:twyl + 130 pccta)yz + 148 pcctwy3 + 166 Pcctwy4
+ 184 Pcctwys + 202 pcctwye + 220 Pgtww
+ 238 Pccta)ys + 256 Pcctwyg + 274 Pcctcuylo

+ 294 Gy » Ve € Q5 VE € QT Vo, vy

C —_ .4C C C C C C
1 uctwy - pctwyl + pctwyz + pctwy3 + pCt(,L)]/4 + pcta)yS + pctwy6
C C C C C
+ pcta)y7 + pct(uyS + pct(qu + pct(uylo + pcta)yll ) Ve

€ Q% vt € QT, Vo, vy

Yetwyi = Perayi » V1= [1to 11],vc € Q% vt € QT Vo, vy

Z Yetwyi < 2,Vc € QC,Vt € QT, Vo, vy
i

Yetwyi T Yetwyism) < 1, m=>2,Vivcentvtenl Vo, vy
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(3-214)

(3-215)

(3-216)

(3-217)
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PSwyi =0, Vi, ve € Q% vt € QT, Vo, vy (3-219)
Yctwyi are binary Vi (3-220)

It must be noted that equations (3-213) to (3-220) are specifically design based on the input

data presented in the next chapters.

3.14.2Selected Stochastic RT Model with Risk

1
g%c%?g Z m,¢, + B p—m Z Ty Wy (3-221)

g, = Z [(A?VA + rRT)pRTAL

teQT
(3-222)
- Z URpS, At — Z (cEVFae+e5, + c_:gty) Vo
deqb ceqt
€ HDA, V]/ HRT
—¢, +p— iy <0,V € IPA vy I (3-223)
0 <, Vo € IPA vy I (3-224)
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Z pgty-l_ Z PBty"‘ Z pssty_ Z p%ty-l_ Z p%ty

ceq§ reQR SEQS ts(£)=n tir(f)=n

=Py + ) PRyvneQMvez vy,

deql

Z pgty-l_ Z PBty"‘ Z pssty_ Z p%ty-l_ Z p%ty
C R

ceQ§ reQl SEQS ts(£)=n tir(f)=n

deql

ﬁPA + png = z pTl\l/It]/’ vVt 2 T, VV;

neqM
iy = Be(8scorey — Sroyey ), VE € Q4 VE > 1,V
—Py <pj,, <PyvL eVt =1,vy
8nty = 0,n: ref.,, Vt > 7,Vy,
—T < 8pey < 1,VN € QN \ niref., VE > 7, Vy,

PV <pPr+pff <PV vt=>1
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(3-226)

(3-227)

(3-228)

(3-229)

(3-230)

(3-231)
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—PY < phty < BM,vn e QM vt > 1, vy,

-1 |QT|
z PRAL + Z Par, At = ER,vd € QP, vy,
t=1 t=1

P2 < pgty < PY,vd € QP,vt > 1, vy,

—RyPAt < pgy, — Pac-1y < Ry"At,vd € QP vt 2 7,vy,

c,,C C pC,,C C
I_quctySpctySPc ucty;VCE'Q YVt =21, VY,

—R&PAL < Déry — Pcc(t—l)y < R¢VAt, Ve € Q6 vt 2 7,vy,

C_’Cc(ugty — ug(t_l)y) < ¢y, Ve € Q6 vt > 1,vy,

0 < C&y, Ve € Q5 YVt = 1,VY,

gf(ug(t_m - ugty) < ¢y, Ve € Q8 vt > 1,vy,

0 < cy Ve € Qb vt >1,vy,
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SD
s _ S S,C..SC Psty S
sty = Es(t—1)y T 15 PspyAt ——pAt, Vs € 2, Vt = 1,Vy,

S

ES <ed, <E5, Vs €QS vt >1,vy,
0 <psS <P, vseqsve>1vy,
0<p5) <P, vs € vt>1vy,
S, = Do — D3, Vs € Q5,Vt > 1,V
0<pR, < By vreORvt=1vy

= frty

0 <pR, <BY  vreRvt>rvy

pg,T < pg{, if/lg,T < lg:l;, vt € QT vy, vy

piT =por, ifART = A7), vt € QT, vy, vy
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(3-245)

(3-246)
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(3-248)

(3-249)
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Coy™ =824 pg,, + 1463 p,, , +1972p, 5 + 2804 p;, , +

C
cty5

C
cty6

C
cty8

C

+4991pS, ,+5765p ctro

cty7

3504 p° _ +4235p +6566p° . +

C C C T
7394 Pity10 + 8324 Pety1n ,Vce Q" Vte Q' ,Vw,Vy
Prwy = 112 pSyr + 130 plyyz + 148 plyys + 166 DSy + 184 DSy s
+ 202 pSiye + 220 iy + 238 pirys + 256 DEryo

+ 274 pSyr0 + 294 P11, Ve € Q6 VE € QT, vy

c _.C C C C C C C C
1 xugyy, = Petyr + Pceyz + Petys + Petya + Pctys T Pctye + Dety7 t Petys

+ Pccty9 + Pcctylo + pgtyll Ve e Qb vt e l,vy

Yetyi = Py »Vi=[1to 11],vc e Q¢ v e T, vy

Zyctyi <2,vceQtvte .QT,V)/
i

Yetyi + Yety(i+m) <1 m=2 Vl: Vc € -QC; vVt € QT, vy
P&y =0 Vi, ve €, vt € QT,vy

Yetyi are binary Vi
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CHAPTER 4

METHODOLOGY

4.1 Methodology

The research starts by presenting a background onto the topic of virtual power plants. The
background will talk about the topic as a whole, practical cases, statistical data, and the
components of the VPP in general. It will also address the future plans/policies and how
they highlight the importance of VPPs. In addition, how different control strategies can
affect the profit and the structure as well as the components of the VPP. After that, the
motivation of this research is addressed where it will be set clear why this topic is of a great

interest.

Different objectives are highlighted which relate to the topologies of VPPs, control
strategies, optimization techniques, single and multi-objective optimization, and system
design. The objectives, background, motivation, and introduction are all based on an
extensive literature review that is done before, during, and even after the preparation of
these sections. The literature review starts by defining the VPP, and by discussing each
component of it and how different researchers select their design with some of these
components. It also shows the advantages and disadvantages of each topology and the

difficulty that comes with each topology.

104



A research proposal is made based on the above points and the research methodology is set
too. The virtual power plant system would be designed, the problem will as well be
formulated. Different optimization techniques and models will be presented and some will
be applied onto the designed VPP model. Next, the optimization problem is going to be
solved in order to achieve the required objective functions. Multi-objective optimization
problems are to be examined. After that, simulations of the optimization problem of the

VPP will be carried out to eventually reach the discussion onto the findings.

Conclusions can be drawn based on the aforementioned sequence where publications are
as well to be made along with the submission of the final draft of the research in preparation
to the defense. The methodology of this research is summarized in Figure 4-1 and Figure

4-2.

105



‘What data to collect

Background onto Comprehensive

to obtain the

data

| | ‘Where

How to obtain the data

the topic literature review Morvarion
Qbjectives
1
Presented models
Deterministic Stochastic model - Stochastic model - L Hybrid robust Adaptive robust
L AP Static robust model
model no risk considered risk considered model model
VPP compenents
Demand Conventional Renewable energy Energy storage Energy Pool Lines Network
generator source system
Flexible demand Sp;:ﬁ:ng'pe
Markets
DA market RT market Ancillary services Others

Data Collection
and preparation

I

Wind Data Market prices

System
components

N

ARIMA

I

ACF and PACF

]

Scenario
Generation

Figure 4-1 Methodology flowchart
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Figure 4-2 Methodology flowchart

As seen from the figures above, first, a comprehensive literature review is made on the
topic of virtual power plants, a background onto the topic is provided and the motivation
behind the selection of the topic is presented as well. Based on this theoretical research,
the objectives of this research are set. Based on these objectives, the linear programming
models in literature that are used to represent virtual power plants are studied and the most
suitable one is selected. Since robust optimization techniques are very conservative, they
have not been selected. Stochastic optimization, though can be computationally
demanding, is better in terms of balance between conservativeness and comprehensiveness.
This is why only the stochastic and deterministic models are selected for the rest of the

research.
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The components of a virtual power plant (VPP) are selected such that the VPP has both
dispatchable and non-dispatchable units. The VPP has demand which is divided into
flexible demand and specific type demand (water desalination unit). It has renewable
energy resources which is represented by a wind power generator. It also has a conventional
generator, and an energy storage system. Of course, the network and the lines are part of
the structure of the VPP. There is another important component which will be elaborated
onto at a later stage which is the energy pool. By this, the optimization/ solution methods
have been selected and the system components have been prepared as well. The last part
of the data collection section is the market part. There are different markets that can be
studied such as the day-ahead market where bidding is done for the next 24 hours, the real-
time market where bidding is done on hourly basis, the ancillary services market where
voltage, frequency quality and other services are maintained, and there are other energy
trading platforms such as future contracts. As it is a very big scope to consider all of them
in this research, the first and the most major two bidding markets are selected. These are

the day-ahead and real-time markets.

The next part is obtaining the data. As the system has been prepared with the solution
methods in the previous part, the input data to the system must be carefully prepared for
the accuracy of simulation, analysis, and results. There are three uncertain parameters
which are the day-ahead market prices, real-time market prices, and the wind speed data.
This data was selected to be for the same electricity market region, same geographical
location, and the same time period. The data is selected from trusted references or the

market operators themselves.
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The wind data was obtained from [173] while the market prices were obtained from [172].
The geographical location for the locational marginal prices is Worcester, MA, USA and
the geographical location for the wind data is Paxton which is the closest area to Worcester
where wind data is available. The historical data is considered for year 2011. The forecasted
day will be the 23" of May 2011. The year 2011 is selected as it is the latest year at [172]

and [173] at which the data of the three uncertain parameters is fully available.

There are other system components such as the demand and generator where data is also
required. This data is however not part of the uncertain data category and thus it is obtained
from the literature as noted reference-wise. In regard to the markets, the market where
Paxton and Worcester exist is NE-ISO. The ISO of New England, USA is responsible for
all the planning, administration, contract management, and electricity markets of six states.
Those six states are Massachusetts, Vermont, Connecticut, New Hampshire, Maine and

Rhode Island. The state considered is Massachusetts.

The last part shown on Figure 4-1 is the data pre-processing and preparation part. After
obtaining the data as per the previous section, it must be pre-processed. For example, the
uncertain parameters must be forecasted. After that, the wind speed has to be converted to
wind power. Scenario generation is also required for stochastic models. First, the auto
regressive moving average (ARIMA) method is used for forecasting the future data which
is the 24 hours scope of the study. An ARIMA model must be designed in order to do the

forecast. Constructing an accurate ARIMA model requires not only knowledge but some
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experience as some tools and methods are needed for the evaluation of the model such as
the autocorrelation function (ACF) and the partial autocorrelation function (PACF). Next,
once an ARIMA model is designed and the data is forecasted and tested for accuracy using
suitable evaluation methods such as the mean square error (MSE), scenario generation can
be done. Scenario generation can be done through the use of Monte Carlo Simulation

(MCS).

The second part of the methodology which is shown on Figure 4-2 is about the simulation
and analysis. Since the model and the data have been prepared as explained above, the
system can now be simulated and tested. In order to prove the effectiveness of the proposed
system, structure, and methodology, some evaluation processes are applied. After the
system is simulated, the deterministic model, the stochastic model with no risk, and the
stochastic model with risk are compared to show the advantages of the selection of the

stochastic model with risk over the other choices.

Also, the sequential ARIMA model proposed to be used in the real-time market is
compared to the conventional ARIMA model used in literature to prove the value addition
introduced by the sequential ARIMA model. The risk consideration is done through the
use of the conditional value at risk which has a weighing factor. The effect of changing this
weight factor is also considered. The conventional generator piecewise linear function is
modelled in literature through a set of constraints. In literature, it is claimed that using

special order set type two (SOS2) solution method for piecewise linear functions is faster
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than using constraints. Thus, it is proposed to design a SOS2 model and test it against the

set of constraints for the evaluation and selection of the better model.

There is a specific type demand introduced which is the water desalination unit (WDU). It
is included as the other loads of the system are and they all are included under a centralized
control scheme. However, since the WDU has its own demand which is the water demand,
it might be better to optimize its own objective as it is acting both as an electric load to the
VPP but also as a generator to its water demanding customers. Therefore, a comprehensive
control scheme is proposed where the WDU optimizes its own objective instead of

following the centralized objective of the VPP.

The next step is to propose and introduce reliability constraints which help mitigate the
incidences of failing to participate into the real-time electricity market when planning to
participate. To prove the effectiveness of the reliability constraints, they are tested against
the idea of increasing the number of scenarios. Increasing the number of scenarios means
opening the chance for generating scenarios that might be worse or better. Having new
worse scenarios in a risk considerate problem means a better chance to avoid those
incidences of failure. Thus, it is compared to the proposed reliability constraints as a

validation step.

Combining all the concepts above, a multi-objective problem can be formulated where
profit maximization, cost reduction, and reliability are the multiple objectives. By this, a

VPP is designed including variety of components, tested against different models and
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prepared with reliable data. It also has multiple objectives and an important specific load
such as the WDU. The last step is the introduction of an energy pool to the system and the

design of a VPP cluster.

An energy pool is a big energy source that acts as a backup to the VPP. In literature, an
energy pool is used with multiple microgrids as backup to the microgrids. There can be
multiple AC or DC microgrids that are interconnected through an energy pool. The energy
pool monitors the voltage of the DC bus of the DC microgrids and the frequency of the AC
microgrids. Any variation from the nominal value indicates the need for the energy pool
(EP) to interact to mitigate that imbalance. In VPPs, an EP is not discussed in literature as
the VPP is already connected to the network and it does not work in an islanded mode to
need an EP. This is not necessarily correct. As explained earlier, the VPP may fail to
participate into the market at some hour which could cause power imbalance to the VPP.
Thus, an EP can be connected to multiple VPPs making a VPP cluster. Therefore, a VPP
cluster is designed, simulated, and analyzed. Lastly, conclusions are drawn onto all the

steps taken above.

112



CHAPTER 5

CASE STUDIES AND SIMULATIONS

S.1 MILP Input Data

There are multiple components in the VPP as discussed in the previous chapters. Each
component such as the renewable source generator, conventional generator, demand,
storage, main grid, and network has its own parameters. To do the simulation, the data and

constraints for each of those subsystems shall be collected.

5.1.1 Network and VPP Parameters

Figure 5-1 shows the network with all the components of the VPP including the main grid,
which is connected to bus 1, [169]. The conventional generator has been added to the 4th
bus as it was not part of the original network. The storage unit and the wind turbine
generator are connected to the 5th bus while seven demands are connected to busses one
to four. Those demands are comprised of multiple loads. Table A-1 shows the network data
while Table A-2 and Table A-3 show the demand data, [169]. Table A-4 shows the base
utility data. The hourly utility data can be derived from the base one based on the following

criteria:
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1. Demands 1 to 4 have a multiplication factor of 0.8, 1.0, 1.2 for hours 1 to 8, 9 to
16, and 17 to 24 respectively.

2. Demands 5 to 7 have a multiplication factor of 1.1, 0.9, 1.0 for hours 1 to 8, 9 to
16, and 17 to 24 respectively.

Based on these criteria, Table A-5, Table A-6, and Table A-7 can be obtained. The

symbols on the tables are defined in the abbreviations section.

Line 6
WTG w »> D7
—>D6
Line 2 —> D5
Storage
_@ Conventional
Bus 4

Bus5 Generator

Line 3 Line 5
Line 1 Line 4
Bus 1 Bus 2 l Bus 3 l l
D1 D2 D3 D4
Main
Grid

Figure 5-1 5-Bus network

The storage data is shown on Table A-8. The storage capacity, charging and discharging
ramp rates are all provided. In addition to the initial energy state and the efficiency of
charge/ discharge. The main grid and market data are summarized in Table A-9. The power
exchange at the main grid node is a technical constraint while the power exchange with the

Day-ahead and real-time markets is a constraint related to the market.

114



The conventional generator has been added to the network in order to expand it to diversify

the components of the VPP. The information about the added conventional generator is

summarized in Table A-10, [171].

The variable cost of the conventional is represented by a piecewise linear function as

presented in Table A-11 Which can be formulated as a piecewise function as:

(35.5P — 3152
36.5P — 3282
38P — 3504
39P — 3670
40.5P — 3946
42P — 4249
43P — 4469
44.5P — 4826
46P — 5210

\46.5P — 5347

Gen.Cost = <

112 < P <130
130 < P <148
148 < P <166
166 < P <184
184 < P < 202
202 <P <220
220 < P <238
238 < P <256
256 < P <274
274 < P <294

(5-1)

Where P in (5-1) refers to the power generated by the conventional generator. The curve

of this variable cost model is shown on Figure 5-3. It must be noted that this covers both

the variable and fixed costs. Therefore, the objective function has to be adjusted

accordingly.
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Figure 5-2 Conventional generator variable cost curve

The colored segment on Figure 5-2 is a piecewise linear function and each colored segment

is a linear part.

5.1.2 Wind Power and Market Prices

The wind power, DA market prices, and RT market prices are to be represented through
ARIMA models as explained in the previous sections/chapters. The historical market prices
can be obtained from [172] while the wind turbine data can be obtained from [173]. The
wind turbine considered is made of forty units each is 2.5-MW (model Nordex N80/2500
KW), [174]. The cut-in, rated, and cut-out speeds are 4, 17, and 25 m/s, respectively. The
historical data is considered for year 2011. Based on the model, the historical data of 2011
from first of January until the end of the 22" of May will be utilized. The forecasted day
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will be the 23" of May 2011. The locational marginal prices are related to Worcester, MA,
USA. The wind data is taken at Paxton which is the closest area to Worcester where wind
data is available. Thus, the prices and wind data are taken for the same location and same

time in order for all the studied data to be realistic.

First, the DA market prices model will be explained in details, and the rest of the models
will follow the same concept but not the same model. First, the historical data for the past
three months will be considered. This will help avoiding seasonal data that is related to the
weather when considering a longer time frame. However, daily seasonal correlation might
still exist. First, the last three months DA market prices are plotted on Figure 5-3. Those
are the 90 days before the considered day which is the 23™ of May 2011. It can be seen that
the mean is not constant and thus transformation might be needed. If some points are equal
to zero, log transformation will not be valid, but setting those points to 0.001 for example

might solve this issue.
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Figure 5-3 DA market prices (90 days)

Thus, a transformed series of the data will look like Figure 5-4. The data seem to be more
stable with no obvious trend, volatility or seasonality. There could however be some daily
seasonality that is not yet clear. Therefore, the ACF and PACF will be plotted for further

analysis as explained in the previous sections/chapters.
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Figure 5-4 Transformed DA market prices (90 days)
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Figure 5-5 ACF DA market prices (90 days)
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Figure 5-6 ACF transformed DA market prices (90 days)

It can be seen from Figure 5-5 and Figure 5-6 that the ACF for both the original and the
transformed data is unstable. This might be a sign for a need of differencing. It can also be
seen that there is a seasonality of 24 hours and thus, two differencing levels will be applied.
One integration differencing and one seasonal differencing at 24 hours. If only integration
differencing is done with a degree of one, the ACF will look as Figure 5-7. If, however,
single degree differencing and seasonal differencing at 24 hours are applied, the ACF and

the PACF will look as shown on Figure 5-8 and Figure 5-9 respectively.
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Figure 5-7 ACF differenced, transformed DA prices
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Figure 5-8 ACF differenced (seasonal + integration), transformed DA prices
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Sample Partial Autocorrelation Function
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Figure 5-9 PACF differenced (seasonal + integration), transformed DA prices

It can be noticed that the ACF and PACF are now more stable with fewer obvious lags. On
the PACF plot, the lags are at multiples of 23 and 24 hours. This can be considered as
seasonal AR lags. The major significant lags on the ACF are at 23 and 24 hours and those
can be considered as seasonal MA lags. After that, based on the BIC, the order of p and q
can be selected. In this case, p was selected in the order of 2 and q in the order of 1. Since
the model has been specified, the parameters can be estimated and therefore, the next 24
hours DA prices can be forecasted. Figure 5-10 shows the forecasted and actual prices of

the 23" of May 2011.
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Figure 5-10 Actual and forecasted DA prices 23 May 2011

The same analysis shown above can be applied to the RT market prices and the wind speed
or wind power forecast. The actual and forecasted figures of the RT market prices and the
wind speed are shown on Figure 5-11 and Figure 5-12 respectively. The wind speed is less
accurate as ARIMA is not very good for long term forecast (more than 10 hours) for data
such as wind speed data due to its high volatility. ARIMAX could be used as an alternative
in this case. However, the accuracy of this forecast is acceptable and thus, it will be

considered in the rest of the analysis.
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Figure 5-11 Actual and forecasted RT prices 23 May 2011
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Figure 5-12 Actual and forecasted wind speed 23 May 2011



Multiple notes can be made here on the data shown above. First, the wind speed for the
next 24 hours can be forecasted for the DA market model. However, for the RT model, it
can be sequentially forecasted on hourly basis since in reality, the RT bidding is done on
hourly basis. If this sequential forecasting model is applied, the output will look as shown
on Figure 5-13. The same concept can be applied to the RT market prices as shown on

Figure 5-14.
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Figure 5-13 Actual and forecasted sequential wind speed 23 May 2011
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Figure 5-14 Actual and forecasted sequential RT market price 23 May 2011

Another note is that the real-time market prices are highly correlated to the day-ahead
market prices. In order to avoid this high correlation and have independent variables in the
model of study, the RT prices will not be considered. The difference between the Day-
ahead and real-time prices which will be called the residual prices is going to replace the
RT prices. This residual price can be forecasted for the next 24 hours as well as sequentially

as shown on Figure 5-15 and Figure 5-16 respectively.
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Figure 5-16 Actual and forecasted sequential residual price 23 May 2011

Lastly, for stochastic modelling, multiple scenarios should be considered. Therefore, based
on the obtained SARIMA models, multiple scenarios should be forecasted. Based on the

theories explained in the previous sections/chapters, forecasting can be done with a specific
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number of scenarios. Five scenarios for each uncertain parameter will be considered.
Figure 5-17 to Figure 5-19 show the five scenarios for each uncertain parameter namely
wind speed, DA price and residual price respectively. Each of the five scenarios has a 20%
probability. It must be noted that every time the model is run, the forecasted scenarios

might be slightly different.
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Figure 5-17 Five scenarios wind speed 23 May 2011
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Figure 5-19 Five scenarios residual price 23 May 2011

5.1.3 DA Market Scenarios Data

The components of the VPP have been modeled and the data related to each model has

been presented. The data related to the possible scenarios and how they evolve/change each
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hour are placed into separate sections. In this subsection, the data related to the uncertain
parameters in the DA market will be presented. In the next subsection, the data related to
the uncertain parameters of the RT market will be presented. Five possible scenarios are
considered for each uncertain variable and they all have equal probability. Since there are
three uncertain variables; each with five scenarios, a total of 125 scenarios will be
generated. The uncertain parameters, their scenarios, and parameters for the DA market are

presented on Table A-12 to Table A-16.

Table A-16 shows the possible scenarios for the residual prices of the RT market. It must
be noted that each scenario of them will be added to each of the possible scenarios of the
wind speed. This will result in 25 scenarios of the wind speed and real-time market price
pairs. It must also be noted that the residual price will be added to the DA market price in

order to get the RT market price.

5.1.4 RT Market Scenarios Data

The RT market simulation has to be done 24 times for the 24-hour time span. Thus, the
data has to be prepared and segmented into 24 segments. In each segment/ hour, the RT
price of the previous hour would be known. In addition, the renewable energy source output
of that hour would be known as well with high certainty since it is not expected that the
renewable energy source output will change a few minutes after bidding. This is the case
because the bidding is done on hourly basis. Therefore, the data highlighted in bold on the

tables reflect known/actual values while the non-bold values are estimates. The actual DA
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market prices are the same as in Table A-13. Table A-17 to Table A-21 show the actual
values of the uncertain parameters to be used in the RT market simulation in addition to

the possible scenarios for the RT market simulation for the first hour of simulation.

During the second hour, the data will be different. This is because of a couple of factors.
First, the RT market price of the previous hour has become known and it can be used in
the prediction of the future hours’ data. The same thing applies to the renewable energy
source output. Its output for the previous hour and the current hour have become known
and they can be used in the prediction model. This will make the scenarios generated
different and thus the data will not be exactly the same as in the first hour. Moreover, during
the simulation of the second hour for example, the first hour will be removed from the span
of the study. Thus, the number of equations will be reduced with every simulated hour.
Since the data will be too big to be all presented here, the data for the second and third
hours will be shown and the rest of the time span will follow the same concept. This data

1s shown on Table A-22 to Table A-25.

5.2 DA Market Simulation

Based on the data and the model presented on the previous sections, the Day-ahead and
real-time markets were simulated for 24 hours. The DA market simulation includes both
the Day-ahead and real-time markets forecast. Therefore, as part of the DA market
simulation, the scheduled power for the RT market as well will be obtained. However, the

obtained power for the RT market will not be considered at this stage. It will be done on
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hourly basis as per the RT market model. The RT market simulation includes the actual
scheduled power from the DA market simulation. Therefore, the RT market simulation will

have the final hourly dispatch parameters.

Table B-1 and Table B-2 show the results of the MILP for the DA market in terms of
scheduled power and prices respectively. There are five scenarios considered for a 24-hour
time span. It can be seen that the scheduled power is at the maximum limit of power trade
with the electricity market at almost all hours. It is either at the maximum limit of power
purchase which is 200 MW or the maximum limit of power sale which is 300 MW. To

analyze this behavior hour by hour, Table A-14 and Table A-16 shall be considered.

It can be seen that the forecasted price of the RT market in the first two hours is higher
than the forecasted DA market prices of the same hours in almost all forecasted scenarios.
Therefore, it would be logical to purchase power from the DA market when the prices are
lower, and then sell the extra power in the RT market when the prices are higher. When it
comes to the next hour, the opposite idea happens. The forecasted prices of the RT market
are lower in most of the scenarios. There are some scenarios where the RT market prices
are higher, however, the residual of those prices is smaller compared to the other scenarios.
Therefore, the system decides to sell power in the day-ahead market when the prices are
high and tries to purchase power from the real-time market when the prices are lower. This
unfortunately did not happen as all the bid prices of all scenarios are higher than the market

clearing price.
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Again, the same concept that was applied to the first two hours repeats for the 4™ and 5%
hours. The sixth hour however has a different behavior. The operator decided to sell 300
MW though there is no clear pattern that can be seen in the forecasted prices. It can be seen
that there are three scenarios where the real-time market prices are higher and two scenarios
where the real-time market prices are lower compared to the day-ahead market prices. The
residual is also high on both the positive and negative sides. Therefore, there is no clear
pattern that can be concluded at this hour and the result will be dependent on the overall

optimization decision. The same analysis can be applied to the rest of the scheduling scope.

Referring to Table A-13 where the actual DA market prices are provided, the clearing
power can be obtained. The actual DA market price for the first hour is 33.72. The five
forecasted scenarios of the prices for the first hour are all above 33.72. Thus, all scenarios
are valid. This is because the VPP operator decided to purchase 200 MW and to be able to
purchase, the bid price has to be equal to or higher than the market clearing price. In this
case, all the five scenarios are bidding to purchase 200 MW of power with a price higher
than the clearing price. Therefore, the scenario with the highest amount of power will be
the one selected. In this case, all the scenarios have the same bid power and thus, the final
bid power will be 200 MW as shown on Table 5-1. On Table 5-1, some points/hours are
not shown such as the third hour. This means that the scheduled power at this hour is zero.
To investigate why the third hour for example has zero scheduled power, the offer and

clearing prices shall be compared.
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At the third hour, the actual DA market clearing price is 28.94 $/MWh. By looking at the
offered power and prices, it can be seen that the VPP wants to sell 300 MW at this hour.
Therefore, the VPP has to offer with prices equal to or less than 28.94 $/MWh. Otherwise,
the VPP will fail to schedule the planned power. Unfortunately, all the offer prices are
higher than the market clearing price and thus, the VPP fails to dispatch power in the day-
ahead market at the third hour. Following the same analysis, the results for the rest of the

planning scope can be obtained.

Table 5-1 DA market final scheduled power

Hour Power (MW)
t1 -200
t2 -200
t4 -200
t5 -200
19 -200
t10 -200
112 300
t13 300
t14 300
t15 300
t16 300
t17 300
118 300
t19 300
120 300
122 300
123 300

Based on the results of the simulation of the DA market, the simulation for the RT market
can be done. It should be noted that the day-ahead market scheduled power is necessary as
an input to the real-time market simulation. Thus, the simulation has to be done in an order

which mimics the real-life behavior as well. First, the DA market bidding/offering is done.
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After that, the power mismatch can be handled in the balancing or RT market. Since the
DA market bidding/offering is done for the 24 hours at once, the revenue will be calculated
as the total revenue of the full day as shown on Table 5-2. The scheduled power is plotted

on Figure 5-20.

Table 5-2 VPP DA market actual revenue
Revenue ($) | 110,793
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Figure 5-20 DA market final scheduled power

5.3 RT Market Simulation

In the case of the RT market simulation, there are 25 scenarios to be considered. Five

scenarios for the RT market prices and five scenarios for the renewable energy source
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output are considered. Thus, a total of 25 scenarios. Due to the density of the data, it will

be divided into five scenarios per table. The data is provided in Table B-3 to Table B-12.

By looking at the tables above and assessing the scenarios in relation with the results of the
DA market simulation, some conclusions can be drawn and the VPP behavior can be
evaluated. For example, on the first, second, fourth and fifth hours in the RT market, the
scheduled power is zero. Going back to the DA market, it can be seen that during those
hours, the VPP has already purchased the maximum possible amount of power. Therefore,
it is expected to either sell energy in the RT market or not to make any trade in the RT
market. But it surely cannot purchase any extra amount of power. When it comes to the
third hour, the pattern is well predicted. The VPP has traded no power in the DA market at
this hour. This implies that it will need to purchase power during this hour to satisfy its
minimum demand requirement especially when the output of the renewable energy source
is low. During the sixth hour in the DA market, the VPP traded zero MW. So, it can either
purchase until it reaches a maximum of 200 MW or it can sell in the RT market. In this
case, the VPP has decided to purchase up to the maximum of the allowed amount of energy.
This could be due to the fact that it could not supply its own demand at this power with the

available resources. The same procedure can be used to analyze the rest of the 24 hours.

It is important to note that the RT market is an hourly market. Therefore, during the
planning of the second hour, the results of the first hour would be already available which
could change the decision making of the VPP. Taking the sixth hour for example: why did

the VPP decide to purchase power? The answer lies in the fact that it did not purchase any
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energy on the DA market at the same hour. Therefore, it is expected that the storage units
are already completely discharged and that the renewable energy source is giving a small
amount of power. Thus, the network is relying completely on the supply from the
conventional power source. This implies that the VPP will need to purchase extra power
from the grid. Therefore, thorough analysis shall be done in order to understand the
behavior of the system. On the next tables, where the battery charging status is presented,

it may confirm the current analysis of the results.

Now that the price and power curves are available, the RT market clearing price is needed
in order to obtain the actual dispatched power. The actual RT market prices were shown
previously on Table A-18. On the third hour, the forecasted prices of the RT market vary
generally between around 33 $/MWh to around 36 $/MWh. The actual market clearing
price is 30.96 $/MWh. Therefore, it is expected that the deal will be executed since the

offer price falls within the scenarios range. Figure 5-21 shows a plot of the RT market

scheduled power.
Table 5-3 RT market final scheduled power
Hour Power (MW)
t3 -200
t6 -200
t7 -200
18 -200
t11 -200
t13 -421.11
t14 -500
t15 -500
t16 -500
t17 -500
t19 -500
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Figure 5-21 RT market final scheduled power

On Table 5-3, the final scheduled power in the RT market is decided. As per the analysis
carried above, all the results are acceptable in terms of scheduling, dispatching, bidding
and offering. However, at 4 hours of the day, there is an issue due to the difference between
scheduling and dispatching. On Table 5-3, some hours are not shown and that is because
the power at those hours is zero. This is because the bid/offer price did not match that of
the market clearing price. Therefore, the dispatched power will be as on Table 5-3. This
has caused an issue on the 12", 18" 20™ and 23" hours. The issue was caused because the
VPP has made a plan/schedule in the Day-ahead and real-time markets based on forecasted

data. This forecasted data did not match the actual one very well which caused the VPP to
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be unable to participate in the markets at some hours. This is normal only if the VPP can
satisfy its own demand during the hours when it failed to participate in the markets. On
those aforementioned four hours, the issue that happened is that the virtual power plant

could not win the bid in the RT market and was unable to supply its own demands.

The VPP in this case has to solve the issue of power mismatch through any other source as
it cannot any longer handle it through the DA or RT markets. This will probably as well
cost higher amount of money. In other words, the MILP is not feasible at the 12, 18™ 20t
and 23" hours. Based on the dispatched power as shown above, the revenue of the VPP
can be obtained as shown on Table 5-4. This revenue is related to the RT market only. It
can be added to that of the DA market in order to obtain the overall revenue, profit, and

dispatch parameters.

Table 5-4 VPP RT market actual revenue

Hour Revenue (S)
t3 -6,042
t6 -6,414
t7 7,926
18 -7,102

t11 -7,202
t13 -20,107.8

t14 -20,260

t15 -17,510

t16 -17,460

t17 -17,995

t19 -18,820

121 -7,546

22 -17,185
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Table 5-5 Conventional generator status
Hour Conventional Generator Status (1=up)

t1
t2
t3
t4
t5
t6
t7
t8
t9
t10
t11
t12
t13
t14
t15
116
117
118
t19
t20
121
122
123
t24

RlRr|R|RPRIR[RR[R|IR|IRPR|IRPR|RPR[RPR[R[RIR|IRPR|IRPR|RPR|RPR|R[R[RLR |

Table 5-6 Storage charge and discharge

Hour Storage Discharge (MWh) Storage Charge (MWh) State of Charge (MWh)
t1 100.00 0.00 88.89
12 69.15 0.00 12.06
3 10 0.00 0.95
t4 0.853 0.00 0.00
t5 0.00 0.00 0.00

It can be seen from Table 5-5 and Table 5-6 that the conventional generator was running
during the whole scheduling scope. Also, it can be seen that by the 5™ hour, the storage

unit has become completely discharged. This agrees with the previous analysis for the 121,
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18" 20" and 23™ hours. By the 12" hour for example, the storage unit was completely
discharged and it is expected also that the conventional generator would be running at the

maximum possible output while the renewable energy source output is expected to be low.

Table B-13 to Table B-17 show the demand at each bus. Each demand is composed of four
loads. Table 5-7 shows the power of all the sources in the VPP in addition to the total
demand of the VPP at each hour. The total demand is the summation of all demands
aforementioned in the previous tables. This table gives clear understanding on whether the
VPP will need to purchase or sell energy at each hour or not. It can be seen that that the
demand is much higher than the generation at almost all hours and thus the VPP will need
to purchase energy overall. Only at the last hour of the planning scope it can be noticed

that the VPP has equal power generation and demand.

Table 5-7 Power Exchange

Total
Conventional Renewable Source | Storage Energy | Generati Demand
Generator (MW) (MW) (MW) on (MW)

(MW)
t1 170.00 1.83 100.00 271.83 471.83
12 230.00 0.85 69.15 300.00 500.00
13 290.00 10.00 300.00 500.00
t4 294.00 0.69 0.85 295.54 495.54
t5 294.00 294.00 494.00
16 294.00 294.00 494.00
t7 294.00 294.00 494.00
18 294.00 1.25 295.25 495.25
19 294.00 0.36 294.36 494.36
t10 294.00 294.00 494.00
t11 294.00 5.71 299.71 499.71
t12 294.00 3.62 297.62 497.62
t13 294.00 5.65 299.65 420.75
t14 294.00 8.52 302.52 502.52
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Total
Conventional Renewable Source | Storage Energy | Generati Demand
Generator (MW) (MW) (MW) on (MW)

(MW)
t15 294.00 8.84 302.84 502.84
t16 294.00 7.01 301.01 501.01
t17 294.00 12.51 306.51 506.51
t18 294.00 14.74 308.74 508.74
t19 294.00 9.64 303.64 503.64
t20 294.00 6.67 300.67 500.67
t21 294.00 3.11 297.11 497.11
122 294.00 10.03 304.03 504.03
t23 294.00 11.10 305.10 505.10
t24 294.00 11.26 305.26 305.26

Table 5-8 Day-ahead and real-time markets final scheduled power

Hour DA Power (MW) RT Power (MW) Total Power (MW)
t1 -200 0 -200
t2 -200 0 -200
13 0 -200 -200
t4 -200 0 -200
t5 -200 0 -200
t6 0 -200 -200
t7 0 -200 -200
18 0 -200 -200
t9 -200 0 -200
t10 -200 0 -200
111 0 -200 -200
t12 300 0 300
t13 300 -421.11 -121.11
t14 300 -500 -200
t15 300 -500 -200
t16 300 -500 -200
t17 300 -500 -200
118 300 0 300
t19 300 -500 -200
120 300 0 300
121 0 -200 -200
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Hour DA Power (MW) RT Power (MW) Total Power (MW)
122 300 -500 -200

123 300 0 300

124 0 0 0

Lastly, Table 5-8 confirms all the previously made analysis. Looking at the total
power/energy exchange we can find that the VPP will almost always need to purchase
power from the grid. The only exclusion is the last hour which is balanced. The issue now
becomes very clear for the 12, 18", 20" and 23™ hours. The reason why an issue happened
is because the VPP decided to sell energy in the day-ahead market assuming it will be able
to buy it again in the RT market to make profit. Unfortunately, due to the failure of meeting
the market clearing price at the RT market, the scheduling did not go as planned and the

VPP failed to supply its demand at those hours.
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Figure 5-22 Conventional generator power generation
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Figure 5-24 Storage power generation
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Figure 5-26 Total demand
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Figure 5-22 to Figure 5-24 show the power generation of the conventional generator,
renewable energy source and the storage unit respectively. Figure 5-25 shows the total
power generated by the VPP while Figure 5-26 shows the total demand required by the
VPP. Figure 5-27 presents the cumulative power generated, traded with the market and the
demand. First, the conventional generator power is plotted, then the renewable energy
source power is added to the conventional one and plotted. Next, the storage unit generated
power is added to the previous two and plotted. Lastly, the power traded with the market
is added to them and plotted. The overall plot matches the demand plot except for 4 points
where the VPP plan did not converge as mentioned earlier. It can be seen that at some
points, the power generated is negative. This means that the power sold to the network is
more than the total power generated by the VPP which is a possible consequence of the

non-convergence of the model at this hour.
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Table 5-9 Hourly net profit without DA market revenue

Hour Profit (utility — generator cost) ($) | RT Revenue ($) Net profit (S)
hl 25,277.52 0.00 25,277.52
h2 25,901.50 0.00 25,901.50
h3 23,184.50 -6,042.00 17,142.50
h4 22,748.53 0.00 22,748.53
h5 22,661.90 0.00 22,661.90
h6 22,661.90 -6,414.00 16,247.90
h7 22,661.90 -7,926.00 14,735.90
h8 22,598.08 -7,102.00 15,496.08
h9 17,610.61 0.00 17,610.61
h10 17,707.37 0.00 17,707.37
h11l 17,960.37 -7,202.00 10,758.37
h12 17,804.58 0.00 17,804.58
h13 14,111.75 -20,107.76 -5,996.01
h14 18,098.12 -20,260.00 -2,161.88
h15 18,070.21 -17,510.00 560.21
hl6 17,967.63 -17,460.00 507.63
h17 21,723.10 -17,995.00 3,728.10
h18 21,847.31 0.00 21,847.31
h19 21,566.64 -18,820.00 2,746.64
h20 21,403.33 0.00 21,403.33
h21 21,207.61 -7,546.00 13,661.61
h22 21,621.39 -17,185.00 4,436.39
h23 21,679.47 0.00 21,679.47
h24 10,230.25 0.00 10,230.25

Table 5-9 shows the utility profit which is the profit the VPP will make by supplying its
own demand. In addition to this profit, there is a revenue made by selling to or purchasing
from the electricity market. Adding those together will result in the net profit. However,
the revenue of the VPP overall is still not yet finalized as it must be added to the revenue
of the DA market. The DA market revenue was not added to the last table since it is
calculated for the 24 hours and not on hourly basis. Therefore, Table 5-10 shows the overall

net profit which is the summation of the hourly profit shown on Table 5-9 in addition to

148




the DA market revenue. By this, the simulation of the two markets is done and the final net

profit is calculated.

Table 5-10 DA and RT markets net profit

Utility and RT Profit ($)

DA Market Net Profit ($)

Net profit (S)

316,735.82

110,793

427,528.82

5.4 Weighing Factor Effect

In this section, the weighing factor, beta, of the CVaR model will be varied from 0 to 2.0

to see its effect on the worst-case scenario consideration. The effect of varying beta from

0 to 2.0 is going to be presented through the figures of the DA market energy exchange,

RT market energy exchange, total demand, total generation, and the total profit.
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Figure 5-28 DA market energy exchange VS beta
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It can be seen that the demand and generation are almost exactly the same for all values of
beta with slight variation at the early hours of the day. On the other hand, there is some
difference at the 6 hour in the Day-ahead and real-time market energy exchange. Those
slight differences are eventually translated as profit or loss. It is presumably expected that
the overall profit of the two markets shall decrease with the increase of the risk weighing
factor, beta. This is exactly what is shown on Figure 5-32 where the scenario where beta
equals zero has the highest profit. Also, the scenario where beta is the highest results in the

lowest profit.

5.5 Models Comparison

In the section where the values of beta are compared, the case of beta equals zero is
considered. This is in fact the stochastic model without consideration of risk. Therefore,
there are now two available models to compare. The main model presented in this
dissertation with beta equals one and the model that does not consider risk where beta is
equal to zero. Another model that is useful to add for the comparison purposes is the
deterministic model. By comparing those three models, the dissertation would have
covered all the non-robust optimization MILP models of the VPP in the Day-ahead and

real-time markets.

It can be seen from the comparison shown on tables Table B-18 to Table B-22 that the
deterministic model has failed at a higher number of hours. The hours of failure of power

balance are marked in red on the tables. The deterministic model has succeeded to
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participate at all hours of the DA market and failed to participate at many hours of the RT
market which has resulted in the power imbalance with that high rate. The tables of demand
and generation are relatively close at all hours for all models. As expected, it can be seen
on Table B-22 that the deterministic model has higher profit from both the Day-ahead and
real-time markets compared to the other models and thus higher overall profit. The other
two models have close values in terms of profit with the model that considers risk being
the lowest profit maker. Table B-18 to Table B-22 are presented into figure form for an

easier visual understanding of the results as per Figure 5-33 to Figure 5-37.
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Figure 5-33 DA market power
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It can be concluded that the deterministic model fails to make the right predictions and thus
fails to balance the power. Therefore, a model with higher historical data dependance and
multiple possibilities considerations is required. The deterministic model also gives very
optimistic profit expectation which is not realistic due to the fact that loss of power balance

may and most probably will cost the VPP owner a lot more than the extra expected profit.

5.6 ARIMA VS Sequential ARIMA

In literature, many research papers consider a short prediction scope, usually less than 10
hours when it comes to using the ARIMA model or even other models that predict future
data points. This is especially the case when it comes to the wind power data for example.
Wind power is hard to predict using ARIMA for a big number of future hours. A good
suggestion to overcome this issue is to use ARIMAX where both the wind speed and wind
power data are used in order to predict future wind power data points. Nevertheless, a
prediction in general becomes less accurate if a big number of forecast hours are

considered.

In literature, an ARIMA model is usually developed then used to predict the future data
points in the study horizon of the research. What is recommended in this dissertation is to
make use of the fact that the RT market is an hourly market unlike the DA market. This
means that for the DA market, a similar style to literature is used where the full time-
horizon of the study, 24 hours here, is predicted at once. However, for the RT market, it is

proposed to use sequential/ hour-by-hour forecasting instead. This means that for the first
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hour of the time horizon, the 24 hours scope is predicted. Before the second hour, the first
hour data has become known and thus, it can be included in the historical data before

predicting the second hour. This pattern is followed until the full time-horizon is covered.
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Figure 5-38 RT market price VS forecasts
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Figure 5-39 Wind speed VS forecasts

On Figure 5-38, the actual RT market prices for the 24 hours of the study scope are
presented. Along with that, the forecast of the 24 hours is shown on the same figure where
the forecast of all the 24 hours is made at once. Additionally, the proposed sequential
forecasting is presented on the same figure. It can be seen that both forecasting methods
are relatively good with no major difference. Nonetheless, the case is different with the
wind speed data shown on Figure 5-39. It can be seen that the proposed model of sequential
forecast is much closer to the actual data than the ordinary method. Table 5-11 shows the

root mean square error (RMSE) which confirms the explanation above.
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Table 5-11 RMSE of ARIMA and Sequential ARIMA

Proposed Sequential
Ordinary Forecast Model
Forecast Model
RMSE of RT Market
3.79 3.79
Prices
RMSE of Wind Speed 1.55 0.846

5.7 Generator Variable Cost Models Comparison

Getting back to the main model considered in this research, the stochastic model
considering risk with beta equals one, two sub-models will be evaluated. In this research,
it is proposed to use a variable generator cost model into the MILP for higher accuracy.
This part is usually simplified in literature by taking the variable generation cost as a fixed
value multiplied by the generator’s output power. A good example of this simplification is
the case presented in [170]. A linearization method is used in this research to convert the
piecewise variable generation cost model into a LP model. This is expected to result in
higher accuracy which will be presented through the comparison of the system having the
simplified variable generation cost model to the system having the proposed variable

generation cost model.

After running the two simulations, the data is almost identical in terms of DA market
power, RT market power, demand, and generation. Thus, presenting this almost-identical
data will be avoided as it has already been presented earlier. The major difference is in the

revenue achieved from the utility.
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Table 5-12 Proposed VS simplified generator variable cost model

Percent
Hour | Proposed Model Utility (S) | Simplified Model Utility ($) | Difference ($) | Difference
(%)

1 25,277.52 25,035.07 242.45 0.96%
2 25,901.50 25,660.50 241.00 0.93%
3 23,184.50 23,096.30 88.20 0.38%
4 22,748.53 22,738.68 9.85 0.04%
5 22,661.90 22,699.90 -38.00 -0.17%
6 22,661.90 22,699.90 -38.00 -0.17%
7 22,661.90 22,851.95 -190.05 -0.84%
8 22,598.08 22,636.08 -38.00 -0.17%
9 17,610.61 17,648.61 -38.00 -0.22%
10 17,707.37 17,748.90 -41.53 -0.23%
11 17,960.37 17,959.71 0.66 0.00%
12 17,804.58 17,880.61 -76.03 -0.43%
13 14,111.75 14,112.75 -1.00 -0.01%
14 18,098.12 18,147.22 -49.10 -0.27%
15 18,070.21 18,082.61 -12.40 -0.07%
16 17,967.63 18,005.63 -38.00 -0.21%
17 21,723.10 21,761.10 -38.00 -0.17%
18 21,847.31 21,885.31 -38.00 -0.17%
19 21,566.64 21,604.64 -38.00 -0.18%
20 21,403.33 21,441.33 -38.00 -0.18%
21 21,207.61 21,245.61 -38.00 -0.18%
22 21,621.39 21,659.39 -38.00 -0.18%
23 21,679.47 21,717.47 -38.00 -0.18%
24 10,230.25 10,268.25 -38.00 -0.37%

It can be seen that the simplified model which is a linear approximation has an error of

around +-0.5% per hour due to the simplification used. This is happening because the

simplified model uses a fixed average slope for the variable generation cost and multiplies

it by the amount of power generated. This will result into a linear relationship between the

variable generation cost and the power generated. The proposed model is however

piecewise model which is more realistic, more accurate, and also results into higher
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expected profit. In some papers, a more accurate model is used such as the model used in
[76], [171] and [181]. The model in those references uses constraints to introduce the
piecewise model of the generator variable cost which gives exactly the same results as the
proposed model. Thus, the model in [76], [171] and [181] is equivalent to the proposed
model in terms of accuracy. Nonetheless, as per [182], the SOS2 model is only
computationally faster. The SOS2 model and the constraints model were tested to assess

the computational speed of each model.

As shown on Table 5-13, it has been found that the SOS2 model consumed 50% more time
for one iteration of simulation compared to the constraints model when it executed the
same task. This could be due to the limited number of blocks used to represent the variable
generation cost. The claim made in [182] could be correct for cases where the piecewise

curve has a bigger number of blocks. It is however proven to be slower in this case.

Table 5-13 SOS2 Vs Constraints models speed comparison

Model Time (seconds)
SOS2 Model 120
Constraints Model 80
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CHAPTER 6

Energy Pool Based VPP

6.1 VPP Model Expansion

It can be seen from the previous sections that the failure rate of participation into the RT
market was high which requires a more sophisticated methodology in order to reduce this
high failure rate. Additionally, the loads though being flexible, are general loads. It is
important to include specific loads into the VPP for a more advanced modelling and deeper
analysis of more realistic cases. It is proposed to include a water desalination unit (WDU)
as a specific load type due to its importance especially in countries that rely heavily onto
water desalination such as Saudi Arabia. Water desalination units have a huge
infrastructure and they can serve as virtual storage units. These reasons make it very
essential to consider such type of load and to consider its way of interaction with the

electrical network.

In order to reduce the failure rate of participation into the market, it is proposed to add
reliability as another objective in this multi-objective optimization model. Therefore, the
model will try to maximize profit, reduce cost, and increase the reliability of the VPP in

terms of success rate of participation into the electricity markets. Based on these
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amendments to the proposed model a comprehensive multi-objective VPP would be ready

for further analysis and thus for the construction of a VPP cluster.

6.2 Energy Pool Introduction

The idea of energy pool (EP) is used in literature with microgrids mainly. An energy pool
is a common source of power between multiple microgrids. The idea of combining multiple
microgrids with a common energy pool is called microgrid clustering. Therefore, the
structure of a microgrid cluster has a central energy pool which is common between
multiple microgrids that can be AC microgrids or DC microgrids. The energy pool could
be a set of batteries that are exchanging power with the microgrids through a power

exchange unit (PEU).

The microgrid cluster mainly aims to have power balance in all the interconnected
microgrids through some control strategies onto the PEU, [175]. The control can be through
the assessment of the voltage of the DC bus for DC microgrids and through monitoring the
frequency of the AC bus of AC microgrids. Applying the interconnection between the EP
and the MC can be a permanent structure and can be based on some criteria. For example,
the MC may connect to the EP in case of a blackout that results into the MC working on
an islanded mode, [176]. The structure of the microgrid clusters can be concerned with DC
microgrids only, [177]-[179], and can be concerned with mixed AC and DC microgrids,

[175], and can even be concerned with PV based microgrids only, [180]. The structure of
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the MC specifies the range of control schemes that can be used in order to achieve power

stability.

6.3 Developed VPP Cluster

The idea of connecting an energy pool to a VPP has not been assessed in the literature
before and this is due to the fact that a VPP’s main objectives are to maximize profit
through participation into the electricity market and to ensure the reliability of this
participation into the markets. Therefore, it is an economic point of view while an energy
pool is not used for the purpose of profit making but rather for the purpose of power
balance. In this research, it is proposed to develop a structure that combines the EP with
the VPP for the power balance purposes along with profit maximization. Therefore, this is
a new development that has not been introduced into the literature before. The next

flowchart explains how the interaction between the different VPPs and the EP will be like.
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It can be seen from the flowchart above that the energy pool has a varying behavior
depending on the situation. In order for the EP to do the power balance task, the economic
aspect has to be considered. Thus, every power transaction between the EP and the VPP
shall be recorded just like every transaction between the VPP and the electricity market is
recorded. This is not the only issue. The issue is that the EMS of the VPP has to account

for all the units involved into the power exchange process for each hour of the RT market

problem for all VPPs

l
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Figure 6-1 EP and VPP flowchart
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and for the full span of the DA market. If the EP is acting as a storage or power source,
then, how can the EMS return back the energy taken from the EP? And if the EP is
considered as a load that takes energy from the VPP, then how will it supply the VPP when
it has power imbalance? Therefore, the EP will have an alternating behavior being a load

or a source based on the situation.

Consider a 24-hour time span for the RT market; knowing that the DA market simulation
is unaffected by the EP. That is because any power imbalance will only appear after the
RT market clearance at each hour. There might be lack of power after the DA market
clearance but that could possibly be substituted by purchasing power from the RT market.
Therefore, the EP is only activated after the clearance of each hour of the RT market. The
planning will start by setting the hours counter to one then checking whether the VPP owes
the EP power or not. If the VPP owes the EP power, the EP has to be connected as a load
so that the EMS of the VPP can return back the power taken from the EP back to the EP.
If the VPP does not owe the EP any power, the simulation will run normally without
considering the EP being connected at all. The scheduling will be done and the RT market
will be cleared for that hour. Based on the clearance conditions of the market, the VPP
might have a failure at dispatch and it might have power balance. If the power generated is
equal to the demand, then, the system has become successfully dispatched at that hour and
the counter increases the hours by one and repeats until the 24" hour is reached. In case at
dispatch a power imbalance condition is found, the dispatch will be planned again after the
EMS runs a dispatch model considering the EP being connected as a source. The EP may
be able to cover for the power imbalance and then the system moves to the next hour until

the end of the planning scope.
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The following two equations govern the process of interaction between the EP and the

VPP:
EPPTofit — (6-1)
VPPEPIIOﬂt — _Af}T,act % PtO'EP (6—2)

Where y stands for the time when the VPP has given power to the EP. The design of the

VPP cluster is shown on Figure 6-2.
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)

Figure 6-2 VPP Cluster

VPP1
UddA

A powerful EMS shall be used in order to be able to manage the idea of altering the nature

of the EP between being a source and a load depending on the situation. Additionally,
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keeping track of the SOC of the EP after every transaction with every VPP is not an easy
exercise. Each VPP will have the ability to interact with the EP and the ability to consider
it a load or a source. Thus, assuming there are 3 VPPs connected, each VPP is participating
in both the Day-ahead and real-time markets, and each VPP has the ability to be connected
to the EP where the EP acts either as a source or as a load, the communication and control
strategies have to be well designed. The design of this system will be done on two stages.
First, the connection between the EP and one VPP will be made. The cluster of one VPP
and one EP will be simulated to test the design and to prove the concept. Second, three
VPPs will be connected to the EP and the EMS strategy will be modified accordingly in
order to account for all the possibilities of interaction and the system will be simulated as
well. For simulation purposes, the second and third VPPs will be slightly modified versions

of the originally studied VPP.

6.4 Water Desalination Unit

In order to add a water desalination unit (WDU) as a specific load type, it must first be
modelled as a set of linear equations in order to be incorporated into the VPP MILP model.
With reference to [183], the set of linear equations that govern the operation of a WDU are

set as follows:

Wawi® + Wauhl = wdyh? ,vw € QY,vt € QT, vy I*" (6-3)
WdlRy = wdbi®™ « wdb’"  ww e ¥, vt € QT, vy " (6-4)
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WDU

w
Paysy = 2wy (pEYPY 4 KKWh . PTYPU) v € ¥, vt

joule

1000

€ 0T, vy X7

0 < Wanh! < Wgll€,vw e ¥, vt € T, vy o*"

WgiP

Waw® =—

,Yw € QW, vt € QT, vy kT

Wit = Wl — Wity yw € Q¥ vt € QT vy "

0 < Wyt < WPCS ,vw € Q¥,vt € T, vy I*"

0 < WphE < WPChs ,vw e ¥, vt € QT, vy ¥

BTS¢ and BTpf are binary ,Yw € Q%,vt € QT, vy ¥

BTSRG + BT < 1,vw € Q%, vt € QT, vy ¥

Wiht < M = BTG, Yw € QW, vt € QT, vy I*7

WPRIs < M = BTDE ,vw € Q¥, vt € QT, vy ¥
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Wt = Wia, + WSBE * At — WO + At ,Yw € Q% Vt

ty
(6-15)
€ OT, vy nt?
0 < WlEk < wehak  vw e Q¥, vt € a7, vy i’ (6-16)
Wik * At < Wier, vw € Q¥, vt € QT vy n*7 (6-17)
Z W‘,f,’tif, * At = Z Wit * At ,Yw € Q¥, vy I’ (6-18)
t t

Where W g&}%ﬂ" refers to the water generated by the tank of the WDU [m3], W gM”,/g,U refers
to the water generated by the WDU [m3], Pd“f,/g,u is the total equivalent electric demand
of the WDU [MW], WM%S, is the discharged water from the tank of the WDU [m3], WM%L]?
is the charged water to the tank of the WDU [m3], BTMC,?;‘ is a charging indicator of the
tank of the WDU, BT‘B,ff, is a discharging indicator of the tank of the WDU, W,/2"™ is the

water stored in the tank of the WDU [m3], Wd‘I,’VVg,U is the water demanded from the WDU

[m3], WdPe™ is the daily peak water demand of the WDU [m3], Wd" " is the

wt
normalized water demanded of the WDU, PEYPVY is the electric power consumption of the

WDU [kW /m3], K[SuT. is a conversion factor from Mega Joule to kW [0.277778], PT,/"Y

is the thermal energy consumption of the WDU [M] /m3], W gHC is the hourly maximum
water generation capacity of the WDU [m3/h], W gIP¢ is the total daily water generation

capacity of the WDU [m3], WPCE is the water charging capacity of the tank of the WDU
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[m3], WPCD'S is the water discharging capacity of the tank of the WDU [m?], M a big

value positive constant, and WL is the total capacity of the tank of the WDU [m3].

The first equation states that the water generated by the WDU and its tank are equal to the
water demanded. The second equation calculates the hourly water demand based on a
normalized profile and a peak demand value. The total equivalent electric power
consumption of the WDU is calculated through the third equation while the fourth equation
limits the water generation of the WDU to the maximum possible water generation capacity
of the WDU. The maximum hourly water generation capacity of the WDU is calculated by
dividing the total daily capacity of generation by the 24 hours of the day as per the fifth
equation. The sixth equation defines the water generated by the tank as the difference
between the water discharged and the water charged to the tank and the two equations after
that limit the charging and discharging capacities respectively. The 11% 12" and 13%
equations force the tank to either charge or discharge while M is a big value positive

number to avoid any conflict between those equations and equations seven and eight.

The next three equations define the water level in the tank, its maximum and minimum
states, and that the maximum water discharged cannot go beyond the existing water level
in the tank. Lastly, the last equation is specifically related to this type of load. For water
desalination units, there is a health consideration of the duration of water storage into the
tanks. To avoid storing water into the tanks for a long period of time, it must be ensured
that the water level in the tank at the beginning and the end of the day are the same. This

means that all the water that has got into the tank has flown out of the tank within one day
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and thus it was not stored for more than one day. Figure 6-3 shows the schematic of a water
desalination unit that involves a water tank. The untreated water gets into the water
desalination unit for pretreatment, desalination and stabilization. This process requires
electrical energy and could require thermal energy too. The brine is then discarded while

the fresh water is either moved to the storage unit or supplied to the demand directly.

Input Energy

Brine

Fresh Water

Untreated water Pretreatment =" Mahl}?esalhlation Stabilization
rocess

-

<

’.____I___—-..ﬁ.

‘Water Storage

Water
Demand

<

Figure 6-3 Water desalination unit schematic

The input data of the WDU is presented on Table 6-1 and Figure 6-4.

Table 6-1 Water desalination unit data

Bus location 5
Technology Reverse Osmosis
Feed water Brackish
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Energy consumption (electric) [kW/m3] 2.2
Energy consumption (thermal) [MJ/m3] 0
Production capacity, daily [m3/day] 200,000
Storage tank charging limit [m3/h] 500
Storage tank discharging limit [m3/h] 500
Storage tank capacity [m3] 2500
Daily water demand, peak [m3/h] 7000

Normalized hourly water demand

-

Water Demand Profile
© © © © o o 9o o
N w - (3, o ~ (=] ©
L] L]
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o
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Figure 6-4 Normalized hourly water demand

By this, the WDU can be included into the VPP after the assignment of a utility value that

is obtained by supplying this load.
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6.5 Reliability Objective

The considered VPP considers risk by the involvement of the CVaR. Nevertheless, it still
fails a lot in participating into the RT market which is a major issue. This failure is due to
the fact that the VPP supplies its demand and tries to make the maximum profit out of that.
After that, it tries to make the maximum profit through the trading in both the Day-ahead
and real-time markets. If the price of the day-ahead market is higher than the price of the
real-time market, the VPP will most probably try to sell as much as possible in the day-
ahead market and recover that in the real-time market. This is very risky when the VPP
sells more than its generating power in the day-ahead market based on the expectation that

it can recover that by purchasing in the real-time market at a lower price.

The reason why CVaR still fails to address such cases though it is expected to address them
is the fact that CVaR considers the worst scenarios. In the simulation presented in the
previous sections, it was set to select the worst 20% scenarios. Assume that at a specific
hour, the DA price scenarios are (418, 428, 438, 448, 45%) while the RT price scenarios
are (358$, 369, 378, 383, 39%). Now, if the VPP decides to sell 100 MW at that hour in the
DA market, it will earn 41008 in the worst-case scenario which is the worst 20% scenarios
in this case as well. If the VPP decides to purchase this 100 MW in the RT market, it will
pay 39008 in the worst case or worst 20% scenarios in terms of impact on profit. Therefore,
even if CVaR forces the VPP to consider the worst 20% of the scenarios, the MILP will
still find it profitable in this case to sell as much as possible in the DA market and purchase

it back from the RT market. If at the RT market, at the same hour, the cleared market price
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is found to be 348, the VPP will fail to participate into the market and thus it could have

power imbalance.

Therefore, there must be a stronger reliability set of constraints or objective that governs
this kind of situation. Therefore, another objective for this MILP will be the reliability of
participation into the markets at all hours if possible. A developed and proposed reliability

set of constraints is introduced through the set of equations below.

Z pgtwy + Z pf}twy + Z p?twy - Z pthwy _prA = Pflf,r;l ,Vt
[4 R S

ceq req seQ aeal (6_19)

€0, vw e T vy kT

pisyt < 10000 Byt vt € QT Vo € IIPA, vy ¥ (6-20)
pisyt = —10000 B2 vt € QT , Vo € TTPA, vy ' (6-21)
Bs¥™M + Biun? < 1,vt € QT ,Vw € IPA vy Y (6-22)

Ywy DA scenarios — ¥, highest RT scenarios

ylim — 100, vt
t average(DA scenarios) i (6-23)
€ QT ,Vw € ITPA vy I'T
2B — XH™ < 1000 Bt vt € QT ,Vw € IIPA, vy I*7 (6-24)
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The first equation calculates the net power value for each hour including the power traded
with the DA market. The final result will be either having a positive value or a negative
value for that summation. If the value is positive, it means the power generated is more
than or equal to the power demanded including the power traded. If the value is negative,
it means that the VPP is going to risk being on a negative generation side planning to
recover that in the RT market. By doing this, the risk status is detected. Therefore, if the
VPP plans to sell more than its generating power in the DA market hoping to recover that

in the RT market, the power summation will be negative.

The second and third equations introduce binary variables that would detect the sign of the
power summation. If the power summation is positive, the first binary variable will be
equal to one. If the power summation is negative, the second binary variable will be equal
to one. To avoid the case when both binary variables can be one, the fourth equation is
introduced to force only one binary variable to be equal to one at most. After detecting the
sign of the summation of power, there must be a criterion to decide when to allow the sign

M as the

to be negative i.e., when to risk, and when not to. The fifth equation calculates X
difference between all the DA scenarios and the worst/highest RT scenarios. It must be
noted however that the number of scenarios should be equivalent. For example, if the DA
scenarios are five, then, the highest RT scenarios, in terms of price value, shall be five

scenarios. Or similar scaling is required based on the number of scenarios considered.

Then, this difference is calculated as a percentage of the average DA price scenarios.
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Therefore, this equation considers the percent difference between the DA market prices
and the RT market prices. If after considering the highest scenarios of the RT market, the
average percent difference is positive, it means that the model has detected a case where
the VPP would most probably be willing to risk by doing maximum power sale in the DA
market and then purchasing it back from the RT market. This is because, on average, the
highest prices of the RT market are still lower than those of the DA market. Supposing that
the average percent difference is 1%, would this imply that there should be a reliability
constraint in order to stop this? The developed and proposed methodology sets a percent
limit criterion that decides when to stop and when to allow this behavior. The sixth equation
states that if that difference is less than or equal to 23, where 2 stands for a percent
difference of 2% and £ is the same weighing factor of the CVaR, then the power summation
is forced to be greater than or equal to zero. The weighing factor can be different from that
of CVaR but it has been selected to be the same in order to have one scaling factor for risk
consideration. The higher the weighing factor, the more conservative this proposed set of
constraints is. If § is set to a value of two, it means that any percent difference of 4% or
lower will be forbidden from risking. In other words, in cases where the percent difference
is a small positive value or even a negative value, the VPP should not be risking for a small
amount of profit. If the profit exceeds a barrier, of 2% in here, it can be allowed to risk due
to the high profit margin that is expected from the considered scenarios. The 2% can be
selected differently but it has been found acceptable in here to avoid cutting the profit
dramatically while increasing the reliability. However, the weighing factor has been added
for scalability of risk control. All the constant values used in the equations are big numbers

that allow for all possible range of positive or negative values that are expected.
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A similar concept to the proposed reliability constraints proposed is the chance constrained
optimization. In chance constrained optimization however, the limit is not set by a fixed
value as proposed here; though the proposed fixed value here is controlled by a weighing
factor. The chance constrained optimization optimizes an objective subject to the following

constraints, [193]:

P{gi(x,@) =20,j =1,2,..,m} = p; (6-25)

Where x represents the deterministic variables and @ represents the random variables. The
constraint checks that the probability of all the j constraints is higher than the probability
values p;. This is called individual chance constrained optimization where each
constrained is checked against individual probability value. If multiple constraints are
checked against one probability value, this is called joint chance constrained optimization.
In the case of the proposed reliability constraints, the constraints are not checked against a
probability level but rather a weighted value which could be thought of as a probability

level.

In [194], the benefits and challenges of using chance constrained optimization is discussed
and compared to robust and stochastic optimization. The chance constrained optimization
is proposed as a balance between the complexity of stochastic optimization and the
conservativeness of robust optimization. Detailed explanation of further types and the

mathematical modelling of chance constrained optimization is presented in [195]-[197].
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Comparing the proposed reliability constraints to the chance constrained optimization
proves multiple benefits to the proposed reliability constraints. As per [193], chance
constraint optimization is not an easy optimization to solve. This difficulty exists in small
scale problems as well. Therefore, multiple approximation methods have been introduced
in order to overcome this difficulty. When the inequality constraints are not explicitly
available, it becomes a challenge to solve chance constrained optimization problems, [194].
This is in addition to the fact that there is no general method for solving chance constrained
optimization problems. This is because there are no specific properties that can be made
regarding chance constrained optimization problems such as concavity, continuity or

differentiation.

The proposed reliability constraints are very simple to apply as they do not require
interaction with probability of constraints, random variables, or any of the issues addressed
in the chance constrained optimization. It is a simple set of constraints that decide the
conservativeness of the system based on the decision of the operator. That decision is
simply based on the forecasted profit difference between the RT and DA market prices.
Higher difference means any forecast error is minor, compared to the large difference in
prices, which means that the operator can make more risky decisions with less concern. In
contrary, small differences in prices mean that any small forecast error is significant,
compared to the small price difference, which should make the operator of the VPP more

conservative to avoid failure.
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6.6 Multi-Objective VPP with Specific Load

After simulating the proposed multi-objective model with the inclusion of a water
desalination unit as part of the flexible demand, the results were found to be as below. First,
the most obvious change is that the power exchange has changed dramatically and this is
due to the reliability constraints imposed. It can be seen that the VPP has decided to mostly
purchase power in the DA market. More specifically, at the four hours where the model
failed earlier, the scenario has changed. Previously, the VPP decided to sell at the
maximum limit in the DA market at the 12, 18", 20™ and 23™ hours and it failed to recover
that in the RT market. After imposing the new reliability rules, it can be found that the VPP
decided to buy power instead at the 12 and the 23™ hours. It also has decided not to buy
nor to sell at the 20" hour. This has resulted in avoiding the failure at those specific hours.

This can be clearly seen on Figure 6-5.

The situation has not changed for the 18™ hour though. The failure at the 18th hour can be
avoided by increasing the weight at the reliability constraints but this would definitely be
on the cost of the net profit. On Table 6-4, the profit is found to be reduced compared to
the case without reliability constraints. The drop in profit is however expected due to the
increase in reliability. Therefore, there is a tradeoff between the reliability and the expected
net profit which is tunable by the VPP operator. The drop in profit is justified as multiple
failures to participate into the electricity markets could lead to tremendous drop in profit

or even big loss.
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Table 6-2 Power Exchange — multi-objective with specific load

Conventional | Renewable | Storage Total DA RT
Demand
Generator Source Energy | Generation | Power | Power
(MW)
MW) (MW) MW) (MW) MW) | (MW)

tl 170.00 1.83 100.00 271.83 -200.00 | 0.00 471.83
t2 230.00 0.85 69.56 300.41 -200.00 | 0.00 500.41
t3 290.00 0.00 2.90 292.90 -200.00 | 0.00 492.90
t4 294.00 0.69 0.00 294.69 -200.00 | 0.00 494.69
t5 294.00 0.00 7.54 301.54 -200.00 | 0.00 501.54
t6 294.00 0.00 0.00 294.00 -200.00 | 0.00 494.00
t7 294.00 0.00 0.00 294.00 0.00 | -200.00 | 494.00
t8 294.00 1.25 0.00 295.25 0.00 | -200.00 | 495.25
t9 294.00 0.36 0.00 294.36 -200.00 0.00 494.36
t10 294.00 0.00 0.00 294.00 -200.00 0.00 494.00
tl1 294.00 5.71 0.00 299.71 -200.00 0.00 499.71
t12 294.00 3.62 0.00 297.62 -200.00 0.00 497.62
t13 294.00 5.65 0.00 299.65 0.00 -126.70 | 426.35
t14 294.00 8.52 0.00 302.52 300.00 | -500.00 502.52
t15 294.00 8.84 0.00 302.84 -200.00 0.00 502.84
t16 294.00 7.01 0.00 301.01 300.00 | -500.00 501.01
t17 294.00 12.51 0.00 306.51 300.00 | -500.00 506.51
t18 294.00 14.74 0.00 308.74 300.00 0.00 508.74
t19 294.00 9.64 0.00 303.64 300.00 | -500.00 503.64
t20 294.00 6.67 0.00 300.67 0.00 0.00 300.67
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Conventional | Renewable | Storage Total DA RT

Demand

Generator Source Energy | Generation | Power | Power
MW)

MW) (MW) (MW) MW) MW) | (MW)
t21 294.00 3.11 0.00 297.11 0.00 -200.00 | 497.11
t22 294.00 10.03 0.00 304.03 300.00 | -500.00 504.03
t23 294.00 11.10 0.00 305.10 -200.00 0.00 505.10
t24 294.00 11.26 0.00 305.26 -200.00 0.00 505.26

Table 6-3 Hourly net profit without DA market revenue — multi-objective with specific load

Hour Profit (utility — generator cost) ($) | RT Revenue ($) Net profit ($)
hl 25,277.52 0.00 25,277.52
h2 25,924.64 0.00 25,924.64
h3 22,786.22 0.00 22,786.22
h4 22,700.68 0.00 22,700.68
h5 23,084.89 0.00 23,084.89
h6 22,661.90 0.00 22,661.90
h7 22,661.90 -7,926.00 14,735.90
h8 22,731.94 -7,102.00 15,629.94
h9 17,456.81 0.00 17,456.81
h10 17,680.78 0.00 17,680.78
h11 17,971.99 0.00 17,971.99
h12 17,858.48 0.00 17,858.48
h13 14,377.69 -6,050.16 8,327.53
h14 18,048.49 -20,260.00 -2,211.51
h15 18,023.67 0.00 18,023.67
hl6 17,948.92 -17,460.00 488.92
h17 21,693.62 -17,995.00 3,698.62
h18 21,814.75 0.00 21,814.75
h19 21,531.00 -18,820.00 2,711.00
h20 9,555.84 0.00 9,555.84
h21 21,180.29 -7,546.00 13,634.29
h22 21,597.94 -17,185.00 4,412.94
h23 21,663.52 0.00 21,663.52
h24 21,697.65 0.00 21,697.65
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Table 6-4 Hourly net profit without DA market revenue
Utility and RT Profit ($) DA Market Net Profit ($) Net profit (S)

367,586.97 -8,631 358,955.97
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Figure 6-5 Total generation, power traded and demand — multi-objective with specific load

Thus, the reliability constraints were very effective at remedying the issue of multiple
failure rates. After proving the effectiveness of the proposed reliability objective, a specific
focus should be given to the newly introduced specific load type. To analyze the behavior

of the WDU, its water and electricity interaction should be presented and assessed.
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Table 6-5 Water desalination unit water and power exchange

Hour WDU water generation (m3) ge-rl;Z:akti\git(er;B) EIectr(llf/I(\jA(;)mand
t1 550.00 500.00 1.21
12 700.00 0.00 1.54
13 1,200.00 -500.00 2.64
t4 1,200.00 -500.00 2.64
t5 1,900.00 -500.00 4.18
16 6,100.00 -500.00 13.42
t7 6,500.00 500.00 14.30
18 6,100.00 -500.00 13.42
t9 2,100.00 0.00 4.62
t10 2,100.00 0.00 4.62
t11 2,450.00 0.00 5.39
t12 2,800.00 0.00 6.16
t13 3,000.00 500.00 6.60
t14 3,650.00 -500.00 8.03
t15 2,450.00 0.00 5.39
t16 3,150.00 0.00 6.93
t17 3,350.00 500.00 7.37
t18 3,700.00 500.00 8.14
t19 4,050.00 500.00 8.91
t20 3,700.00 500.00 8.14
121 3,104.32 395.68 6.83
122 2,838.27 -38.27 6.24
123 2,107.41 -357.41 4.64
t24 1,200.00 -500.00 2.64

Total 70,000.00 0.00 154.00
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Table 6-6 Water desalination unit tank water level

Hour Tank water level (m3) Water charged Water discharged
(m3) (m3)
t1 500.00 0.00 500.00
12 500.00 0.00 0.00
3 1,000.00 500.00 0.00
t4 1,500.00 500.00 0.00
t5 2,000.00 500.00 0.00
t6 2,500.00 500.00 0.00
t7 2,000.00 0.00 500.00
18 2,500.00 500.00 0.00
19 2,500.00 0.00 0.00
t10 2,500.00 0.00 0.00
t11 2,500.00 0.00 0.00
t12 2,500.00 0.00 0.00
t13 2,000.00 0.00 500.00
t14 2,500.00 500.00 0.00
t15 2,500.00 0.00 0.00
t16 2,500.00 0.00 0.00
t17 2,000.00 0.00 500.00
t18 1,500.00 0.00 500.00
t19 1,000.00 0.00 500.00
t20 500.00 0.00 500.00
t21 104.32 0.00 395.68
t22 142.59 38.27 0.00
t23 500.00 357.41 0.00
t24 1,000.00 500.00 0.00
Total 3,895.68 3,895.68
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The tank of the WDU has a total water charge and discharge that is equal to zero which is
a requirement in the design. This means that there is no water stored in the tank in the
overall process over a 24-hours span. This is due to health considerations. Thus, the tank
started with 1000 cubic meters of water at the zeroth hour and it ended up with the same
level by the end of the 24" hour. Which can also be translated as a total tank generation of
zero over the day. The total water generated by the WDU over the day is 70,000 cubic
meters of water. This has supplied the water demand completely without failures. Lastly,
Figure 6-8 shows the relationship between the water generated and the electric demand. It
can be noticed that the relationship is linear and this is due to the fixed electric demand
value that is given in kW/m?>. The total electric demand of the WDU during the 24-hours
span is 154 MW. This demand has not affected the power exchange in the Day-ahead and
real-time markets due to its small amount in addition to the fact that the MILP is already
at the maximum limits of trade with the markets due to the high profit found in that strategy.
This however has slightly affected the revenue made from the utility as it is a new load
introduced and it has its own utility which definitely affects the decision making of the

MILP on which load to feed for higher profitability.
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Figure 6-8 Water generated Vs. electric demand

6.7 Self-Controlled Water Desalination Unit

The water desalination unit has great importance and part of this importance is being used
as a storage medium. To get the best benefit out of the WDU in terms of energy storage, it
has to be efficient in doing this job. This means that the WDU has to incur the least possible
cost of electricity while supplying the water demand. The tank serves as a storage medium
that manages the fluctuations of demand while helping in reducing the total electricity cost
incurred by the WDU. To do this, a centralized control scheme of the VPP may not be
applicable in this case. Therefore, the WDU will try to manage optimizing its own cost and
supply opposing the centralized control scheme of the VPP. Nevertheless, the centralized

control scheme will still be applicable to the rest of the system.
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This is similar to the comprehensive control scheme. As discussed earlier, the control
schemes in VPPs are divided into three types: centralized, distributed and comprehensive
control schemes. The centralized control scheme is where there is a centralized controller
that optimizes the objectives of the VPP as a whole. In distributed control, each member
of the VPP optimizes its own objectives separately. In comprehensive control, a mixed
control scheme between the centralized and the distributed is adapted. This is similar to the
case where the WDU optimizes its own objective aside from the centralized control scheme

of the VPP.

A similar concept to the comprehensive control is the transactive control concept. In fact,
this concept is divided to three parts where the first is the transactive network management,
the second is the transactive control, and the third is the peer-to-peer market, [184].
Transactive network management is related to the methodology of managing the network
such as being a load aggregator or a microgrid. Transactive control is very similar to the
fully distributed control scheme. Lastly, the peer-to-peer (P2P) is a form of comprehensive
control where suppliers and customers interact directly under a supervisory control scheme.
This P2P market has another variant called the community-based market where each peer
is replaced by a small community, [185]. In P2P, community, or comprehensive control,
there is usually two levels of control or more. The first level is the low level between the
prosumers and the second is concerned with the network constraints which is managed by

the distribution system operator (DSO), [186]-[188].
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Each architecture of control has its own advantages and disadvantages. In [189], the authors
review multiple architectures proposed for the P2P market where each architecture
proposes a different number of layers. There are 3 layers, 5 layers, and 7 layers
architectures. These layers can be a regulation layer, communication layer, market layer,
user layer, and so on. Examples of mathematical models used to solve such transactive
energy markets are presented in [190] and [191]. Lastly, four practical projects concerning
transactive energy are presented in [192]. Those four projects are: the Grise-Wise Olympic
Peninsula, the Grid-Smart demonstration, the Pacific Northwest demonstration, and the

power matching city projects.

In order to analyze the behavior of the WDU, three scenarios will be simulated. In the first
scenario, the system will be simulated without the inclusion of a WDU. In the second
scenario, the system will be simulated having a WDU connected and the control scheme
will be a centralized one where the VPP will try to maximize its profit. Lastly, in the third
scenario, the system will be the same as the second scenario but the control scheme will be
comprehensive where the VPP will try to maximize its profit while the WDU will try to

reduce its utility cost.
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Figure 6-9 WDU Utility — 3 scenarios

It can be seen from Figure 6-9 that there is no utility for the first scenario since there is no
WDU connected at all. In the second scenario, the utility paid by the WDU is higher than
the utility paid by the WDU in the third scenario at most of the hours. This makes sense as
in the third scenario, the WDU is trying to reduce its expenses while supplying the demand

profile with no issues. The difference and percent saving are shown on Table 6-7.

Table 6-7 WDU utility, profit and energy (comprehensive and centralized control)

No WDU Centralized Comprehensive % Difference
Control Control
WDU Utility ($) 0 8,551.40 7,829.80 9.22%
Total Profit ($) | 359,330.21 359,607.60 358,916.48 0.2%
WDU Energy 0
(MWh) 0 154 154 0%

By analyzing Table 6-7, the total profit of the VPP for the second scenario is higher than

the first one and this is logical since in the second scenario, the WDU will be added as a
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load that will pay utility to the VPP which will generate profit to the VPP. The third
scenario however has lower profit to the VPP compared to the second one. This is because
the WDU optimizes its own cost independently from the VPP. When the WDU pays less,
the VPP profit is reduced. The impact in percentage is 0.2% increase of VPP profit for the
centralized scenario compared to the comprehensive one. Which is reflected onto the WDU
as 9.22% more cost the WDU has to incur in the centralized scenario compared to the
comprehensive one. Lastly, the electric demand for the second and third scenarios is the
same. This is expected since the water load profile is fixed and the power consumption is

taken as a linear function of the water demand.

6.8 Self-Controlled Flexible Water Desalination Units

The WDU considered in the previous sections was limited in size compared to the rest of
the VPP components. Additionally, the water demand profile was not a flexible profile. In
this section, the WDU will be scaled up to have a relative size compared to the rest of the
VPP components and the water load profile will feature some flexibility. Therefore, there
will be four scenarios studied in this section: a centralized control scheme with a fixed
water load profile, a comprehensive control scheme with a fixed water load profile, a
centralized control scheme with a flexible water load profile, and a comprehensive control

scheme with a flexible water load profile.

As shown on Table 6-8, the scaled up WDU that will be considered in this section is ten

times the sizes of the WDU considered in the previous sections. Thus, at the peak water

192



demand, the electric demand of the WDU would be 154 MW which is a relative demand

compared to the rest of the VPP components.

Table 6-8 Scaled up WDU

Small WDU Scaled WDU
Bus location 5 5
Technology Reverse Osmosis Reverse Osmosis
Feed water Brackish Brackish
Energy consumption
2.2 2.2
(electric) [kW/m3]
Energy consumption
0 0
(thermal) [MJ/m3]
Production capacity, daily
200,000 2,000,000
[m3/day]
Storage tank charging limit
500 5,000
[m3/h]
Storage tank discharging
500 5,000
limit [m3/h]
Storage tank capacity [m3] 2500 25,000
Daily water demand, peak
7000 70,000
[m3/h]
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To make a flexible load profile, the original water load profile will be allowed to go 50%
below the original profile and 50% above the original profile. This means that the water

load profile will range from 50% to 150% of the original profile as shown on Figure 6-27.
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Figure 6-10 Flexible Water Load Profile

6.8.1 Centralized Control, Fixed Demand

In this section, the centralized control scheme with fixed demand is shown for the scaled
up WDU, referred to as the first scenario, and it can be seen on Figure 6-11 that the demand
is matching the generation at all points except the 18" and the 20" hours which is a similar
behavior to the original system with the small size WDU except that there is a major change

at the 20" hour. The VPP has got back to a failure state at the 20™ hour. This is because of
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the expansion in size of the WDU. Figure 6-12 and Figure 6-13 show the water generated
by the WDU and its tank in addition to the tank water level and its charge and discharge

rates respectively.
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Figure 6-11 Total Generation, Power traded and Total Demand, Centralized Control, Fixed Demand
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Figure 6-12 Water Generated by WDU, Centralized Control, Fixed Demand
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Figure 6-13 Water in the Tank of the WDU, Centralized Control, Fixed Demand
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6.8.2 Comprehensive Control, Fixed Demand

In this section, the comprehensive control scheme with fixed demand is shown for the
scaled up WDU, referred to as the second scenario, and it can be seen on Figure 6-14 that
the behavior is generally similar to the first scenario. Figure 6-15 and Figure 6-16 show the
water generated by the WDU and its tank in addition to the tank water level and its charge
and discharge rates respectively. The figures are very similar to the first scenario except
for the water tank behavior which is different. A comparison of the four scenarios will be

made in section 6.8.5.
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Figure 6-14 Total Generation, Power traded and Total Demand, Comprehensive Control, Fixed Demand
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Figure 6-15 Water Generated by WDU, Comprehensive Control, Fixed Demand

05 104 Water in the Tank of the WDU
e \Nater charged
= Water discharged
2 Tank water level
~ 15 h
£
S
2
©
z Ll ]
05 b
0 \; n 5 X 5 M
0 5 10 15 20 25
Time (h)

Figure 6-16 Water in the Tank of the WDU, Comprehensive Control, Fixed Demand
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6.8.3 Centralized Control, Flexible Demand

In this section, the centralized control scheme with flexible demand is shown for the scaled
up WDU, referred to as the third scenario. Figure 6-17 shows that the demand is matching
the generation at all points except the 18™ hour which is the same as the original system.
Figure 6-18 and Figure 6-19 show the water generated by the WDU and its tank in addition
to the tank water level and its charge and discharge rates respectively. The figures are very
similar to the first scenario. A comparison of the four scenarios will be made in section
6.8.5. An additional figure is shown here which is the water demand. This is because in
this case the water demand is flexible and thus, it becomes a variable as shown on Figure
6-20. It can however be seen that the optimization problem has chosen to go with the
minimum water load profile at all points except the first one where it has chosen to go with

the maximum limit.
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Figure 6-17 Total Generation, Power traded and Total Demand, Centralized Control, Flexible Demand
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Figure 6-18 Water Generated by WDU, Centralized Control, Flexible Demand
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Figure 6-19 Water in the Tank of the WDU, Centralized Control, Flexible Demand
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Figure 6-20 Flexible Water Demand, Centralized Control

6.8.4 Comprehensive Control, Flexible Demand

In this fourth and last scenario, the comprehensive control scheme with flexible demand is
shown for the scaled up WDU. Figure 6-21 shows that the demand is matching the
generation at all points except the 18" hour which is similar to the original system. Figure
6-22 and Figure 6-23 show the water generated by the WDU and its tank in addition to the
tank water level and its charge and discharge rates respectively. The figures are very similar
to the second scenario. A comparison of the four scenarios will be made in section 6.8.5.
Since water demand is also flexible in this scenario, it is shown on Figure 6-24. It can
however be seen that the optimization problem has chosen to go with the minimum water

load profile at all points.

201



Total Generation, Power traded and Total Demand
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Figure 6-21 Total Generation, Power traded and Total Demand, Comprehensive Control, Flexible Demand
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Figure 6-22 Water Generated by WDU, Comprehensive Control, Flexible Demand
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Figure 6-23 Water in the Tank of the WDU, Comprehensive Control, Flexible Demand
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Figure 6-24 Flexible Water Demand, Comprehensive Control
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6.8.5 Comparison of Four WDU Scenarios

By comparing the four aforementioned scenarios together in terms of WDU utility, VPP

total profit, and WDU energy consumption, the following can be concluded:

1.

The energy consumption of the fixed profiles is the same while the flexible profiles
have energy consumption at or almost at the minimum load profile.

The WDU utility for the fixed profile scenarios is almost the same since the load
profile is uncontrolled. However, the utility of the second scenario is a bit lower
that the first one which is expected as in the comprehensive control scenario, the
WDU tries to minimize its expenses by paying less utility.

The WDU utility of the third and fourth scenarios are however much less compared
to the first two scenarios. This is because those two scenarios are at the minimum
load profile. Also, the fourth scenario of comprehensive control pays lower utility
compared to the third scenario as expected.

In terms of total VPP profit, in the first two scenarios, the profit is almost the same
since the WDU utility is almost the same and the WDU energy consumption is
exactly the same. However, in the comprehensive scenario, the second, the total
profit is slightly reduced since the WDU pays less utility.

In terms of total VPP profit, in the last two scenarios, the profit is almost the same
since the WDU utility is almost the same and the WDU energy consumption is
almost the same. However, in the comprehensive scenario, the fourth, the total

profit is slightly higher though the WDU pays less utility.
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The major observation that requires more analysis is: why in the flexible demand scenarios,
the system selected the minimum water load profile? The issue can be explained by looking
at the hours of failure at each scenario. It will be noticed that in the third and fourth
scenarios, the failure happened only at the 18" hour. Thus, though the profit was expected
to be higher in the third and fourth scenarios, it was lower for the sake of system power

balance. The VPP has chosen to become more reliable than making higher profit.

Table 6-9 WDU utility, profit and energy (comprehensive and centralized control), four scenarios

wDU Total VPP Profit
Utility ($) () WDU Energy (MWh)
First Scenario 78,826.1 365,730.9 1,540.0
Second Scenario 78,276.3 365,729.7 1,540.0
Third Scenario 40,732.2 356,760.1 793.1
Fourth Scenario 38,947.4 356,838.3 770.0

Figure 6-25 shows the hourly utility of the WDU in the four scenarios. It can be seen that
the two scenarios of fixed water load profile have similar curves while the two scenarios
of flexible water load profile have similar curves as well but different from the first two
scenarios. The first five hours on the figure, for the four scenarios, have a different
behavior. The fourth scenario, comprehensive control with flexible load, pays the lowest
utility over the first five hours. After that, the second scenario, comprehensive control with
fixed load, pays the second lowest utility over the first five hours. Then, the third scenario,
centralized control with flexible load, pays the third lowest utility over the first five hours.
Lastly, the first scenario, centralized control with fixed load, pays the highest utility over
the first five hours. This means that whenever a choice is possible in terms of water load
flexibility and the WDU having the opportunity to optimize its own objective, the WDU

chooses to go with paying the lowest utility over the first five hours; while load flexibility
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allows for more utility reduction compared to the comprehensive control scheme. This

shows the effective utilization of the water tank of the WDU with the availability of

flexibility.

WDU Utility Vs Time, Four Scenarios
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Figure 6-25 WDU Utility Vs Time, Four Scenarios

A very important aspect of considering a WDU is the utilization of the water tank as a
virtual storage for the electrical system. The third scenario where the loas is flexible and
the control scheme is centralized will be evaluated for this purpose. By looking at Figure
6-26, it can be seen that the figure has three segments. In the first segment, the utility the
WDU will pay to the VPP is higher than the RT market price. Thus, it is more beneficial
for the VPP to sell electric power to the WDU instead of the network. This is why the water
tank is charging during the first segment on the figure at all hours except the 7™ hour where
the tank discharges water. At the 7™ hour specifically, the RT market price increased by a
good margin which is why the tank started discharging at that hour only. The second
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segment on the figure has a similar behavior to the first segment and a similar analysis.
However, at the 13™ hour, the RT market price is higher that the WDU utility which
encourages the water tank to discharge as shown. The third and last segment on the figure
shows a different behavior. It can be seen that the tank is discharging water almost at all
hours in the third segment though the WDU utility price is higher that the RT market price.
This is because there is a minimum water demand level that has to be satisfied. Therefore,
the tank was forcefully discharging water at the third segment in order to fulfill the
minimum daily water demand level. Nonetheless, the tank could have switched its behavior

between the first and third segments as they both have a similar trend.

The reason why the tank selected to discharge water for demand satisfaction in the third
segment instead of the first is that the price difference between the WDU utility price and
the RT market price in the third segment is lower than that of the first segment. Therefore,
it is more profitable to discharge in the third segment of the figure where the price

difference is lower.

Lastly, some hours especially at the end of every segment do not necessarily follow the
trend of that segment. This is because the analysis is not limited to the RT market price and
the WDU utility price only. The analysis should take into account the utility of all demands
at all buses as well. As the decision of selling and buying is controlled by the utility of the
electrical demands too. Nonetheless, the utilization of the water tank of the WDU as a
virtual storage for the electrical system optimization has been proven. Thus, the

consideration of a WDU as part of the VPP is essential for the utilization of the water tanks
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as storage mediums in addition to the high importance of water desalination for countries

that rely heavily of desalination as a main source for sweet water.
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Figure 6-26 WDU Tank as Virtual Storage

6.9 Number of Scenarios Vs Reliability Objective

In the previous section, the system was simulated after incorporating a WDU, and the
proposed reliability objective. That was however done for the case where there are 125
scenarios divided to five wind power scenarios, five DA market price scenarios, and five
RT market price scenarios. Increasing the number of scenarios could solve the problem of
having multiple failures to participate into the RT market. This is because considering more
scenarios means that some of the newly introduced scenarios could help eliminating this
high failure rate. Therefore, more scenarios will be considered without the reliability

constraints and the results will be compared to those of the previous section.
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First, 50 scenarios were considered for each uncertain parameter which means having a
total of 50*50*50 scenarios, i.e., 125,000 scenarios. This simulation failed due to the
considerable amount of computer memory required for such simulation. It is worth noting
that this simulation was run on a computer with a 32 GB memory. The number of scenarios
was reduced to 20 for each uncertain parameter which gives a total of 8,000 scenarios but
this has also failed due to the need for bigger memory. Therefore, the first outcome in the
test of the case of increase of the number of scenarios is that it is computationally costly.
The number of scenarios was reduced to ten for each uncertain parameter resulting in a

total of 1,000 scenarios which was manageable with the available memory.

Table 6-10 Power Exchange - 1000 scenarios

With 1000 With 1000 With 1000 With 1000
Reliability | Scenarios | Reliability | Scenarios | Reliability | Scenarios | Reliability | Scenarios
Total Total
Demand Demand DA Power | DA Power | RT Power | RT Power
Generation | Generation
MW) MW) MW) (MW) MW) (MW)
MW) MW)
tl 271.83 271.83 471.83 471.83 -200.00 -200.00 0.00 0.00
t2 300.41 299.31 500.41 499.31 -200.00 -200.00 0.00 0.00
3 292.90 290.00 492.90 490.00 -200.00 -200.00 0.00 0.00
t4 294.69 294.69 494.69 494.69 -200.00 -200.00 0.00 0.00
t5 301.54 303.62 501.54 503.62 -200.00 -200.00 0.00 0.00
t6 294.00 295.03 494.00 495.03 -200.00 0.00 0.00 -200.00
t7 294.00 294.89 494.00 494.89 0.00 0.00 -200.00 -200.00
t8 295.25 295.25 495.25 495.25 0.00 -200.00 -200.00 0.00
t9 294.36 294.36 494.36 494.36 -200.00 -200.00 0.00 0.00
t10 294.00 294.00 494.00 494.00 -200.00 -200.00 0.00 0.00
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With 1000 With 1000 With 1000 With 1000
Reliability | Scenarios | Reliability | Scenarios | Reliability | Scenarios | Reliability | Scenarios
Total Total
Demand Demand DA Power | DA Power | RT Power | RT Power
Generation | Generation
MW) MW) MW) (MW) MW) (MW)
MW) MW)
tl1 299.71 299.71 499.71 499.71 -200.00 -17.18 0.00 -182.82
t12 297.62 297.62 497.62 497.62 -200.00 300.00 0.00 0.00
t13 299.65 299.65 426.35 499.65 0.00 300.00 -126.70 -500.00
t14 302.52 302.52 502.52 502.52 300.00 300.00 -500.00 -500.00
t15 302.84 302.84 502.84 502.84 -200.00 300.00 0.00 -500.00
t16 301.01 301.01 501.01 501.01 300.00 300.00 -500.00 -500.00
t17 306.51 306.51 506.51 506.51 300.00 300.00 -500.00 -500.00
t18 308.74 308.74 508.74 508.74 300.00 300.00 0.00 0.00
t19 303.64 303.64 503.64 503.64 300.00 300.00 -500.00 -500.00
t20 300.67 300.67 300.67 500.67 0.00 -200.00 0.00 0.00
t21 297.11 297.11 497.11 497.11 0.00 0.00 -200.00 -200.00
22 304.03 304.03 504.03 504.03 300.00 300.00 -500.00 -500.00
t23 305.10 305.10 505.10 505.10 -200.00 -200.00 0.00 0.00
t24 305.26 305.26 505.26 305.26 -200.00 0.00 0.00 0.00
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Table 6-11 Hourly net profit without DA market revenue - 1000 scenarios

Hour Net profit (S) with Reliability Net profit (S) with 1000 scenarios
hl 25,277.52 25,277.07
h2 25,924.64 25,862.93
h3 22,786.22 22,623.50
h4 22,700.68 22,700.68
h5 23,084.89 23,201.61
h6 22,661.90 16,305.49
h7 14,735.90 14,786.02
h8 15,629.94 22,731.94
h9 17,456.81 17,432.64
h10 17,680.78 17,694.90
h11 17,971.99 11,386.88
h12 17,858.48 17,801.84
h13 8,327.53 -5,919.37
h14 -2,211.51 -2,187.76
h15 18,023.67 570.17
h16 488.92 488.92
h17 3,698.62 3,698.62
h18 21,814.75 21,810.35
h19 2,711.00 2,711.00
h20 9,555.84 21,370.77
h21 13,634.29 13,635.21
h22 4,412.94 4,413.86
h23 21,663.52 21,666.09
h24 21,697.65 10,212.21
Table 6-12 Hourly net profit without DA market revenue - 1000 scenarios
Utility and | Utility and | DA Market | DA Market
Net profit | Net profit | Net profit
RT Profit RT Profit Net Profit Net Profit
(S) with () 1000 | ($) original
($) with ($) 1000 ($) with ($) 1000
Reliability scenarios case
Reliability scenarios Reliability scenarios
367,586.97 | 330,275.58 -8,631 56,348.23 | 358,955.97 | 386,623.81 | 427,528.82
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Figure 6-27 Total generation, power traded and demand — 1000 scenarios

Table 6-13 Time Elapsed — Reliability Vs 1000 Scenarios

Time Elapsed, DA,

with Reliability (S)

Time Elapsed, DA,

1000 scenarios (S)

Time Elapsed, RT,

with Reliability (S)

Time Elapsed, RT,

1000 scenarios (S)

74

847

175

789

It can be noticed that increasing the number of scenarios has solved the failure at the 20

and the 23 hour while the reliability constraints have solved the failure at 3 hours (12,

20", and the 23™). Therefore, saving two failures has dropped the net profit from

427,528.82% to 386,623.81$ by increasing the number of scenarios. In the case of
considering the reliability constraints, three failures were avoided and the profit dropped
from 427,528.82% to 358,955.978. Thus, it can be concluded that the profit drop is relative

to the number of failures avoided. Nevertheless, the reliability constraints model was more

effective avoiding failures.
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In terms of time consumed, the DA market simulation for the case with reliability
constraints has taken less than 9% of the time consumed for the case with 1000 scenarios.
For the RT market simulation, the time consumed for the reliability constraints model was
only around 22% of the time consumed for the 1000 scenarios model. Thus, the proposed
model with reliability constraints is more effective at eliminating the failures, considerably
faster in terms of simulation time, and affects the profit almost the same way as the other

model.

6.10 VPP Cluster Base Design

In this section, a simple VPP cluster with only one VPP connected to an EP is designed
and simulated. After applying the proposed and designed model as explained on the
previous sections, the VPP cluster is simulated and compared to the original VPP that was
simulated without having EP involved. First, the DA results will be unchanged since the
DA market scheduling is still a stage before the dispatch level. When it comes to the RT
market, the original VPP failed to dispatch at four hours: the 12, 18™ 20™ and 23" hours.
Then, with the introduction of the reliability constraints, the failure happened only at the
18™ hour. It is expected that after the involvement of an EP, that hour of failure to meet the
demand shall be eliminated. This of course will vary based on the size of the VPP and the
EP. The size of the EP considered in this case 1000 MWh. The details of the added EP are
presented on Table 6-14. It must be noted that the data of the EP as a source shall exactly

match the data of the EP when acting as a load. It can be seen from Table 6-15 and Table
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6-16 that the load ramp up and the load ramp down are matching the charging and
discharging rates of the EP when acting as a storage. Also, it has a minimum of zero
demand to avoid disturbing the balance of VPP when acting as a load. But to ensure that
the VPP will pay back the energy it has taken, the utility of the EP when acting as a load is
set to a high value. This will encourage the VPP to feed the EP before other loads due to

its fake high utility value without having to disturb the balance of the VPP by setting the

EP minimum values to zero.

Table 6-14 EP source data

Capacity 1000 MWh
Initial Energy 1000 MWh
Charging/ discharging efficiency 90%/90%
Maximum charge power 500 MW
Maximum discharge power 500 MW
Table 6-15 EP load data
5 - RDU _RDD 5
E; Pat d d Pao
Demand
MW MW
[MWh] [MW] [_ [_ [MW]
h h
EP 0 plromEP 500 500 0
Table 6-16 EP load data 2
Time PP Utility
h [MW] $
All 0 100
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Based on those details, the simulation results are presented and compared to the original

VPP simulation that was presented in section 6.6.

Table 6-17 VPP VS cluster VPP RT power

Hour Original VPP Power (MW) VPP Cluster Power (MW)
t1 0.00 0.00
2 0.00 0.00
13 0.00 0.00
t4 0.00 0.00
t5 0.00 0.00
t6 0.00 0.00
t7 -200.00 -200.00
18 -200.00 -200.00
t9 0.00 0.00
t10 0.00 0.00
t11 0.00 0.00
112 0.00 0.00
113 -126.70 -126.70
t14 -500.00 -500.00
t15 0.00 0.00
tl16 -500.00 -500.00
t17 -500.00 -500.00
118 0.00 0.00
t19 -500.00 -500.00
t20 0.00 0.00
121 -200.00 -200.00
122 -500.00 -500.00
123 0.00 0.00
124 0.00 0.00
Table 6-18 VPP VS cluster VPP profit
Profi I
Hour Original VPP (utﬂ(i)tyt_ Net profit VPP Cluster gz(l)lgrta(tlétrﬂ::gyst; Net profit ($)
Revenue ($) generator (%) Revenue (S) )
cost) ($)
t1 0 25,277.52 | 25,277.52 0.00 25,277.52 25,277.52
2 0 25,924.64 | 25,924.64 0.00 25,924.64 25,924.64
3 0 22,786.22 | 22,786.22 0.00 22,786.22 22,786.22
t4 0 22,700.68 | 22,700.68 0.00 22,700.68 22,700.68
t5 0 23,084.89 | 23,084.89 0.00 23,084.89 23,084.89
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orie Profit Profit (utility —
Hour riginal VPP (utility — Net profit VPP Cluster generator cost) | Net profit ($)
Revenue ($) generator (%) Revenue (S) )
cost) ($)

t6 0 22,661.90 | 22,661.90 0.00 22,661.90 22,661.90
t7 -7,926.00 | 22,661.90 | 14,735.90 -7,926.00 22,661.90 14,735.90
t8 -7,102.00 22,731.94 | 15,629.94 -7,102.00 22,731.94 15,629.94
t9 0 17,456.81 | 17,456.81 0.00 17,456.81 17,456.81
t10 0 17,680.78 | 17,680.78 0.00 17,679.93 17,679.93
t11 0 17,971.99 17,971.99 0.00 17,966.91 17,966.91
t12 0 17,858.48 | 17,858.48 0.00 17,864.54 17,864.54
t13 -6,050.16 14,377.69 8,327.53 -6,050.16 14,377.69 8,327.53
tl4 | -20,260.00 | 18,048.49 | -2,211.51 | -20,260.00 18,035.86 -2,224.14
t15 0 18,023.67 18,023.67 0.00 18,036.17 18,036.17
tl6 | -17,460.00 | 17,948.92 488.92 -17,460.00 17,948.92 488.92
t17 -17,995.00 | 21,693.62 3,698.62 -17,995.00 21,693.62 3,698.62
t18 0 21,814.75 | 21,814.75 0.00 21,814.75 21,814.75
t19 -18,820.00 | 21,531.00 2,711.00 -18,820.00 5,902.71 -12,917.29
t20 0 9,555.84 9,555.84 0.00 410.34 410.34
t21 -7,546.00 | 21,180.29 | 13,634.29 -7,546.00 8,329.08 783.08
t22 -17,185.00 | 21,597.94 4,412.94 -17,185.00 21,524.56 4,339.56
t23 0 21,663.52 | 21,663.52 0.00 21,666.67 21,666.67
t24 0 21,697.65 | 21,697.65 0.00 21,697.65 21,697.65

It can be seen from the tables above that the simulation results are generally the same. The
storage and renewable energy source of the VPP are also having the same results for both
the original VPP and the VPP cluster. It can be noticed however in terms of profit that the
major differences start after and slightly at the 18" hour. This is actually because the
original VPP fails to meet its demand at the 18" hour and thus, the EP will supply the VPP
with power at the 18™ hour and it will have to start returning that power back from the 19™
hour. It can be seen that the major difference in profit happens after 18" hours which is the
hour of failure of the original VPP. Therefore, the VPP cluster has been designed and it has
operated successfully. Nonetheless, this does not yet cover the interaction between the EP

and the VPP. This only shows the effect on the interaction between the VPP and the market.
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Table 6-19 shows the result and the interaction between the EP and the VPP inside the VPP

cluster.
Table 6-19 EP and VPP interaction
Power with EP (MW) ART.act (§/MWh)
il 0.00 0.00
12 0.00 0.00
i3 0.00 0.00
t4 0.00 0.00
5 0.00 0.00
t6 0.00 0.00
t7 0.00 0.00
18 0.00 0.00
19 0.00 0.00
t10 0.00 0.00
t11 0.00 0.00
t12 0.00 0.00
t13 0.00 0.00
t14 0.00 0.00
t15 0.00 0.00
t16 0.00 0.00
t17 0.00 0.00
118 617.28 49.49
t19 -257.98 37.64
120 -143.53 43.24
t21 -215.78 37.73
122 0.00 0.00
t23 0.00 0.00
t24 0.00 0.00

As confirmed by the previous results, it can be seen on Table 6-19 that at the 18™ hour, the
VPP starts taking power from the EP. During the 19™ to the 21% hour, the VPP continues
to pay back the power taken on the 18™ hour. Note that each time a transaction is done, the
market price is noted as it will affect the overall profit of the VPP but it will not affect the

EP in terms of profit as the EP’s main purpose is power balance. On the 18" hour, the VPP
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fails to meet its demand and it drains the maximum discharge rate of the EP which is 500
MW/h. However, due to the efficiency considered of 90%, the 10% loss is loaded onto the
VPP as power that has been taken by the VPP. Another 10% is considered as the EP
recharge efficiency is 90% as well. Therefore, it is noted on the table as 500/0.9/0.9 which
is 617.28. The power returned back by the VPP to the EP is not multiplied by 0.9 for
efficiency considerations as this has already been considered when divided by 0.9 twice,
once for the charging efficiency and once for the discharging efficiency. By the end of the
trading day, the VPP owes the EP 0 MW which means that the VPP has settled all its power
due to the EP. Additionally, the interaction of the VPP with the EP will have a financial
impact onto the profit of the virtual power plant as per (6-2). This effect is -24,057.76 $.
The overall profit comparison is shown on Table 6-20. It is clear that there is a drop in
profit, but it is expected that the VPP operator would have lost/paid more to cover the
hour/s of mismatch if it was not for the presence of the EP. It can be seen that the loss in
profit is -37,695.25 $. This is different from the calculation above. This is due to the fact
that the loss is not happening only when the power is supplied back to the EP. It is
happening also in terms of the demand that could not be supplied. In other words, the loss

of the utility also impacts the overall reduction in profit.

Table 6-20 Hourly net profit without DA market revenue

Original VPP VPP cluster | VPP cluster | VPP cluster
Original VPP DA Original VPP
Utility and RT Utility and DA Market Net profit
Market Net Profit Net profit ($)
Profit RT Profit Net Profit (S)
367,586.97 -8,631 358,955.97 | 329,891.72 -8,631 321,260.72
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Figure 6-28 Total generation, power traded and demand of VPP cluster — Base design

Lastly, Figure 6-28 shows the demand and generation balance of the VPP cluster which
can be compared to the same figure of the original VPP on Figure 6-5. The original VPP
had power mismatch between supply and demand at the 18™ hour. However, the VPP
cluster did not suffer from this issue at all. Therefore, the EP has successfully achieved its

task.
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CHAPTER 7

VPP Cluster Simulation

7.1 VPP Cluster DA Model

Based on the analysis and the studies presented earlier, the equations governing the DA

market simulation have been selected as follows:

1
g%)%?g Z z T[(uy(wy +B|p— 1—a z Z TwyHwy (7-1)

w€elPA yenRT w€lPA yenRT

o= Y |itsobioe s Gl ottpi e Y U

teQT deqP
= D UMPUPYRIAL = > (Cuyht + Ty (7-2)
weQWDU ceqC
+c€. )| vo € nPA vy nxT
—ctwy
~Cyy TP~ Moy <0,V € TPA vy I¥! (7-3)
0 < Uy, Vo € IPA, vy IFT (7-4)
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ctwy

Dot < PCuSyy . Ve € Q6 vt € QT, v € IPA, vy I
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(7-12)

(7-13)

(7-14)

(7-15)

(7-16)

(7-17)

(7-18)

(7-19)

(7-20)



C,max C
Pctwy ~ Pc(t-Dwy

< RCC‘U * At * uf(t_l)wy

C _
* (u((::tw]/ - uc(t—l)wy) + Pcc(l - ugtwy)' Vc e -QC; vt

C,SU

+ R *

€ QT,vw € IIPA, vy T

C C
pc(t—l)a)y — Pctwy

< RSP« At *uSy,, +R

* (ug(t—l)wy - ugtwy) + pcc(l - ug(t—l)wy); Ve

€ Q¢ vt € O, vw € I1PA, vy IIRT

C,max

pC C C,SD C C
pctwy = PC * uc(t+1)wy + RC * At * (uctwy - uc(t+1)(uy)' Ve

eQCV(t<TT—-1) € QT,vw € IPA, vy IIfT

CE(UStwy — Uet-1ywy) S Citwy, V€ € QCVE € QT, Vo, vy,

0 < Corwy Ve € QS VE € QT, V0, VY,

C
gcc(uc(t_lw - ugtwy) < ¢Sy Ve € QS VL € QT Vo, vy,

0 < cSwyVe € Q% vt € QT Vo, vy,

C,SD
c *
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At

At

(7-21)

(7-22)

(7-23)

(7-24)

(7-25)

(7-26)

(7-27)



S,D

S _ S S,C.S,C Pstwy S T
Estwy = €s(t-1)wy + 1 pstwyAt ) At,Vs € Q°,Vt € Q' ,Vw
s

—S
ES < €5y < Eg, Vs € Q5,ve € O, v € IIPA, vy I*T

—S,C
0< pSt <P, ,vseQSvteQl Vo e 1P vy kT

sty =

—S,D
0<p3P <P, ,VseSvtel,vw e IPA vy ntT

stoy =
DSy = Doty — Paty » Vs € Q°,Vt € O,V € IIPA, vy IR

0<pR,, <PYA vre QR vt el vo € P4 vy IV

= rtwy’

pPA < pPA if APA < 2PA vt € T, v, Vo'

Phy = Pry» AR = Agy, Vt € 07, V0, Vo'

Nx
CC(%IUV = CCC'F * ugtwy + Z CK * Pctwyx ,VC € QC; Vt e -QT; Yo
x=1

€ I°A vy IR,
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(7-28)

(7-29)

(7-30)

(7-31)

(7-32)

(7-33)

(7-34)

(7-35)

(7-36)



pcctwy =PCx ugtw], + YNE Prwyx Ve EQCVEE QT VI €

H DA, v,y HRT,

Petwyx <Dy — Pr—1,Vc € QCVt € T, Vw € ITPA, vy TI’'T, vix

€ [2,Nx — 1]

Perowyx <Py — BF Ve € Q5 vt € O, Vw € P4, vy ', vx = [1]

Peroyx <P — pY_1 ,Vc € Q5 vVt € T, Vo € TPA, vy IV, vx

= [Nx]

Peroyx =0 ,Vc € Q% vt € O, Vw € P4, vy ', vx € Q¥

Wgwinh +Wane, = Wdyihy, ,Yw € Q%,vt € QT, Vo

WdWRY = wdbf ™ « wdl'"  ww e ¥, vt € ", Vo

c HDA’ vy HRT
WDU ngvyt%l)]/ WDU kwh WDU w
Pdyiwy = oo (PEWPY + Kiou, * PTYPY) ,vw € Q%, vt

€ QT,Vw € IIPA, vy T

225

(7-37)

(7-38)

(7-39)

(7-40)

(7-41)

(7-42)

(7-43)

(7-44)



0 < Wgnih < Wglit,vw € ¥, vt € QT, Vo € P4, vy ¥

Wgh¢ = ,Yw € Q%W,vt € OT,

Walink = WhE, —Wiore, ,vw € Q¥, vt € QT, Vw € P4, vy o’

0 < Wils, < WPCSh* ,vw € Q%, vt € O, Vo € ITPA, vy T

0 < WP, < WPCHS ,vw € 0%, vt € QT, Vo € IPA, vy I¥”

BTSEA, and BTDE,, are binary ,Yw € Q%, vt € ", Vw

BTSEA, + BTk, < 1,Yw € Q¥, vt € QT, Vo € IIPA, vy 1?7

Wit < M = BT, ,vw € Q%, vt € QT,Vw € IPA, vy 7

WDis, <M=+ BTDE  ,Vw € Q¥,vt € O, Vo € P4, vy M*T

Wtk = WIEm | + WShe, « At — WRis « At, Yw € Q¥, vt

€ QT, Vo € IIPA, vy IIRT
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(7-45)

(7-46)

(7-47)

(7-48)

(7-49)

(7-50)

(7-51)

(7-52)

(7-53)

(7-54)



0 < Wik < wehak  vw € Q¥, vt € O, Vo € P4, vy " (7-55)

Wiotsy * At < Wi, ., Yw € Q¥, vt € O, Vw € P4, vy n*7 (7-56)
Z WDis,, * At = z Wora, * At ,Yw € QY,Vw € ITPA, vy T (7-57)
t t

Z pgtwy + Z pf}twy + Z p?twy - Z pthwy _prA = Pflf,r;l ,Vt
ceq’ reqR sea® aeal (7-58)

€0, vw e T vy kT

pisy < 10000 Bt vt € QT ,Vw € IIPA, vy ¥ (7-59)
pisyt = —10000 B, vt € O, vw € IPA, vy " (7-60)
Bs¥™M + Biun? < 1,vt € QT ,Vw € IPA vy Y (7-61)

Ywy DA scenarios — ¥, highest RT scenarios

hm — 100,vt
Xt average(DA scenarios) i (7-62)
€ QT ,Vw € ITPA vy I'T
2B — XH™ < 1000 B vt € O, Vw € ITPA, vy ' (7-63)
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Most of the equations have been discussed earlier. In equation (7-2), the term Ccctwy was

introduced to represent the operational cost (fixed and variable) of the conventional

UWDU WDU
wt

generator. Also, the terms and pyy¢y were added to account for the utility and the

demand of the WDU respectively. In equations (7-5) and (7-6), the term pVVVVtB}; was added

C,max -

to account for the demand of the WDU. The term p;,,,, s an intermediate variable for the

maximum power generation of a conventional generator. Equations (7-18) to (7-20)
represent the minimum and maximum limits of generation of the conventional generator.
Equation (7-21) models both the ramp up and the startup ramp limits of the conventional
generator. Similarly, equation (7-22) models the ramp down and shut down ramp limits of
the conventional generator. Lastly, (7-23) represents the preparation of the conventional

generator for shut down.

Each VPP will comprise the equations above for the DA market. However, each VPP will
optimize its own objective independently and the common segments between the VPPs
will be the EP and the electric grid/network. Next, the RT market equations will be
presented in addition to the equations or methodology that govern the interaction of the
VPPs and the EP together. The topology of the VPP cluster has been shown on Figure 6-2
and the flowchart describing the interaction between the VPP, and the EP was shown on

Figure 6-1.
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7.2 VPP Cluster RT Model

Based on the analysis and the studies presented earlier, the equations governing the RT

market simulation have been selected as follows:

1
max Z Ty +BlP -T2 Z Ty ly (7-64)

g = Z [(A?VA + i PR At + Z Ugpey At

teQT deqQbP
- Z Une> Uiy’ At — z (céat+2, (7-65)
weQWDbU cent
C DA RT
+gcty)],\m € P4, vy Il
—¢, +p— iy <0,V € IPA vy I (7-66)
0 <, Vo € P4 vy " (7-67)

Z pgty + Z pﬁty + Z pssty - Z p%ty + Z p%ty

ceqt reaR seqd els(f)=n 2lr(f)=n
7-68
=pMy+ ) PRyt ) bRy vneMwve (7-68)
deql weQl¥PU
=1T,VY,
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z pgty + Z pfty + Z pssty - Z p%ty + Z p%ty

ceq§ reql SEQ ts(£)=n tir(f)=n

= z Py + Z Py, V1 € QN \ n € QM vt

deql weQWbU

=1T,V,

BPA 4 pRT = z M, vt = 1,vy,

neQM
p;‘ty = Bf(as(f)ty - r(f)ty): ve e QL, vVt =2 1,Vy,

—Py < pj, < PpveL el vt > 1,Vy

8nty = 0,n: ref.,, Vt > 7,Vy,
—T < 8pey < 1, VN € QN \ niref., VE > 7, Vy,

PV<pPA+pif <PV vt=1

—PY < phty < BM,vn e QM vt > 1, vy,
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(7-69)

(7-70)

(7-71)

(7-72)

(7-73)

(7-74)

(7-75)

(7-76)



-1 foy

Z Pa:At + z pdt]/At > Ep,vd € P, vy,

t=1

PP <pP, <P),vd e QP vt>1Vvy,
—RgPAt < PRy — PRt-1)y < RyUAL,Vd € QP vt > 1, Vy,
Pful, <&, Ve e Qb vt e QT vy ¥

Py < PSR, ve € 06, vt € QT, vy 1M

pS™ < PCuS,, , Ve € 6, vt € T, vy IV
C,max

C
Pcty  — Pc(t-1)y

< RV x At % u + RSSY « At

c(t-1y
* (ugty - ug(t—l)y) +PF(1 —u&y), Ve € Qf vt

e QT, vy kT
C C
pc(t—l)y — Pcty
< REP x At # ulyy + RO 5 A+ (ulyy — ubsy)

+ PE(1 = ug_qy,), Ve € Q5 Ve € QT, vy ¥
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(7-77)

(7-78)

(7-79)

(7-80)

(7-81)

(7-82)

(7-83)

(7-84)



C,max

D C C,SD C

pctwy = PCC * uc(t+1)wy + RC * At * (u((::twy - uc(t+1)(uy)' Ve

(7-85)

eEQCV(t<TT-1) € QT,Vw € IPA, vy IIfT
CE(uSey — ugt—1)y) < Copyr Ve € Q5 VE 2 1, Vy, (7-86)
0 < C5y, Ve € Q5 YVt = 1,VY, (7-87)
CE(ugioryy — USey) < €y Ve € Q6 VE 2 1,Vy, (7-88)
0 < cy Ve € Qb vt >1,vy, (7-89)
psh
€Sy = ede—1yy T n?'CpSSg)C,At - 77;_'gAt’ Vs € Q5,Vt > 1,Vy, (7-90)
S
ES <eS, <ES VseQSvt>rtVy (7-91)
=Zst — St]/ — st ) = b ’
0 <p5S <P, vseqsve>1vy, (7-92)
0 <p5 < PP, vs € 05, vt > 1,vy, (7-93)
S, S,C

Dsty = pst]; — Dty VS € Q5,VE 2 1,Vy (7-94)
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0<pR, <BY vreaRvt=r1vy

0 <pR, <Py vre R vt>rvy

pRT < pyr, ifART < A0, Vt € QT, vy, vy

piT =por, ifART = %1, vt € QT, vy, vy’

Nx
CS, = CEF « b, + z Cl #Puyx Ve € QS V€ QT vy IIRT,

x=1

Py = BE * UGy, + XNZ Peryr Ve € 06 vt € QT vy IV,
Petyx < DY — Da-q,Vc € Q5 vt € QF, vy IV, vx € [2, Nx — 1]
Poyx <py — BF Ve e Q8 vt € QF, vy IV, v = [1]

Petyx < PF — py_1 Ve € Q% vt € T, vy IV, vx = [Nx]

Potyx 20 ,Vc € Q% vt € T, vy I'T, vx € OF
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(7-95)

(7-96)

(7-97)

(7-98)

(7-99)

(7-100)

(7-101)

(7-102)

(7-103)

(7-104)



Wawiy* + Waue'

= Wwdys' , vyw € Q% vt € QT, vy '

WdlRy = wdbi*™ « wdb'"  ww e ¥, vt € QT, vy "

WDU
PdWDU — thY
wty 1000 joule
€ T, vy kT

* (PEWPU 4 Klwh o« pTVDUY vw € QY, Vt

0 < Wani' < Wghit,vw € Q%, vt € QT, vy I¥"

TDC
WgHC — WgW
w 24

Yw € QY vt € T,

Wglhittk = Wois — Wekd ,vw € Q¥, vt € QT, vy ¥

0 < Wht < WPCS ,vw € Q¥, vt € QT, vy ¥

0 < WPk < wWPChs ,vw € Q%, vt € QT, vy **

BTSt* and BTRf are binary ,vw € Q%,vt € QT, vy ¥

BTSh + BTDE < 1,vw € Q%, vt € QT, vy IV
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(7-105)

(7-106)

(7-107)

(7-108)

(7-109)

(7-110)

(7-111)

(7-112)

(7-113)

(7-114)



Wikt < M« BTGE ,Yw € Q%,Vt € QT, vy IFT (7-115)

WD < M+ BTDE ,vw € Q¥, vt € QT, vy I*" (7-116)

Witk = Wi, + Wit * At — Wpls + At,Yw € QY, vt

(7-117)

e T, vy nt"
0 < WlEk < wehak  vw e Q¥, vt € a7, vy i’ (7-118)
WD * At < Wy, vw € Q%, vt € QT, vy T’ (7-119)
Z WDl * At = Z WShe « At ,Yw € Q¥, vy I’ (7-120)

The equations, variables, and parameters have all been discussed earlier. This set of
equations for the RT market are applicable to each VPP but every VPP has its own

independent system.

7.3 VPP Cluster EP Model

The EP is connected to the VPPs as presented on Figure 6-2. However, it is not a
straightforward process to manage the EP in the optimization problem as it may seem from

Figure 6-2. First, as shown in the flowchart of Figure 6-1, the VPP will run normally
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without including the EP in its optimization scope. This is because the EP is an independent
entity and it is not directly affecting the VPP financially nor technically. Once the VPP,
any VPP, fails to meet its demand, or fails to participate into the electricity markets and
reaches a point of imbalance between generation and supply, the EP will be included into

the optimization problem as a source.

Now, this source can be considered as a big storage source with the details provided on
Table 7-1. Once the EP provides the VPP with some energy, the VPP has to pay this energy
back in addition to any losses made during the process in order to ensure that the EP will
return back to a 100% state of charge. To return this energy back, during the next hour or
hours, the EP will have to be included into the optimization problem as a load in order to
start receiving power instead of giving it. This load will have the technical parameters

provided in Table 7-2.

Table 7-1 EP data as a source

Definition Value
Bus Number 6
Line Number 7
Line From Bus # 1
Line To Bus # 6
Line Capacity (MW) 1000
Line Susceptance (S) 300
Unit Type Storage
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Definition Value
Maximum Capacity (MWh) 1000
Minimum Capacity (MWh) 0

Charge Rate (MW/h) 500
Discharge Rate (MW/h) 500
Initial Energy (MWh) 1000
Table 7-2 EP data as a load
Definition Value
Bus Number 6
Line Number 7
Line From Bus # 1
Line To Bus # 6
Line Capacity (MW) 1000
Line Susceptance (S) 300
Unit Type Load
Maximum Demand (MW) Variable (1000)
Minimum Demand (MW) 0
Ramp Up Rate (MW/h) 1000
Ramp Down Rate (MW/h) 1000
Initial Demand (MWh) 0
Daily Minimum Energy Demand (MWh) 0
Utility ($) 100
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Line 6
WTG w » D7
— D6
Line 2 — D5
Storage
Conventional
Bus 5 Bus 4 Generator
Line 3 Line 5
Line1 Line 4
Bus 6 Bus 1
l Bus 2 l Bus 3 l l
EP D1 6= D2 D4
Line 7 Main
Grid
Figure 7-1 5-Bus network with EP load
Line 6
WTG w »D7
f—=sD 6
Line 2 —> D5
Storage
@ Conventional
Bus 5 Bus 4 Generator
Line 3 Line 5
Line 1 Line 4
Bus 6 Bus 1
Bus 2 l Bus 3 l l
D1 ‘= D2 D4
EP Line 7 Main
Grid

As it can be seen on the tables and figures above, the EP will act as a source or as a load
based on the status of the VPP. If the VPP does its scheduling optimization and finds out
it cannot meet the demand, it will add the EP in the dispatch optimization as a source. Right
after using the EP as a source, the VPP will be forced to connect the EP as a load at all the

coming hours until it returns back all the energy it has taken from the EP. After that, the

Figure 7-2 5-Bus network with EP source
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VPP can disconnect the EP from the optimization problem until needed again in a similar

manner.

As a source, the EP is limited only by its charge and discharge rates which are set to 500
MW/h. When the EP acts as a load however, some points must be considered. The first
thing is that the EP should not be a mandatory load that could lead the VPP to a failure
while its core purpose is to help avoiding the failures. Thus, the EP as a load will have a
minimum daily energy demand of zero and a minimum hourly demand of zero. This will
allow the VPP to give it no power transfer at all if connecting it as a load could lead to any
failure. But this does not guarantee that the VPP will ever pay that energy back to the EP.
Thus, to encourage the VPP, in terms of optimization programming, to pay that energy
back to the EP, the utility of the EP will be set to a high value, 100. This scheme will make
the optimization problem always give priority to paying the energy back to the EP while
also having the ability not to give it any energy if that could lead the VPP to any power

imbalance.

7.4  VPPs Input Data

To make a VPP cluster, there has to be more than one VPP. Therefore, three VPPs will be
used. The three VPPs will have the same structure as shown on Figure 5-1. However, for
simulation purposes, the three VPPs cannot be 100% identical. Therefore, the data of each
VPP will be changed in order to have a different VPP with the same structure of the original

one. Thus, the first main difference is that each VPP will have to make its own forecast for
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the DA market price, RT market price, and wind power output. The three VPPs will be
considered in the same region and of course they are all simulated on the same day. Hence,

the forecasted data should be similar but not the same.

The second difference is that the first VPP will be made very conservative with a weighing
factor equals to three. The weighing factor affects both the CVaR and the reliability
constraints as discussed earlier. This is expected to reduce the total profit but result in a
more secure operation. For the second VPP, the maximum demand of all loads will be
equal to 40% of the original value used in the first VPP. Accordingly, the minimum daily
energy demand of those loads shall be multiplied by 40%. In addition to the drop in
demand, the wind power generator will be multiplied by 20. In other words, 20 wind power
plants will be used instead of only one. Now, due to this extra generation and less demand,
the VPP operator will set the weighing factor to zero. With more generation and less
demand, the VPP operator gets more confidence risking for higher profit as the risk is

obviously reduced with the extra generation and less demand.

Lastly, the third VPP will not be modified. This means that the weighing factor will be kept
equal to one, and the generation and demand are neither be increased nor decreased. The
first bus of each VPP will be connected to both the EP and the main grid. The line that will
connect each VPP to the EP will be rated with 1000 MW capacity and a susceptance of

300 S. The rest of the parameters remain unchanged.
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7.5 VPP Cluster Simulation

The three VPPs have been interconnected with the EP and simulated. A single VPP with
an EP has been simulated before. In this section, two VPPs with some changes from the
original VPP are added to the previously presented system of one VPP and one EP. The
three VPPs are independent but they share the same EP. They are also all connected to the
main grid. When analyzing the power exchange, demand and generation of each VPP, they
can be looked at independently. Figure 7-3 for example shows the generation, demand,
power traded, and power exchange with the EP for the first VPP. First, the conventional
generator covers the biggest portion of generation after which the storage and wind power
sources cover a smaller portion. The figure is a stacked figure where the output of every
source is stacked on or added to the output of the previous source. The power traded in
both the Day-ahead and real-time markets is stacked also on the top of the three generation

sources in order to meet the demand marked with the green line on the top.

It can be seen that the demand perfectly matches the generation at all hours. Thus, the
system has not failed at any of the 24 hours. This is because as highlighted earlier, the first
VPP was considered a very conservative system where the weight of the CVaR was set to
three. It is worth noting that the weight is also part of the reliability equations. And a weight
of three is not a small weight to be considered for the reliability equations. Thus, the first
VPP has considered a high reliability weight which has resulted into a system that did not
fail a single hour during the day though the original system without EP and without
reliability constraints has failed four hours in one day. This conservativeness will definitely
have effect onto the net profit.
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Figure 7-3 VPP cluster, VPP1 demand and generation
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Figure 7-4 VPP cluster, VPP1 demand and generation — second figure
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Figure 7-4 is the exact same figure as the one before it. The only difference is that the first
one is a stacked area figure while this is a stacked line figure. It is only presented for clearer
representation of Figure 7-3. It is important to note that since there has been no failure at
all, the first VPP has not interacted with the EP at all. Therefore, there is no power exchange

with the EP shown on the figures above.

VPP2 Demand Vs Utility

550 T T

a

[=

o
T

450

400 |

Total Demand + EP Load (MW)

w

a

o
T

300 L L L L L L L L
0.8 1 1.2 1.4 1.6 1.8 2 2.2 24 2.6

Utility ($) x10%

Figure 7-5 VPP cluster, VPP1 demand vs utility

On Figure 7-5, the demand versus utility is shown. As expected, the more the utility price
increases, the more the VPP tries to make more profit by increasing the demand. Since the
demand is flexible with a minimum and a maximum limit, the VPP will tend to be closer
to the lower limit when the utility price is low and closer to the maximum limit when the
utility price is high. It is however not the only decisiding factor. It is possible that with the
change of utility that the VPP would not change the demand as the Day-ahead and real-

time market prices play an important role in the decision making in addition to all the other
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variables of the optimization problem. The same figures can be assessed for the second and

the third VPPs.

Figure 7-6 shows that the second VPP has a completely different interaction of components
compared to the first VPP. First, the conventional generator is not running at its maximum
limits as it was the case for the first VPP. This is because the second VPP has the maximum
demand dropped to 40% of the original value of the first VPP and also the minimum daily
energy demand dropped to 40% accordingly. Also, the wind power plant has got 20 units
now instead of one compared to the original case of the first VPP. Due to this higher
generation capability and lower demand, this VPP operator decided to consider zero

weighing factor which makes the system risk neutral.

The wind power generation is much higher due to the increase of the wind power units.
Additionally, the storage system is now charging and discharging at different hours of the
day unlike the case of the first VPP where the storage system got completely depleted at
the first few hours of the day after which it did not charge again. Some areas of the storage
system are hidden due to the overlap with the traded power portion. This is why Figure 7-7
is presented in order to show those hidden areas. When the traded power is below the green
line of demand, it means it is added to the total generation i.e. the VPP has purchased power
from the network. In contrary, if the traded power is above the green line of demand, it

means it is subtracted from the total generation i.e. the VPP has sold power to the network.
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The system has failed at the 20™ hour of the day as it did not consider any risk or reliability
constraints at all by setting the weight to zero. This is where the EP was considered as a
source of power in order to make up for the imbalance between generation and demand.
The EP source has covered the green area on the figure which has led the system back to
balance and setting the demand to be equal to the generation at the 20™ hour. Right after
the 20™ hour, the VPP has to start returning back the energy it has taken from the EP. Thus,
the EP will act as a load from the 21% hour onwards until the VPP returns all the energy

taken from the EP back to the EP.

During the 21 and 22™ hours, the VPP paid back the energy taken on the 20" hour. The
green line shows the total demand of the VPP added to the demand of the EP when acting
as a load. It can be seen that the demand has matched the generation until the end of the
day. The cyan line which shows the total demand of the VPP only without the EP when
acting as a load shows that the demand on the 21% and 22™ hours of the day was lowered
in order to return back the energy taken from the EP. Thus, the difference between the cyan

and green lines is the energy transferred from the second VPP to the EP.
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Figure 7-6 VPP cluster, VPP2 demand and generation
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Figure 7-7 VPP cluster, VPP2 demand and generation — second figure
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Figure 7-8 shows the demand against the utility. As expected from the explanation of the
same figure for the first VPP, the higher the utility, the more the demand is expected to be.
This is because this is a centralized and partially comprehensive control scheme where the
VPP tries to maximize its own profit from every source. If this is replaced with a fully
distributed control scheme, the scenario might be totally opposite to this one. Since each
demand will pay utility, the demand is expected to decrease with the increased utility since

the increased utility means higher payment the demand has to make.
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Figure 7-8 VPP cluster, VPP2 demand vs utility

The third VPP is the last VPP in the cluster. It has a different behavior from the first two
VPPs but it is very similar to the first VPP. This is because the third VPP has decided to
go with a weighing factor of one instead of three which was the case for the first VPP. Of

course, the three VPPs are different in terms of the forecast of the three uncertain
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parameters. The uncertain parameters are not expected to cause a big difference in the
results though as the three VPPs are considered in the same region where their forecast will
not be the same but should be relatively close. The same behavior of the first VPP is seen
here except for the failure that happened at the 18™ hour for the third VPP. Therefore,

considering a lower weighing factor has resulted into this failure mainly.

The green area is the power imbalance difference at the 18™ hour that was covered by the
EP which acted as a source during that hour. During the hours after the 18" hour, the EP
will act as a load until the third VPP pays back all the energy taken from the EP. The dashed
cyan line shows the demand of the VPP without the consideration of the load of the EP.
The green line shows the total demand of the VPP in addition to the demand of the EP. It
can be seen that for three hours after the 18" hour, there was a difference between the green
and cyan lines. This means that the VPP took some energy on the 18" hour from the EP
and paid it back during the 19", 20 and 21% hours. The difference between the cyan and

green lines represents the power delivered from the VPP to the EP.

Figure 7-10 again shows the same thing as shown on Figure 7-9 except that it is shown as
lines instead of areas. The total power generation and exchange with the network and EP
is presented as red triangles on the figure. The total demand of the VPP in addition to the
demand of the EP are shown as a dashed green line on the same figure. Both the dashed
green line and the red triangles are at perfect match during the 24 hours. Thus, the EP has
succesfully helped both the second and the third VPPs to maintain their balance at all hours

of failure.
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The last figure for the third VPP is the utility versus the demand. Figure 7-11 shows a
different behavior for the third VPP comapred to the previous two. It can be seen that the
demand was steady regardless to the utility value. This proves the aforementioned theory
that the utility value is not the only deciding factor for the behavior of the demand. The
Day-ahead and real-time market prices are also critical factors. The only issue is the dip in
the middle of the figure which happened at the 17% hour of the day. Though this issue is
not actually an issue since the VPP has maintained balance between the generation and
demand. It is however a behavior that requires an explanation. This happened because the
17" hour is the only hour of the day where the power traded with the DA market and the
RT market was zero. This can be seen on Figure 7-9 where it is noticed that there is no

purple area at the 171 hour.

Due to this zero power trade, the demand was lowered in order to maintain balance. The
trade has not happened during that hour due to the risk averse constraints, the DA market
prices, the RT market prices, and their relativeness to the utility value. The VPP found it
more risk averse and more profitable not to trade during this hour. And for that, the VPP
has decided to lower the demand during this hour. It is interesting when considering that
this is one major reason why the demand was high when the utility value was low. It is
clear why the demand is high when the utility value is high. But the question is why was
the demand high when the utility was low? This is because the dip in demand at the 17
hour had to be covered during other hours without breaking the energy balance constraints.
And since no more demand could have been added to the hours where the utility is high,

the demand was added to the hours where the utility is low.
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Figure 7-11 VPP cluster, VPP3 demand vs utility

Those different VPPs with different specifications and outcomes highlight some crucial
points such as the effectiveness and importance of the reliability constraints which have
saved the first VPP from any failure. They also show the effectiveness of the proposed VPP
cluster by helping the second and third VPPs to avoid the failures that happened to them at
different hours of the day. This is clearly seen through Figure 7-12 where the power
exchange between the EP and all the VPPs is shown. The first VPP did not take or give
any power while the second and third VPPs have exchanged power with the EP. The second
VPP is shown as a purple area while the third VPP is shown as a green area. The dip at the
18™ hour for the third VPP is the point at which the third VPP failed and got supported by
the EP. This point is negative as it represents power drawn from the EP. After that, the
green curve is on the positive side as the VPP starts paying that energy back to the EP. The

same case applies to the second VPP but starting from the 20" hour.

251



The summation of the power exchange of each VPP with the EP is shown as the orange
area. The EP starts with 1000 MWh at the zeroth hour and it stays like that until the 18%
hour as shown by the black line. Then, the SOC of the EP drops down from the 18™ hour
to the 22" hour. By the 22" hour, all the energy is returned back to the EP and the EP

returns to a 1000 MWh SOC.
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Figure 7-12 EP power exchange - all VPPs

A special focus is put onto the interaction of the storage system of each VPP with the
system. This is because as seen on Figure 7-13, for the first and third VPPs, the storage is
depleted at the early hours after which it did not charge. On the other hand, the second VPP
goes through cycles of discharge and charge. To explain the behavior of the second VPP
storage, the changes made to build the second VPP must be looked at. The generation of
the wind power has increased 20 times by the increase of the number of units. Also, the

demand was dropped to 40% of its value. This abundance in power compared to the other
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two VPPs has resulted into this behavior. For the first and third VPPs, the VPPs were trying
to maximize their profit through power exchange in the Day-ahead and real-time markets
in addition to the profit from the utility. Since the load was big for those two cases and the
utility was high, the VPPs tried to feed as much load as possible. After that, the VPPs tried
to make the maximum possible profit from the price difference between the Day-ahead and

real-time markets.

For the second VPP, the demand was reduced dramatically which means that after feeding
the highest amount of demand that makes high profit, the VPP will turn to make the
maximum profit possible by utilizing the price difference between the Day-ahead and real-
time markets. This could mean that the VPP may have to buy power more than its need to
meet the demand. This is where the role of the storage comes to help maximizing the profit.
The storage is utilized to store that excess energy to be sold later for profit maximization.
This could imply that the storage system for the first and second VPPs were not really
needed for power balance purposes. They did not also participate well in profit
maximization as in the case of the second VPP. Therefore, the first and third VPPs may
need to do more accurate system sizing/ balance. This is however not the main purpose of
the VPPs as the VPPs try to increase the number of participants into the VPPs based on

which the VPPs try to maximize the profit.
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Figure 7-14 WDU water generation - all VPPs

Lastly, Figure 7-14 focuses on the specific demand considered which is the WDU.

Considering the differences between the VPPs, especially the difference in the storage and
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conventional generator behaviors, it is expected that the WDU could behave differently as
well. Nevertheless, the curve of the WDU water generation for the three VPPs is very
similar. The reasons behind this are: first, the WDU is considered an independent load,
though being part of the VPP, that optimizes its own cost which makes it less affected by
the changes made to the VPP. Second, the WDU parameters were not changed for any of

the three cases of the three VPPs.

The third reason for this behavior is that the load profile of the WDU is pre-defined for
each hour. The fact that the water load profile is fixed makes this load semi-flexible to
inflexible. The only flexibility of the WDU is its use of the tank which helps in adding a
flexibility factor to the demand. Thus, it is probably more profitable if the water load profile
of the WDU was made with minimum and maximum range as the flexible electrical loads.
This would help utilizing the water tank more, give higher flexibility to the WDU, and

allow for bigger opportunity for profit maximization.
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CHAPTER 8

CONCLUSION AND FUTURE WORK

8.1 Conclusion

In conclusion, based on the literature review, analysis, modelling, development of models,
simulations, and results shown above, the objectives have been achieved. First, a literature
survey on the linear programming models existing in literature was made and multiple
models have been presented and discussed. Based on these models, the stochastic model
with risk consideration was selected for its comprehensiveness, balance between risk
consideration, conservativeness and accuracy. The deterministic models and the models
without risk consideration were simpler and use less computational time. However, these
models were risk neutral and they could cause a big deviation from the expectation and big
reduction in profit. Therefore, a stochastic model with risk consideration, though taking
more time, and having a bit of increased complexity, was a better choice. This is because
it considers risk, considers multiple scenarios, and does not suffer from severe
conservativeness which is a drawback of using the robust optimization models. Also, the
data availability is easier for the stochastic models over the robust models though both are

available.
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The proposed VPP model includes multiple and different types of units where a
conventional generator is included, renewable energy source, flexible loads, energy storage
system, and of course the rest of the components of a typical microgrid. The VPP
participates in both the Day-ahead and real-time markets. The main objectives of the VPP
are to minimize the operational cost, and increase the profit made through feeding the loads
or interacting with the electricity markets. Additionally, a water desalination unit is added
as a specific type of load. It is a load that actually has its own load which is the water
demand. The WDU has a tank which is a storage medium that helps in managing the
fluctuations in water demand and also helps in reduction the cost of the electric demand of

the WDU.

Next, after developing this VPP model, another critical objective was added which is the
reliability of the VPP. The reliability here refers to trying to ensure no failure in power
balance at all the trading hours of the day. Therefore, reliability constraints have been
developed which through simulations have proven being very effective in reducing and
even eliminating the failures. This of course comes with the cost of reduction in profit. This
is expected as reliability comes with a price. It is still better and cheaper to give up on a
small portion of the profit for the security of the system as the cost of failure is much higher.
By this the VPP has achieved three main objectives: maximizing the profit, reducing the

operational cost, and increasing the reliability of the system.

Another propsoed model was SOS2 which is a method for representing piecewise linear

fuctions in linear programming. This was claimed to be faster than representing the
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piecewise linear functions as a set of constraints. In literature, the variable generator cost
is represented as a set of constraints that model the piecewise linear function of the variable
generation cost. Thus, the SOS2 representation was proposed and tested in this research. It
was found that the SOS2 representation took 50% extra time compared to the conventional
constraints representation. This however contradicts the claim in [182] which says that the
SOS2 constraints have one major benefit over the regular constraints which is the faster
simulation. This could be due to the size of the system. It could be that this claim is valid
for specific types of simulations, linear programming solving techniques, small or big
number of variables, or some other factors that the authors did not clarify. In coclusion to
this point, representing a piecewise linear function through a set of constraints is faster in

simulation than SOS2 representation.

Another issue that was considered is that the reliabiltiy could be improved by the increase
of the number of scnearios used. The more scenarios used, the higher the chances that there
could be some scenarios that would cover some worse areas in terms of prices or power
generation. Thus, the number of scenarios was increased and comapred to the reliability
constraints. It was found that the reliability constraints were much better at mitigating
failures and they have also taken about 15% of the time taken when the number of scenarios
was increased. Also, increasing the number of scenarios is comuptically very demanding
especially in terms of memory need. Therefore, the reliability constraints are extremely

effective without causing any big need for computational time or memory.
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The idea of a VPP cluster was introduced which was never discussed in literature before.
In literature, a microgrid cluster is discussed where multiple microgrids are interconneted
through an energy pool. The energy pool is a common source of power to back up any
microgrid when needed. Those microgrids can be AC or DC. For DC microgrids, the main
objective of the EP is to watch for the voltage level of the DC bus. Based on this, the EP
can detect any power mismatch between demand and generation and back up that microgrid
when needed. For AC microgrids, the EP watches the frequency. The frequency deviation
is the triggering signal for the EP to back up the microgrid. Nonetheless, this concept was
not discussed for VPPs since VPPs are already connected to the network and any power
mismatch is expected to be balanced through the market. This is however not necessarily
true as presented in this research. The VPP might fail to participate into the electricity
market at all at some hours of the day. In this case, there is no need to look at any DC bus
voltage or frequency deviation since the power imbalance is already clear through the

resuls of the electricity trading schedule and the optimized solution of the VPP scheduling.

Therefore, it is proposed to add an EP to multiple VPPs and make a VPP cluster. This EP
is triggered by the power imbalance due to the failures to trade in the electricity markets
and thus failure to meet the demand or failure to fulfill its trade constracts. The VPP cluster
was developped, simulated, and analyzed. It was proven that the EP and the idea of a VPP
cluster was able to mitigate multiple failures for multiple VPPs in the cluster effectively.
Therefore, the proposed VPP cluster was found successful maintainening the power
balance at the hours of failure. The VPP cluster comprises all the aforementioned ideas

such as the risk consideration through the use of CVaR, piecewise linear function
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representaion through a set of constraints to represent the conventional generator
operational cost, sequential ARIMA, WDU, flexible demand, ESS, RES, conventional
generator, reliability constriants, and of course an energy pool. It is worth noting that
though the control scheme considered is central where the VPP operator is in charge of the
operation of all the units within, the WDU was considered to be working on its own
objective independently from the VPP. Eventhough the WDU is part of the VPP, it was
allowed to optimize its own objective converting the control scheme from centralized to

comprehensive as it is a load that has its own load which is the water demand.

Table 8-1 Contributions
Proposed Objective Result

Construct a comprehensive VPP model
containing dispatchable and non- Model Developed

dispatchable source

Formulate a multi-objective optimization | A multi-objective optimization problem

problem was designed

A WDU has been designed and
incorporated due to its high importance in
Incorporate a WDU as a specific demand countries like Saudi Arabia that rely on
desalination and due to its importance as a

virtual storage unit
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Proposed Objective

Result

To propose a sequential ARIMA model

for RT market for higher accuracy

The model has been developed and
proven its efficiency in increasing the

prediction accuracy

The comprehensive model shall

participate in both the DA and RT markets

The simulation and results have been done

on the two markets

Design a SOS2 model and compare its
speed to set-of-constraints model for
evaluation of the most computationally
effective model for conventional
generator piecewise linear function

approximation

SOS2 model has been designed and tested
and it has been proven that the set-of-

constraints model is faster

To propose, construct, and evaluate a
reliability model that makes the VPP

immune to failure of power balance

A newly proposed model for reliability
against power balance failures has been
designed and it has proven its
effectiveness in increasing the system

reliability

To propose, construct, and evaluate a VPP
cluster that incorporates an EP making a
newly developed concept in VPP

modelling

The model has been developed and it has
proven its efficiency in making the system

much more robust against failures
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8.2 Future Work

As possible expansion to this work, a more detailed model could be considered by the
inclusion or the modifications of some constraints. For example, the minimum up time and
minimum down time of the conventional generator could be considered. This will lead to
the need for a bigger simulation scope, more than 24 hours, in order to a have a deeper
insight of such modifications. Also, the lines may not be assumed lossless. The operational
and maintenance costs of some components could be considered as well. Another important
market is the ancillary services market which the VPP could participate into. Fully
comprehensive control scheme could be simulated in addition to a distributed control

scheme and compared to the centralized one.

The WDU can be studied under various scenarios such as a flat generation profile which
will require different sizing and some modifications to the WDU to be suitable for this task.
The WDU considered for this research had a specific water demand profile ranging from
700 m3 to 7000 m3 on the same day but at different hours. However, the tank had water
charge/discharge rate of only 500 m3 which cannot work on flattening the water generation
profile. This is in addition to the fact that the water demand profile is also fixed which can
be made flexible. Other objectives could be added as well through the use of epsilon
constraints and lexicographic optimization. The multiple VPPs of the same VPP cluster

could even be made to interact with each other.
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A.l

APPENDIX A

INPUT DATA AND PARAMETERS

Input Data

This appendix contains the input data used for the simulations.

Table A-1 Network data, [169]

Capacity Susceptance
Line From To Reactance (Q)
[MW] (S)
1 1 2 250 0.0281 35.5872
2 1 4 150 0.0304 32.8947
3 1 5 400 0.0064 156.2500
4 2 3 350 0.0108 92.5926
5 3 4 240 0.0297 33.6700
6 4 5 240 0.0297 33.6700
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Table A-2 Demand data, [169]

_ RDU _RDD
g Ezli) P o]i)t d d pdDo
Deman
MW MW
[MWh] [MW] _] [_ [MW]
h h
1 100 10 6 6 6
2 100 10 6 6 6
3 500 70 40 40 30
4 600 70 45 45 26
5 1200 150 100 100 78
6 1000 150 90 90 79
7 1500 200 110 110 89
Table A-3 Demand minimum, [169]

Time | Pj Py Py Py P Py Py
h MW] | (Mw] | [Mw] | [MW] | [MW] | [MW] | [MW]
1 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0
7 0 0 0 0 10 20 20
8 0 0 0 0 10 20 20
9 0 0 0 0 10 20 20
10 0 0 0 0 10 20 20
11 0 0 0 0 10 20 20
12 0 0 0 0 10 20 20
13 0 0 0 0 10 20 20
14 0 0 0 0 20 40 40
15 0 0 0 0 20 40 40
16 1 1 2 2 20 40 40
17 1 1 2 2 20 40 40
18 1 1 2 2 20 40 40
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Time | Pp Py P5 Py P Pgy Py
19 1 1 2 2 20 40 40
20 1 1 2 2 20 40 40
21 1 1 2 2 20 40 40
22 1 1 2 2 10 20 20
23 1 1 2 2 10 20 20
24 0 0 0 0 0 0 0
Table A-4 Utility data, [169]
Demand Load [MW] Utility [S/MWh]
1 2.5,2.5,2.5,2.5 50,49,38,37
2 2.5,2.5,2.5,2.5 51,50,38,37
3 17.5,17.5,17.5,17.5 57,55,50,46
4 17.5,17.5,17.5,17.5 57,54,49,45
5 37.5,37.5,37.5,37.5 63,58,55,53
6 37.5,37.5,37.5,37.5 64,59,56,54
7 50,50,50,50 61,57,54,51
Table A-5 Hourly utility data 1
Demand 1 2 3
Load # 1 2 3 4 5 6 7 8 9 10 11 12
Flour Load (MW) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 175 | 175 | 175 | 17.5
Base Utility 50 | 49 38 37 51 50 | 38 37 57 55 50 46
1 Utility (5/MWh) | 40 | 39.2 | 304 | 29.6 | 40.8 | 40 | 30.4 | 29.6 | 45.6 44 40 36.8
2 Utility (5/MWh) | 40 | 39.2 | 30.4 | 29.6 | 40.8 | 40 | 30.4 | 29.6 | 45.6 | 44 40 | 36.8
3 Utility (5/MWh) | 40 | 39.2 | 304 | 29.6 | 40.8 | 40 | 30.4 | 29.6 | 45.6 44 40 36.8
4 Utility (5/MWh) | 40 | 39.2 | 30.4 | 29.6 | 40.8 | 40 | 304 | 29.6 | 45.6 | 44 40 | 36.8
5 Utility (5/MWh) | 40 | 39.2 | 30.4 | 29.6 | 40.8 | 40 | 30.4 | 29.6 | 45.6 44 40 36.8
6 Utility (5/MWh) | 40 | 39.2 | 304 | 29.6 | 40.8 | 40 | 30.4 | 29.6 | 45.6 44 40 36.8
7 Utility (5/MWh) | 40 | 39.2 | 30.4 | 29.6 | 40.8 | 40 | 30.4 | 29.6 | 45.6 44 40 36.8
8 Utility (5/MWh) | 40 | 39.2 | 304 | 29.6 | 40.8 | 40 | 30.4 | 29.6 | 45.6 44 40 36.8
9 | Utility ($/MWh) | 50 | 49 38 37 51 | 50| 38 37 57 | 55 | 50 | 46
10 Utility (5/MWh) | 50 49 38 37 51 50 38 37 57 55 50 46
11 Utility (5/MWh) | 50 49 38 37 51 50 38 37 57 55 50 46
12 | Utility (5/MWh) | 50 | 49 38 37 51 50 | 38 37 57 55 50 46
13 Utility (5/MWh) | 50 49 38 37 51 50 38 37 57 55 50 46
14 | Utility ($/MWh) | 50 | 49 38 37 51 | 50| 38 37 57 | 55 | 50 | 46
15 Utility (5/MWh) | 50 49 38 37 51 50 38 37 57 55 50 46
16 | Utility ($/MWh) | 50 | 49 38 37 51 | 50| 38 37 57 | 55 | 50 | 46
17 Utility (5/MWh) | 60 | 58.8 | 45.6 | 44.4 | 61.2 | 60 | 45.6 | 44.4 | 68.4 66 60 55.2
18 Utility (5/MWh) | 60 | 58.8 | 45.6 | 44.4 | 61.2 | 60 | 45.6 | 44.4 | 68.4 66 60 55.2
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Demand 1 2 3
Load # 1 2 3 4 5 6 7 8 9 10 11 12
Flour Load (MW) 25| 25 | 25 | 25 | 25 |25| 25 | 25 | 175|175 | 175 | 17.5
Base Utility 50 | 49 38 37 51 | 50| 38 37 57 | 55 50 | 46
19 Utility (5/MWh) | 60 | 58.8 | 45.6 | 44.4 | 61.2 | 60 | 45.6 | 44.4 | 68.4 66 60 55.2
20 | Utility (5/MWh) | 60 | 58.8 | 45.6 | 44.4 | 61.2 | 60 | 45.6 | 444 | 684 | 66 | 60 | 55.2
21 | Utility ($/MWh) | 60 | 58.8 | 45.6 | 44.4 | 612 | 60 | 456 | 444 | 684 | 66 | 60 | 55.2
22 | Utility ($/MWh) | 60 | 58.8 | 45.6 | 44.4 | 61.2 | 60 | 456 | 444 | 684 | 66 | 60 | 55.2
23 | Utility ($/MWh) | 60 | 58.8 | 45.6 | 44.4 | 612 | 60 | 456 | 444 | 684 | 66 | 60 | 55.2
24 Utility (5/MWh) | 60 | 58.8 | 45.6 | 44.4 | 61.2 | 60 | 45.6 | 44.4 | 68.4 66 60 55.2
Table A-6 Hourly utility data 2
Demand 4 5
Hour Load # 13 14 15 16 17 18 19 20
Load (MW) 17.5 17.5 17.5 17.5 37.5 37.5 37.5 375
Base Utility 57 54 49 45 63 58 55 53
1 Utility (5/MWh) | 45.6 43.2 39.2 36 69.3 63.8 60.5 58.3
2 Utility (S/MWh) | 45.6 43.2 39.2 36 69.3 63.8 60.5 58.3
3 Utility (5/MWh) | 45.6 43.2 39.2 36 69.3 63.8 60.5 58.3
4 Utility (5/MWh) | 45.6 43.2 39.2 36 69.3 63.8 60.5 58.3
5 Utility (5/MWh) | 45.6 43.2 39.2 36 69.3 63.8 60.5 58.3
6 Utility (5/MWh) | 45.6 43.2 39.2 36 69.3 63.8 60.5 58.3
7 Utility (S/MWh) | 45.6 43.2 39.2 36 69.3 63.8 60.5 58.3
8 Utility (5/MWh) | 45.6 43.2 39.2 36 69.3 63.8 60.5 58.3
9 Utility (S/MWh) 57 54 49 45 56.7 52.2 49.5 47.7
10 Utility (S/MWh) 57 54 49 45 56.7 52.2 49.5 47.7
11 Utility (S/MWh) 57 54 49 45 56.7 52.2 49.5 47.7
12 Utility (S/MWh) 57 54 49 45 56.7 52.2 49.5 47.7
13 Utility ($/MWh) 57 54 49 45 56.7 52.2 49.5 47.7
14 Utility (S/MWh) 57 54 49 45 56.7 52.2 49.5 47.7
15 Utility ($/MWh) 57 54 49 45 56.7 52.2 49.5 47.7
16 Utility (S/MWh) 57 54 49 45 56.7 52.2 49.5 47.7
17 | Utility (5/MWh) | 68.4 | 64.8 | 58.8 54 63 58 55 53
18 Utility (5/MWh) | 68.4 64.8 58.8 54 63 58 55 53
19 Utility (S/MWh) | 68.4 64.8 58.8 54 63 58 55 53
20 | Utility ($/MWh) | 68.4 | 64.8 | 58.8 54 63 58 55 53
21 Utility (S/MWh) | 68.4 64.8 58.8 54 63 58 55 53
22 Utility (5/MWh) | 68.4 64.8 58.8 54 63 58 55 53
23 Utility (5/MWh) | 68.4 64.8 58.8 54 63 58 55 53
24 Utility (5/MWh) | 68.4 64.8 58.8 54 63 58 55 53
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Table A-7 Hourly utility data 3

Demand 6
Hour Load # 21 22 23 24 25 26 27 28
Load (MW) 37.5 37.5 37.5 37.5 50 50 50 50
Base Utility 64 59 56 54 61 57 54 51
1 Utility (S/MWh) 70.4 64.9 61.6 594 67.1 62.7 594 56.1
2 Utility (S/MWh) 70.4 64.9 61.6 59.4 67.1 62.7 59.4 56.1
3 Utility (5/MWh) | 704 | 649 | 61.6 | 59.4 | 67.1 | 62.7 | 59.4 | 56.1
4 Utility (S/MWh) 70.4 64.9 61.6 59.4 67.1 62.7 59.4 56.1
5 Utility (5/MWh) | 704 | 649 | 61.6 | 59.4 | 67.1 | 62.7 | 59.4 | 56.1
6 Utility (S/MWh) 70.4 64.9 61.6 594 67.1 62.7 594 56.1
7 Utility (S/MWh) 70.4 64.9 61.6 59.4 67.1 62.7 59.4 56.1
8 Utility (S/MWh) 70.4 64.9 61.6 594 67.1 62.7 594 56.1
9 Utility (S/MWh) 57.6 53.1 50.4 48.6 54.9 51.3 48.6 45.9
10 Utility (5/MWh) | 57.6 | 53.1 | 50.4 | 48.6 | 54.9 | 51.3 | 48.6 | 45.9
11 Utility (S/MWh) 57.6 53.1 50.4 48.6 54.9 51.3 48.6 45.9
12 Utility (S/MWh) 57.6 53.1 50.4 48.6 54.9 51.3 48.6 45.9
13 Utility (S/MWh) 57.6 53.1 50.4 48.6 54.9 51.3 48.6 45.9
14 Utility (S/MWh) 57.6 53.1 50.4 48.6 54.9 51.3 48.6 45.9
15 Utility (5/MWh) | 57.6 | 53.1 | 50.4 | 48.6 | 54.9 | 51.3 | 48.6 | 45.9
16 Utility (S/MWh) 57.6 53.1 50.4 48.6 54.9 51.3 48.6 45.9
17 Utility (S/MWh) 64 59 56 54 61 57 54 51
18 Utility ($/MWh) 64 59 56 54 61 57 54 51
19 Utility (S/MWh) 64 59 56 54 61 57 54 51
20 Utility ($/MWh) 64 59 56 54 61 57 54 51
21 Utility (S/MWh) 64 59 56 54 61 57 54 51
22 Utility (S/MWh) 64 59 56 54 61 57 54 51
23 Utility (S/MWh) 64 59 56 54 61 57 54 51
24 Utility (S/MWh) 64 59 56 54 61 57 54 51
Table A-8 Storage data

Capacity 200 MWh

Initial Energy 200 MWh

Charging/ discharging efficiency 90%/90%

Maximum charge power 100 MW

Maximum discharge power 100 MW

267




Table A-9 Main grid and market data

Max. power exchange with main grid
400 MW/ 400 MW
from/to
Max. power sold to the Day-ahead and
300 MW
real-time markets
Max. power purchased from the Day-
200 MW
ahead and real-time markets

Table A-10 Conventional generator data

Startup cost 1500 $/h
Shut down cost 100 $/h
Maximum production level 294 MW
Minimum production level 112 MW
Ramp up rate 60 MW/'h
Ramp down rate 50 MW'h
Initial status off
Initial power output 0 MW
Fixed production cost 824 $/h
Startup ramp limit 170 MW/h
Shut down ramp limit 160 MW/h
Minimum up time 4h
Minimum down time 4h
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Table A-11 Conventional generator variable cost

Block # Cost Slope ($/MWh) Power (MW)
1 35.5 130
2 36.5 148
3 38 166
4 39 184
5 40.5 202
6 42 220
7 43 238
8 44.5 256
9 46 274
10 46.5 294
Table A-12 Wind Power scenarios
Hou Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
r (MW) (MW) (MW) (MW) (MW)
1 0.04 0.00 0.00 0.00 0.00
2 0.19 0.00 0.03 0.00 0.02
3 0.58 0.11 0.57 0.51 0.18
4 0.61 0.13 0.52 0.39 0.25
5 0.20 0.13 0.19 0.10 0.04
6 0.07 0.11 0.10 0.07 0.06
7 0.00 0.01 0.02 0.00 0.03
8 0.05 0.13 0.15 0.54 0.15
9 0.05 0.06 0.06 0.71 0.12
10 0.50 0.18 0.81 2.31 0.95
11 0.26 0.08 0.80 1.77 0.31
12 0.03 0.01 0.16 1.04 0.09
13 0.01 0.00 0.19 1.05 0.07
14 0.10 0.00 0.39 1.59 0.15
15 0.09 0.00 0.32 1.14 0.09
16 0.27 0.01 0.39 0.78 0.10
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Hou Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
r (MW) (MW) (MW) (MW) (MW)
17 0.09 0.01 0.35 0.86 0.23
18 0.04 0.07 0.20 0.71 0.07
19 0.07 0.06 0.30 1.42 0.13
20 0.05 0.01 0.84 3.89 0.23
21 0.10 0.15 1.40 5.55 0.82
22 0.00 0.01 0.63 3.01 0.38
23 0.01 0.03 1.21 2.69 0.61
24 0.05 0.05 0.84 3.58 0.67
Table A-13 Actual DA market prices
Hour Actual Lambda DA (S/MWh)
1 33.72
2 29.88
3 28.94
4 27.94
5 28.4
6 31.79
7 36.9
8 38.03
9 39.12
10 41.16
11 43.7
12 45.64
13 48.55
14 48.42
15 45.67
16 47.95
17 48.1
18 48.13
19 47.41
20 43.95
21 45.66
22 42.32
23 36.65
24 34.04
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Table A-14 DA market prices scenarios

Ho Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
ur ($/Mwh) (S/MWh) (S/MWh) ($/MWh) ($/Mwh)
1 35.74 36.09 35.74 35.99 35.28
2 35.19 35.26 34.88 35.54 35.11
3 33.84 33.59 33.95 34.16 33.62
4 33.15 32.98 32.69 33.33 32.78
5 33.08 3291 32.96 33.01 33.31
6 33.42 33.16 33.11 33.12 33.57
7 34.09 33.76 34.25 33.93 34.05
8 37.12 36.73 36.90 37.72 37.60
9 39.76 39.06 39.33 39.93 40.12
10 42.80 42.06 42.48 43.44 43.53
11 44.70 43.96 44.34 44.87 45.28
12 45.29 45.14 45.12 45.81 46.27
13 45.81 44.92 45.65 46.08 46.22
14 46.22 45.59 46.01 46.58 46.78
15 45.59 45.16 45.30 45.64 46.04
16 47.04 46.24 46.98 47.24 47.49
17 48.15 47.44 47.63 48.17 48.44
18 46.94 46.84 46.50 47.07 47.26
19 42.70 42.61 42.55 43.54 43.29
20 42.94 43.40 43.29 43.68 43.32
21 49.86 50.03 50.12 50.52 50.52
22 42.08 41.72 41.87 42.36 42.39
23 37.19 37.06 36.40 37.54 38.00
24 36.42 36.76 36.30 37.06 37.35
Table A-15 DA market scenarios parameters
Scenario Probability
Number of WP scenarios 5
Probability of each scenario 0.2
Number of DA price scenarios 5
Probability of each scenario 0.2
Number of RT prices scenarios 5
Probability of each scenario 0.2
Total Number of scenarios 5*5%5=125

Probability of each scenario

0.2*0.2*0.2=0.008
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Table A-16 Residual RT market prices Scenarios

Ho Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
ur ($/Mwh) (S/Mwh) (S/MwWh) (S/Mwh) ($/Mwh)
1 4.63 3.16 0.93 3.03 3.56
2 0.43 3.78 -0.72 2.90 4.48
3 -4.39 0.15 -1.30 -4.72 4.23
4 7.19 6.39 2.72 1.28 4.04
5 13.92 9.36 6.18 1.25 5.20
6 5.77 3.51 0.20 -3.72 -1.26
7 7.95 3.90 8.86 3.23 8.38
8 8.12 4.83 3.64 1.51 5.95
9 6.78 6.95 0.58 4.62 4.57
10 5.89 5.35 -1.67 -1.40 3.45
11 3.53 -0.99 -4.39 -4.67 -2.95
12 -0.51 -4.44 -6.35 -6.22 -4.30
13 -2.39 2.05 -4.34 0.42 -5.29
14 -4.85 -2.96 -4.14 -1.45 -12.57
15 -6.79 -8.71 -3.67 0.74 -12.58
16 -7.43 -8.90 -10.05 -2.65 -14.22
17 -4.52 -7.62 -4.89 -5.57 -9.06
18 -2.69 -12.51 -7.08 -4.79 -8.87
19 -9.41 -15.63 -8.55 -9.69 -7.50
20 -6.46 -0.53 -5.14 -1.67 -3.61
21 -8.85 -4.26 -6.10 -3.34 -6.90
22 -9.41 -5.95 -5.43 -5.05 -7.48
23 -2.69 -2.68 2.92 -0.40 -0.17
24 -3.05 -3.58 -0.80 -2.40 -0.50

Table A-17 Actual wind power output

Hour WP (MW)
tl 1.832401
t2 0.852928
t3 0
t4 0.691312
t5 0
t6 0
t7 0
t8 1.248419
t9 0.359618
t10 0
t1l 5.707968
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Hour WP (MW)
t12 3.623629
t13 5.645126
t14 8.520023
t15 8.838736
t16 7.009819
t17 12.5091
118 14.74199
t19 9.638999
t20 6.66968
121 3.111116
122 10.02581
123 11.10124
t24 11.26059
Table A-18 Actual RT market prices
Hour Price ($/MWh)
tl 30.96
12 30.15
13 30.21
t4 30.39
t5 32.36
16 32.07
t7 39.63
18 35.51
19 34.48
t10 34.79
t11 36.01
t12 44.69
t13 47.75
t14 40.52
t15 35.02
t16 34.92
t17 35.99
t18 49.49
t19 37.64
120 43.24
121 37.73
122 34.37
123 35.1
124 35.09
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Table A-19 RT market scenarios

Scenario Probability
Number of WP scenarios 5
Probability of each scenario 0.2
Number of RT prices scenarios 5
Probability of each scenario 0.2
Total Number of scenarios 5*5=25
Probability of each scenario 0.2*0.2=0.04
Table A-20 Wind power scenarios, first hour
Hou Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
r (MW) (MW) (MW) (MW) (MW)
1 0.14 0.14 0.14 0.14 0.14
2 1.53 1.41 1.35 0.39 5.24
3 411 3.34 6.35 0.87 3.20
4 4.99 3.53 3.07 0.46 2.42
5 3.57 2.76 1.50 0.15 1.10
6 1.55 3.52 0.93 0.12 0.00
7 1.42 5.03 1.33 0.70 0.81
8 1.42 2.09 0.55 0.58 0.14
9 2.60 3.60 0.31 0.93 1.21
10 3.60 8.11 0.85 1.33 2.94
11 8.91 14.35 3.16 3.78 6.36
12 27.94 26.23 18.34 7.24 13.85
13 25.14 31.92 10.58 2.12 9.74
14 21.44 36.83 14.81 5.72 18.09
15 25.96 54.38 17.36 10.01 33.37
16 16.47 33.73 7.77 6.81 31.02
17 21.06 23.79 4.96 3.07 33.25
18 18.18 17.70 9.23 3.38 34.64
19 7.48 12.70 6.50 0.95 23.80
20 5.43 13.34 3.36 1.36 33.13
21 3.67 10.90 3.37 2.02 33.31
22 291 6.63 2.01 1.74 38.69
23 3.52 3.60 2.22 1.48 36.37
24 3.79 2.76 2.26 1.08 35.28
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Table A-21 Residual based RT market prices scenarios, first hour

Ho Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
ur (S/Mwh) (S/Mwh) (S/Mwh) (S/Mwh) (S/Mwh)
1 4.63 3.16 0.93 3.03 3.56
2 0.43 3.78 -0.72 2.90 448
3 -4.39 0.15 -1.30 -4.72 4.23
4 7.19 6.39 2.72 1.28 4.04
5 13.92 9.36 6.18 1.25 5.20
6 5.77 3.51 0.20 -3.72 -1.26
7 7.95 3.90 8.86 3.23 8.38
8 8.12 4.83 3.64 1.51 5.95
9 6.78 6.95 0.58 4.62 4.57
10 5.89 5.35 -1.67 -1.40 3.45
11 3.53 -0.99 -4.39 -4.67 -2.95
12 -0.51 -4.44 -6.35 -6.22 -4.30
13 -2.39 2.05 -4.34 0.42 -5.29
14 -4.85 -2.96 -4.14 -1.45 -12.57
15 -6.79 -8.71 -3.67 0.74 -12.58
16 -7.43 -8.90 -10.05 -2.65 -14.22
17 -4.52 -7.62 -4.89 -5.57 -9.06
18 -2.69 -12.51 -7.08 -4.79 -8.87
19 -9.41 -15.63 -8.55 -9.69 -7.50
20 -6.46 -0.53 -5.14 -1.67 -3.61
21 -8.85 -4.26 -6.10 -3.34 -6.90
22 -9.41 -5.95 -5.43 -5.05 -7.48
23 -2.69 -2.68 2.92 -0.40 -0.17
24 -3.05 -3.58 -0.80 -2.40 -0.50
Table A-22 Wind power scenarios, second hour
Hou Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
r (MW) (MW) (MW) (MW) (MW)
1 1.83 1.83 1.83 1.83 1.83
2 0.85 0.85 0.85 0.85 0.85
3 7.63 8.57 0.00 0.78 0.00
4 9.29 6.19 0.00 0.99 0.00
5 2.14 16.61 0.00 2.45 0.00
6 0.00 20.43 0.00 3.17 1.20
7 0.00 24.14 0.00 1.05 3.81
8 0.40 20.85 0.00 2.15 8.55
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Hou Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
r (MW) (MW) (MW) (MW) (MW)
9 4.55 20.80 0.00 4.69 8.80
10 11.00 12.11 0.00 10.50 6.52
11 8.85 6.53 0.00 10.24 6.70
12 4.77 6.21 0.00 8.16 3.71
13 3.40 25.01 2.71 13.01 6.20
14 0.00 23.42 2.81 16.27 8.71
15 0.00 19.18 0.15 15.93 14.32
16 1.48 18.76 1.85 18.38 7.14
17 2.04 15.47 0.00 10.95 4.82
18 5.03 13.13 0.00 5.85 0.00
19 5.98 8.04 1.15 12.82 0.00
20 11.15 11.44 0.00 13.58 0.00
21 14.34 15.24 0.00 16.53 0.00
22 16.15 5.03 0.00 23.51 0.00
23 17.48 9.67 0.00 17.41 0.00
24 19.37 9.62 0.00 8.01 0.00

Table A-23 Residual based RT market prices scenarios, second hour
Ho Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
ur ($/Mwh) (S/Mwh) (S/Mwh) (S/Mwh) ($/Mwh)
1 30.96 30.96 30.96 30.96 30.96
2 26.67 30.30 28.85 25.76 28.87
3 26.57 29.49 32.50 28.03 31.25
4 30.90 30.70 34.30 31.65 35.00
5 34.69 36.27 34.98 33.71 40.28
6 33.87 37.10 37.39 34.41 42.88
7 44.66 45.27 43.34 44.35 44.80
8 46.31 46.75 44.45 47.96 49.47
9 40.33 39.28 37.31 39.53 36.58

10 44.14 48.81 44.77 46.48 41.01

11 39.66 43.60 36.34 42.55 3541

12 35.69 40.66 29.04 34.06 32.58

13 36.15 39.53 30.47 37.62 33.86

14 32.89 36.36 30.16 34.86 28.92

15 33.60 39.51 37.39 44.04 33.42

16 30.60 40.43 39.36 40.96 33.80
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Ho Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
ur ($/Mwh) (S/MwWh) (S/Mwh) (S/Mwh) ($/Mwh)
17 35.22 29.80 35.69 33.38 29.81
18 42.24 35.33 36.86 40.41 37.07
19 42.84 36.24 39.58 41.63 46.15
20 45.22 43.38 43.73 40.13 45.91
21 39.44 36.79 40.41 34.52 36.10
22 36.49 35.30 37.82 31.28 35.87
23 31.86 36.77 35.01 30.53 31.68
24 23.46 30.61 27.73 26.58 22.35
Table A-24 Wind power scenarios, third hour
Hou Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
r (MW) (MW) (MW) (MW) (MW)
1 1.83 1.83 1.83 1.83 1.83
2 0.85 0.85 0.85 0.85 0.85
3 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 3.91 0.00
5 0.00 2.10 0.00 9.75 0.00
6 0.00 3.47 1.95 5.38 0.00
7 0.00 0.00 5.16 7.58 0.46
8 0.00 0.00 5.97 12.25 2.80
9 0.00 2.99 5.85 8.77 2.03
10 0.00 4.78 9.50 8.28 11.68
11 0.00 3.57 9.53 8.55 21.55
12 0.00 3.14 9.51 11.85 17.57
13 0.00 0.00 8.96 7.77 12.55
14 0.00 0.00 4.80 1.81 2.73
15 0.00 0.00 3.70 0.73 0.00
16 3.84 0.00 8.70 1.96 0.00
17 9.26 2.28 8.98 6.94 3.72
18 9.54 2.26 10.49 9.28 8.07
19 8.13 4.72 15.73 10.09 9.17
20 3.20 1.49 8.74 4.89 8.38
21 0.00 9.19 10.75 0.00 3.76
22 0.00 3.83 8.89 0.81 2.76
23 0.00 0.24 6.11 0.00 4.09
24 0.00 2.28 10.98 0.81 4.33
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Table A-25 Residual based RT market prices scenarios, third hour

Ho Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
ur (S/Mwh) (S/Mwh) (S/Mwh) (S/Mwh) (S/Mwh)
1 30.96 30.96 30.96 30.96 30.96
2 30.15 30.15 30.15 30.15 30.15
3 36.35 31.51 34.01 30.56 30.74
4 37.50 33.33 30.76 26.92 28.24
5 32.86 34.36 30.65 28.31 26.63
6 34.77 36.15 31.99 34.10 27.41
7 45.34 45.24 43.40 42.05 39.84
8 44.84 42.87 40.74 45.07 39.76
9 34.20 31.26 31.74 27.58 29.63
10 38.28 37.10 40.53 36.92 44.16
11 35.25 34.68 33.79 33.24 37.50
12 33.90 36.95 33.50 32.19 31.17
13 42.30 46.11 38.82 34.60 38.04
14 37.37 39.23 38.92 27.81 31.42
15 39.71 41.11 39.95 34.75 38.50
16 41.09 38.24 41.04 37.50 35.38
17 36.47 38.37 38.17 35.41 33.36
18 34.98 41.81 40.45 42.09 40.42
19 36.48 37.67 35.60 37.96 39.42
20 50.42 42.94 38.45 43.13 40.18
21 41.42 41.17 33.76 38.84 40.71
22 35.42 40.51 27.73 39.40 42.89
23 34.94 31.99 27.68 34.36 40.46
24 33.06 27.27 23.82 25.26 30.31
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APPENDIX B

SIMULATION RESULTS

B.1 Simulation Results

This section contains some of the results obtained from simulations.

Table B-1 DA market scheduled power scenarios

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

(MW) (MW) (MW) (MW) (MW)
t1 -200 -200 -200 -200 -200
t2 -200 -200 -200 -200 -200
13 300 300 300 300 300
ta -200 -200 -200 -200 -200
t5 -200 -200 -200 -200 -200
t6 300 300 300 300 300
t7 -200 -200 -200 -200 -200
18 -200 -200 -200 -200 -200
t9 -200 -200 -200 -200 -200
t10 -200 -200 -200 -200 -200
t11 300 300 300 300 300
t12 300 300 300 300 300
t13 300 300 300 300 300
t14 300 300 300 300 300
t15 300 300 300 300 300
t16 300 300 300 300 300
t17 300 300 300 300 300
118 300 300 300 300 300
t19 300 300 300 300 300
t20 300 300 300 300 300
t21 300 300 300 300 300
122 300 300 300 300 300
t23 300 300 300 300 300
t24 300 300 300 300 300
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Table B-2 DA market scheduled prices scenarios

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
(S/MWh) (S/MWh) ($/MWh) (S/MWh) (S/MWh)

tl 35.74 36.09 35.74 35.99 35.28

t2 35.19 35.26 34.88 35.54 35.11

t3 33.84 33.59 33.95 34.16 33.62

t4 33.15 32.98 32.69 33.33 32.78

t5 33.08 3291 32.96 33.01 33.31

6 33.42 33.16 33.11 33.12 33.57

t7 34.09 33.76 34.25 33.93 34.05

t8 37.12 36.73 36.90 37.72 37.60

t9 39.76 39.06 39.33 39.93 40.12

t10 42.80 42.06 42.48 43.44 43.53

t11 44.70 43.96 44 .34 44 .87 45.28

t12 45.29 45.14 45.12 45.81 46.27

t13 45.81 44.92 45.65 46.08 46.22

t14 46.22 45.59 46.01 46.58 46.78

t15 45.59 45.16 45.30 45.64 46.04

t16 47.04 46.24 46.98 47.24 47.49

t17 48.15 47.44 47.63 48.17 48.44

t18 46.94 46.84 46.50 47.07 47.26

t19 42.70 42.61 42.55 43.54 43.29

t20 42.94 43.40 43.29 43.68 43.32

121 49.86 50.03 50.12 50.52 50.52

t22 42.08 41.72 41.87 42.36 42.39

123 37.19 37.06 36.40 37.54 38.00

t24 36.42 36.76 36.30 37.06 37.35

Table B-3 RT market scheduled power scenarios, 1
gl (MW) g2 (MW) g3 (MW) g4 (MW) g5 (MW)

3 -200 -200 -200 -200 -200
t6 -200 -200 -200 -200 -200
t7 -200 -200 -200 -200 -200
18 -200 -200 -200 -200 -200
t11 -200 -200 -200 -200 -200
t12 -500 -500 -500 -500 -500
t13 -421.10 -408.10 -408.10 -408.10 -500
t14 -500 -500 -500 -500 -500
t15 -500 -500 -500 -500 -500
t16 -500 -500 -500 -500 -500
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gl (MW) g2 (MW) g3 (MW) g4 (MW) g5 (MW)
t17 -500 -500 -500 -500 -500
t18 -500 -500 -500 -500 -500
t19 -500 -500 -500 -500 -500
t20 -500 -500 -500 -500 -500
t21 -200 -200 -200 -200 -200
22 -500 -500 -500 -500 -500
t23 -500 -500 -500 -500 -500
t24 -200 -200 -200 -200 -200

Table B-4 RT market scheduled power scenarios, 2

g6 (MW) g7 (MW) g8 (MW) g9 (MW) gl0 (MW)
t3 -200 -200 -200 -200 -200
t6 -200 -200 -200 -200 -200
t7 -200 -200 -200 -200 -200
t8 -200 -200 -200 -200 -200
t11 -200 -200 -200 -200 -200
t12 -500 -500 -500 -500 -500
t13 -421.10 -408.10 -408.10 -408.10 -500
t14 -500 -500 -500 -500 -500
t15 -500 -500 -500 -500 -500
t16 -500 -500 -500 -500 -500
t17 -500 -500 -500 -500 -500
t18 -500 -500 -500 -500 -500
t19 -500 -500 -500 -500 -500
t20 -500 -500 -500 -500 -500
t21 -200 -200 -200 -200 -200
t22 -500 -500 -500 -500 -500
t23 -500 -500 -500 -500 -500
t24 -200 -200 -200 -200 -200

Table B-5 RT market scheduled power scenarios, 3

gll (MW) gl2 (MW) gl3 (MW) gld (MW) gl5 (MW)
t3 -200 -200 -200 -200 -200
t6 -200 -200 -200 -200 -200
t7 -200 -200 -200 -200 -200
t8 -200 -200 -200 -200 -200
111 -200 -200 -200 -200 -200
t12 -500 -500 -500 -500 -500
t13 -421.11 -408.11 -408.11 -408.11 -500
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gll (MW) gl2 (MW) gl3 (MW) gld (MW) gl15 (MW)
t14 -500 -500 -500 -500 -500
t15 -500 -500 -500 -500 -500
t16 -500 -500 -500 -500 -500
t17 -500 -500 -500 -500 -500
t18 -500 -500 -500 -500 -500
t19 -500 -500 -500 -500 -500
t20 -500 -500 -500 -500 -500
t21 -200 -200 -200 -200 -200
122 -500 -500 -500 -500 -500
t23 -500 -500 -500 -500 -500
t24 -200 -200 -200 -200 -200

Table B-6 RT market scheduled power scenarios, 4

gle (MW) gl7 (MW) gl8 (MW) g19 (MW) g20 (MW)
t3 -200 -200 -200 -200 -200
t6 -200 -200 -200 -200 -200
t7 -200 -200 -200 -200 -200
18 -200 -200 -200 -200 -200
t11 -200 -200 -200 -200 -200
t12 -500 -500 -500 -500 -500
t13 -421.11 -408.11 -408.11 -408.11 -500
t14 -500 -500 -500 -500 -500
t15 -500 -500 -500 -500 -500
tl6 -500 -500 -500 -500 -500
t17 -500 -500 -500 -500 -500
118 -500 -500 -500 -500 -500
t19 -500 -500 -500 -500 -500
120 -500 -500 -500 -500 -500
121 -200 -200 -200 -200 -200
122 -500 -500 -500 -500 -500
123 -500 -500 -500 -500 -500
124 -200 -200 -200 -200 -200

Table B-7 RT market scheduled power scenarios, 5

g21 (MW) g22 (MW) g23 (MW) g24 (MW) g25 (MW)
t3 -200 -200 -200 -200 -200
t6 -200 -200 -200 -200 -200
t7 -200 -200 -200 -200 -200
t8 -200 -200 -200 -200 -200
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g21 (MW) g22 (MW) g23 (MW) g24 (MW) g25 (MW)
111 -200 -200 -200 -200 -200
t12 -500 -500 -500 -500 -500
t13 -421.11 -408.11 -408.11 -408.11 -500
t14 -500 -500 -500 -500 -500
t15 -500 -500 -500 -500 -500
t16 -500 -500 -500 -500 -500
t17 -500 -500 -500 -500 -500
t18 -500 -500 -500 -500 -500
t19 -500 -500 -500 -500 -500
t20 -500 -500 -500 -500 -500
t21 -200 -200 -200 -200 -200
t22 -500 -500 -500 -500 -500
t23 -500 -500 -500 -500 -500
t24 -200 -200 -200 -200 -200
Table B-8§ RT market scheduled price scenarios, 1
gl ($/MwWh) g2 (5/MWh) | g3 (S/MWh) | g4 ($/MWh) | g5 ($/MWh)
t1 30.50 30.85 33.55 35.01 33.27
t2 26.67 30.30 28.85 25.76 28.87
t3 36.35 31.51 34.01 30.56 30.74
t4 33.12 25.78 30.24 31.53 29.03
t5 29.99 28.32 31.05 33.52 36.22
t6 36.80 36.45 33.34 34.48 34.65
t7 36.94 41.42 43.62 41.96 36.20
t8 44.81 38.49 46.10 40.15 37.23
9 35.82 30.20 30.50 28.34 34.43
t10 43.49 44.66 46.54 43.89 41.42
t11 34.58 33.20 31.84 37.57 34.13
t12 39.68 34.07 33.74 36.22 38.02
t13 49.91 50.32 50.32 50.33 47.64
t14 33.98 40.81 39.49 39.50 41.43
t15 36.92 40.20 46.68 35.13 40.41
t16 38.96 38.05 38.55 40.40 36.49
t17 29.27 39.73 35.65 28.04 30.52
118 35.30 29.89 39.63 35.53 37.53
t19 50.65 51.17 50.39 45.95 47.83
t20 41.11 37.41 40.67 40.78 42.00
121 37.74 37.58 40.21 39.68 38.47
122 40.20 41.12 41.56 34.97 40.49
123 28.99 29.73 33.12 25.90 32.19
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gl ($/MWh) g2 (5/MWh) | g3 ($/MWh) | g4 ($/MWh) | g5 ($/MWh)

t24 24.63 25.77 25.86 25.05 29.53
Table B-9 RT market scheduled price scenarios, 2

g6 (S/MWh) | g7 (S/MWh) | g8 (S$/MWh) | g9 ($/MWh) | g10 ($/MWh)
t1 30.50 30.85 33.55 35.01 33.27
2 26.67 30.30 28.85 25.76 28.87
t3 36.35 31.51 34.01 30.56 30.74
t4 33.12 25.78 30.24 31.53 29.03
t5 29.99 28.32 31.05 33.52 36.22
t6 36.80 36.45 33.34 34.48 34.65
t7 36.94 41.42 43.62 41.96 36.20
18 44.81 38.49 46.10 40.15 37.23
19 35.82 30.20 30.50 28.34 34.43
t10 43.49 44.66 46.54 43.89 41.42
111 34.58 33.20 31.84 37.57 34.13
t12 39.68 34.07 33.74 36.22 38.02
t13 49.91 50.32 50.32 50.33 47.64
t14 33.98 40.81 39.49 39.50 41.43
t15 36.92 40.20 46.68 35.13 40.41
t16 38.96 38.05 38.55 40.40 36.49
t17 29.27 39.73 35.65 28.04 30.52
t18 35.30 29.89 39.63 35.53 37.53
t19 50.65 51.17 50.39 45.95 47.83
120 41.11 37.41 40.67 40.78 42.00
t21 37.74 37.58 40.21 39.68 38.47
122 40.20 41.12 41.56 34.97 40.49
t23 28.99 29.73 33.12 25.90 32.19
t24 24.63 25.77 25.86 25.05 29.53

Table B-10 RT market scheduled price scenarios, 3

gll (S/MWh) | g12 ($/MWh) | g13 (S/MWh) | g14 (S/MWh) | g15 (S/MWh)
tl 30.50 30.85 33.55 35.01 33.27
12 26.67 30.30 28.85 25.76 28.87
t3 36.35 31.51 34.01 30.56 30.74
t4 33.12 25.78 30.24 31.53 29.03
t5 29.99 28.32 31.05 33.52 36.22
t6 36.80 36.45 33.34 34.48 34.65
t7 36.94 41.42 43.62 41.96 36.20
t8 44.81 38.49 46.10 40.15 37.23

284




gll ($/MWh) | g12 ($/MWh) | g13 ($/MWh) | g14 (§/MWh) | g15 ($/MWh)
19 35.82 30.20 30.50 28.34 34.43
t10 43.49 44.66 46.54 43.89 41.42
t11 34.58 33.20 31.84 37.57 34.13
t12 39.68 34.07 33.74 36.22 38.02
t13 49.91 50.32 50.32 50.33 47.64
t14 33.98 40.81 39.49 39.50 41.43
t15 36.92 40.20 46.68 35.13 40.41
t16 38.96 38.05 38.55 40.40 36.49
t17 29.27 39.73 35.65 28.04 30.52
t18 35.30 29.89 39.63 35.53 37.53
t19 50.65 51.17 50.39 45.95 47.83
120 41.11 37.41 40.67 40.78 42.00
t21 37.74 37.58 40.21 39.68 38.47
122 40.20 41.12 41.56 34.97 40.49
123 28.99 29.73 33.12 25.90 32.19
t24 24.63 25.77 25.86 25.05 29.53
Table B-11 RT market scheduled price scenarios, 4
g16 (S/MWh) | g17 (S/MWh) | g18 (S/MWh) | g19 (S/MWh) | g20 (S/MWh)
tl 30.50 30.85 33.55 35.01 33.27
12 26.67 30.30 28.85 25.76 28.87
13 36.35 31.51 34.01 30.56 30.74
t4 33.12 25.78 30.24 31.53 29.03
t5 29.99 28.32 31.05 33.52 36.22
t6 36.80 36.45 33.34 34.48 34.65
t7 36.94 41.42 43.62 41.96 36.20
18 44.81 38.49 46.10 40.15 37.23
19 35.82 30.20 30.50 28.34 34.43
t10 43.49 44.66 46.54 43.89 41.42
t11 34.58 33.20 31.84 37.57 34.13
t12 39.68 34.07 33.74 36.22 38.02
t13 49.91 50.32 50.32 50.33 47.64
t14 33.98 40.81 39.49 39.50 41.43
t15 36.92 40.20 46.68 35.13 40.41
t16 38.96 38.05 38.55 40.40 36.49
t17 29.27 39.73 35.65 28.04 30.52
t18 35.30 29.89 39.63 35.53 37.53
t19 50.65 51.17 50.39 45.95 47.83
t20 41.11 37.41 40.67 40.78 42.00
121 37.74 37.58 40.21 39.68 38.47
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g16 (5/MWh) | g17 (5/MWh) | g18 (5/MWh) | g19 ($/MWh) | g20 ($/MWh)
t22 40.20 41.12 41.56 34.97 40.49
t23 28.99 29.73 33.12 25.90 32.19
t24 24.63 25.77 25.86 25.05 29.53
Table B-12 RT market scheduled price scenarios, 5
g21 ($/MWh) | g22 (S/MWh) | g23 (5/MWh) | g24 (S/MWh) | g25 ($/MWh)
t1 30.50 30.85 33.55 35.01 33.27
t2 26.67 30.30 28.85 25.76 28.87
t3 36.35 31.51 34.01 30.56 30.74
t4 33.12 25.78 30.24 31.53 29.03
t5 29.99 28.32 31.05 33.52 36.22
t6 36.80 36.45 33.34 34.48 34.65
t7 36.94 41.42 43.62 41.96 36.20
t8 44.81 38.49 46.10 40.15 37.23
19 35.82 30.20 30.50 28.34 34.43
t10 43.49 44.66 46.54 43.89 41.42
t11 34.58 33.20 31.84 37.57 34.13
t12 39.68 34.07 33.74 36.22 38.02
t13 49.91 50.32 50.32 50.33 47.64
t14 33.98 40.81 39.49 39.50 41.43
t15 36.92 40.20 46.68 35.13 40.41
t16 38.96 38.05 38.55 40.40 36.49
t17 29.27 39.73 35.65 28.04 30.52
t18 35.30 29.89 39.63 35.53 37.53
t19 50.65 51.17 50.39 45.95 47.83
t20 41.11 37.41 40.67 40.78 42.00
t21 37.74 37.58 40.21 39.68 38.47
t22 40.20 41.12 41.56 34.97 40.49
123 28.99 29.73 33.12 25.90 32.19
t24 24.63 25.77 25.86 25.05 29.53
Table B-13 Demand bus 1

Hour L1 (MW) L2 (MW) L3 (MW) L4 (MW)

tl

2

13

t4

t5

t6
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Hour L1 (MW) L2 (MW) L3 (MW) L4 (MW)
t7
t8
19 1.5 1.5

t10 2.5 2.5 0.33

t11 2.5 2.5 1.54 0.5
t12 2.5 2.5 0.63 2
t13 2.5 1 0.5
t14 2.5 2.5

t15 2.5 2.5 1.5

t16 2.5 2.5 1

t17 2.5 2.5 2.5 2.5
t18 2.5 2.5 2.5 2.5
t19 2.5 2.5 2.5 2.5
t20 2.5 2.5 2.5 2.5
121 2.5 2.5 2.5 2.5
122 2.5 2.5 2.5 2.5
123 2.5 2.5 2.5 2.5
t24 1 1 2.5 2.5

Table B-14 Demand bus 2

Hour L5 (MW) L6 (MW) L7 (MW) L8 (MW)
t1
t2
13
t4
t5
t6
t7
18
t9 15 15

t10 2.5 2.5

t11 2.5 2.5 0.5
t12 2.5 2.5 1.5 2
t13 2.5 2.5 0.5
t14 2.5 2.5 0.5 0.5
t15 2.5 2.5 2 0.5
tl6 2.5 2.5 1 1
t17 2.5 2.5 2.5 2.5
t18 2.5 2.5 2.5 2.5
t19 2.5 2.5 2.5 2.5
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Hour L5 (MW) L6 (MW) L7 (MW) L8 (MW)

t20 2.5 2.5 2.5 2.5

121 2.5 2.5 2.5 2.5

122 2.5 2.5 2.5 2.5

123 2.5 2.5 2.5 2.5

124 2.5 1 2.5 2.5

Table B-15 Demand bus 3
L9 L10 L11 L12 L13 L14 L15 L16

(MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW)
t1
12
t3
t4
t5
t6
t7
t8 7.5 5.25
t9 17.5 10 10 16.50 11.25 11.25
t10 17.5 17.5 17.5 17.5 17.5 17.5
t11 17.5 17.5 17.5 17.5 17.5 17.5
t12 17.5 17.5 17.5 17.5 17.5 17.5 3.75
t13 17.5 17.5 17.5 17.5 17.5 6.25
t14 17.5 17.5 17.5 17.5 17.5 17.5
t15 17.5 17.5 17.5 17.5 17.5 17.5
t16 17.5 17.5 17.5 0.5 17.5 17.5 17.5 6.25
t17 17.5 17.5 17.5 10.5 17.5 17.5 17.5 17.5
t18 17.5 17.5 17.5 17.5 17.5 17.5 17.5 17.5
t19 17.5 17.5 17.5 17.5 17.5 17.5 17.5 17.5
t20 17.5 17.5 17.5 17.5 17.5 17.5 17.5 17.5
t21 17.5 17.5 17.5 17.5 17.5 17.5 17.5 17.5
122 17.5 17.5 17.5 17.5 17.5 17.5 17.5 17.5
t23 17.5 17.5 17.5 17.5 17.5 17.5 17.5 17.5
124 17.5 17.5 7.5 9 17.5 17.5 6.25 17.5

Table B-16 Demand bus 4
L17 L18 L19 L20 L21 L22 L23 L24

(MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW)
t1 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5
t2 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5
t3 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5
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L17 L18 L19 L20 L21 L22 L23 L24
(MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW)
t4 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5
t5 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5
t6 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5
t7 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5
18 37.5 37.5 37.5 37.5 37.5 375 375 37.5
19 37.5 37.5 37.5 12.5 37.5 37.5 37.5 27.5
tl
0 37.5 37.5 37.5 2.5 37.5 37.5 37.5 5
tl
1 37.5 37.5 37.5 2.5 37.5 37.5 37.5 27.17
tl
2 37.5 37.5 37.5 2.5 37.5 37.5 37.5 15
tl
3 37.5 37.5 12.5 2.5 37.5 37.5 37.5 5
tl
4 37.5 37.5 37.5 5 37.5 37.5 37.5 27.5
tl
5 37.5 37.5 37.5 5 37.5 37.5 37.5 325
tl
6 37.5 37.5 37.5 5 37.5 37.5 37.5 25.26
tl
7 37.5 37.5 31.01 5 37.5 37.5 37.5 10
tl
8 37.5 37.5 26.24 5 37.5 37.5 37.5 10
tl
9 37.5 37.5 21.14 5 37.5 37.5 37.5 10
12
0 37.5 37.5 18.17 5 37.5 37.5 37.5 10
12
1 37.5 37.5 14.61 5 37.5 37.5 37.5 10
12
2 37.5 37.5 37.5 2.5 37.5 37.5 37.5 5
12
3 37.5 37.5 37.5 2.5 37.5 37.5 37.5 7.60
12
4 37.5 12.5 12.5 37.5 15 15
Table B-17 Demand bus 4, continued
L25 (MW) L26 (MW) L27 (MW) L28 (MW)
t1 49.75 49.75 49.75 22.58
12 50.00 50.00 50.00 50.00
t3 50.00 50.00 50.00 50.00
t4 50.00 50.00 50.00 45.54
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L25 (MW) 126 (MW) L27 (MW) 128 (MW)
t5 50.00 50.00 50.00 44.00
t6 50.00 50.00 50.00 44.00
t7 50.00 50.00 50.00 44.00
t8 50.00 50.00 50.00 32.50
t9 50.00 50.00 41.86 5.00
t10 50.00 50.00 41.17 5.00
t11 50.00 50.00 22.50 5.00
t12 50.00 50.00 25.25 5.00
t13 50.00 50.00 5.00 5.00
t14 50.00 50.00 19.02 10.00
t15 50.00 50.00 10.34 10.00
t16 50.00 50.00 10.00 10.00
t17 50.00 50.00 10.00 10.00
t18 50.00 50.00 10.00 10.00
t19 50.00 50.00 10.00 10.00
120 50.00 50.00 10.00 10.00
t21 50.00 50.00 10.00 10.00
122 50.00 50.00 6.53 5.00
123 50.00 50.00 5.00 5.00
t24 27.01 22.50
Table B-18 DA market power
Deterministic Stochastic (no risk) | Stochastic with risk

(MW) (MW) (MW)

-200.00 -200.00 -200.00

-200.00 -200.00 -200.00

300.00 0.00 0.00

-200.00 -200.00 -200.00

-200.00 -200.00 -200.00

-200.00 -200.00 0.00

-200.00 0.00 0.00

-200.00 0.00 0.00
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Deterministic Stochastic (no risk) | Stochastic with risk
(MW) (MW) (MW)
9 -200.00 -200.00 -200.00
10 -200.00 -200.00 -200.00
11 -200.00 0.00 0.00
12 300.00 300.00 300.00
13 300.00 300.00 300.00
14 300.00 300.00 300.00
15 300.00 300.00 300.00
16 300.00 300.00 300.00
17 300.00 300.00 300.00
18 300.00 300.00 300.00
19 300.00 300.00 300.00
20 300.00 300.00 300.00
21 300.00 0.00 0.00
22 300.00 300.00 300.00
23 300.00 300.00 300.00
24 300.00 0.00 0.00

Table B-19 RT market power

Deterministic Stochastic (no risk) | Stochastic with risk
(MW) (MW) (MW)
1 0.00 0.00 0.00
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Deterministic Stochastic (no risk) | Stochastic with risk

(MW) (MW) (MW)
2 0.00 0.00 0.00
3 -500.00 -200.00 -200.00
4 0.00 0.00 0.00
5 0.00 0.00 0.00
6 0.00 0.00 -200.00
7 0.00 -200.00 -200.00
8 0.00 -200.00 -200.00
9 0.00 0.00 0.00
10 0.00 0.00 0.00
11 0.00 -200.00 -200.00
12 0.00 0.00 0.00
13 -426.73 -424.73 -421.10
14 0.00 -500.00 -500.00
15 -500.00 -500.00 -500.00
16 -500.00 -500.00 -500.00
17 0.00 -500.00 -500.00
18 0.00 0.00 0.00
19 -500.00 -500.00 -500.00
20 0.00 0.00 0.00
21 -500.00 -200.00 -200.00
22 -500.00 -500.00 -500.00
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Deterministic Stochastic (no risk) | Stochastic with risk
(MW) (MW) (MW)
23 0.00 0.00 0.00
24 0.00 0.00 0.00
Table B-20 Total demand
Deterministic Stochastic (no risk) | Stochastic with risk
(MW) (MW) (MW)
1 465.93 471.83 471.83
2 494.18 500.00 500.00
3 490.00 498.14 500.00
4 500.00 494.69 495.54
5 500.00 496.71 494.00
6 499.27 494.00 494.00
7 500.00 494.00 494.00
8 495.25 495.25 495.25
9 494.36 494.36 494.36
10 494.00 494.00 494.00
11 499.71 499.71 499.71
12 497.62 497.62 497.62
13 426.37 424.37 420.75
14 502.52 502.52 502.52
15 502.84 502.84 502.84
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Deterministic Stochastic (no risk) | Stochastic with risk

(MW) (MW) (MW)

16 501.01 501.01 501.01
17 506.51 506.51 506.51
18 508.74 508.74 508.74
19 503.64 503.64 503.64
20 500.67 500.67 500.67
21 497.11 497.11 497.11
22 504.03 504.03 504.03
23 505.10 505.10 505.10
24 505.26 305.26 305.26

Table B-21 Total generation
Deterministic Stochastic (no risk) | Stochastic with risk

(MW) (MW) (MW)

1 265.93 271.83 271.83

2 294.18 300.00 300.00
3 290.00 298.14 300.00

4 300.00 294.69 295.54
5 300.00 296.71 294.00

6 299.27 294.00 294.00

7 300.00 294.00 294.00

8 295.25 295.25 295.25
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Deterministic Stochastic (no risk) | Stochastic with risk

(MW) MW) (MW)
9 294.36 294.36 294.36
10 294.00 294.00 294.00
11 299.71 299.71 299.71
12 297.62 297.62 297.62
13 299.65 299.65 299.65
14 302.52 302.52 302.52
15 302.84 302.84 302.84
16 301.01 301.01 301.01
17 306.51 306.51 306.51
18 308.74 308.74 308.74
19 303.64 303.64 303.64
20 300.67 300.67 300.67
21 297.11 297.11 297.11
22 304.03 304.03 304.03
23 305.10 305.10 305.10
24 305.26 305.26 305.26

Table B-22_Profit
Stochastic (no risk) | Stochastic with risk
Deterministic ($)
$) %)
DA market profit 113,301.00 104,435.00 110,793.00
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Stochastic (no risk) | Stochastic with risk
Deterministic ($)
$) ($)
Utility and RT Profit 374732.9 323,152.90 316,735.82
Total Profit 488,033.92 427,587.90 427,528.82
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