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Abstract

The flexibility of the end-users in the electricity markets is becoming more pertinent with the
evolution of market mechanisms allowing consumers to participate actively. The advent of Dis-
tributed Energy Resources (DERs) and energy storage systems is gradually and continuously
changing the roles of market operators. In the emerging consumer-centric markets, the con-
sumers are equipped with DERs and can participate actively as prosumers, trading their energy
resources with neighbours. The other community agents are mainly consumers without DERs
and producers without load demands. The impact of the uncertainty of DERs and load demands
on community-based electricity market (CBEM) structures has not been fully investigated. In
this thesis, we propose a robust solution to CBEM operations under uncertainty and compare the
optimal decisions on energy trades with deterministic, and opportunistic models. Also, we em-
ploy Taguchi’s orthogonal array testing (TOAT) to generate proficient scenarios from uncertain
parameters of prosumers’, producers’, and consumers’ resources.

While the optimality of the solution provided by the CBEM mechanisms has been analyzed
extensively, the ability to address the individual user preferences that would maximize their util-
ity has been hard to incorporate. We also, extend the traditional, community-based, centralized
electricity market to incorporate the consumer and producer preferences relating to economic
aspects rather than technical constraints. This is achieved with the use of indifference curves
for standard utility functions used in exchange economy (such as Cobb-Douglas utility, perfect
substitutes, perfect complements, etc.)

This thesis further proposes a single-stage robust formulation of the traditional, community-
based, centralized electricity market incorporating the agents’ preferences relating to economic
aspects rather than technical constraints. A single-stage robust optimization model of the CBEM
with utility maximization is formulated by integrating uncertainty constraints defined within
polyhedral uncertainty sets representing variations in agents’ resources from forecasted /expected
values. The proposed approach ensures the robustness of the market with the uncertainty of
agents’ generation and load resources. It allows community agents the ability to adjust their
budgets to the given robust scenario. Thereafter the proposed methodology can control the
degree of robustness as regards the uncertainty parameters of agents’ resources.

With consideration to the emerging consumer-centric markets, the possibilities of the of-
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fer of ancillary services besides demand-side responses, energy management, and peak shav-
ing/shifting/leveling functions are being explored in providing flexibility and scalability in the
market mechanism. The offer of these services within several market mechanisms and entities
has been researched widely in literature, in our work we propose the formulation of the CBEM
in a joint day ahead market model offering ancillary services of reserve and regulation while
minimizing the total traded costs of agents’ and the community manager and also maximizing
the individual utility functions of agents.

Finally, a single-stage robust mixed-integer linear problem is presented which models the
joint market over the worst-case realisations of uncertain parameters of agents’ resources and
reserve/regulation prices represented within polyhedral uncertainty sets.

In this work, the performance of the proposed CBEM market is implemented in three case
studies with consideration to different market participants the prosumers, producers, and con-
sumers to analyse the impact of uncertainty in CBEM with and without agent utility maxi-
mization and also in a joint day-ahead market offering ancillary services. The first case study
presents 7 prosumers equipped with PV generation and load consumption, the second case
study presents 15 agents with 7 producers equipped with PV generation and 8 consumers and
the third case study presents 5 prosumers equipped with PV generation, 20 consumers, and
three producers one with a wind production and the other two with conventional generation.
Simulation results demonstrate the costs of robustness as a result of the impact of uncertainty,
the agents’ preference relations and utility maximization, and the total profits in the offer of

ancillary services.
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with community-owned resource.
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RO  Robust Optimization.
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TOAT Taguchi’s orthogonal array testing.
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aj 4, by, Dual variable for constraint on the production control parameter of prosumer n, at
hour ¢.

ey The amount of stored energy in storage unit s at hour t.

Gp,t The unserved energy from utility maximization of prosumer agent n, imported from the

grid at hour ¢.

Pet, Par Charging and discharging power of storage s at hour ¢.

XXV1



TES

i Energy reserve bid from CES at hour ¢.

L p& Power reserved for upward/downward regulation by CES at hour ¢.
Pgr, Pdr Auxillary variables for generation and consumption uncertainty of prosumers resources.

Pg,Pa Auxillary variables for generation and consumption uncertainty of producer and consumer

agents resources.
pii;  Energy reserve bid from Community DG unit ¢ for block % at hour ¢.
D pft Generation of DG unit ¢ at hour ¢t with and without ancillary.
p?mtw Production of prosumer n, from resource j at hour ¢ in scenario w.
p?nrt Production of prosumer agent n, from resource j at hour t.
pfngtw Production of producer ng from resource [ at hour ¢ in scenario w.
plgngt Production of producer agent ng from resource 1 at hour ¢.
pfll stw Consumption of consumer ng at hour ¢ in scenario w.
pd .+ Consumption of consumer agent ng at hour ¢.
DPnytw Sum of Production and Consumption of prosumer n, at hour ¢ in scenario w.
pﬁrtw Consumption of prosumer n, at hour ¢ in scenario w.
Pn,+ Sum of Production and Consumption of prosumer n, at hour ¢.
p‘fm Consumption of prosumer agent n, at hour t.
P)id Energy reserve bid for the reserve market at hour ¢.

P/ Energy reserve for regulation at hour ¢.

qngtm Energy exported by producer agent ng to the community at hour ¢ with utility maxi-

mization.

Ingtw Emnergy exported by producer ny to the community at hour ¢ in scenario w.

XxXVii



dn,tm

dn, tw

7nndtm

c
nqgtm

Tndtw

Rndt

T'n,tm

r

c
nyrtm

rnrtw

Energy exported by prosumer agent n, to the community at hour ¢ with utility maxi-

mization.
Energy exported by prosumer n, to the community at hour ¢ in scenario w.

Energy imported by consumer agent ng from the community at hour ¢ with utility max-

imization.

Actual energy imported by consumer agent ng from the community at hour ¢ with utility

maximization.
Energy imported by consumer ng from the community at hour ¢ in scenario w.

The unserved energy from utility maximization of consumer agent n imported from the

grid at hour ¢.

Energy imported by prosumer agent n, from the community at hour ¢ with utility max-

imization.

Actual energy imported by prosumer agent n, from the community at hour ¢ with utility

maximization.

Energy imported by prosumer n, from the community at hour ¢ in scenario w.

Zet, 2zq¢ Binary variable that allows for independent charging and discharging of storage unit s

g
Zin,»

g

g #

at hour ¢.

d

z% Optimization variables for the protection function and control parameters for produc-

Ny

tion and consumption of prosumer resources.

d , Optimization variables for the protection function and control parameters for produc-

tion and consumption of producer and consumer resources.

Vectors

Ugrt /Uart vector of uncertain production/ consumption of prosumer agents.

Ugt/Ugqe vector of uncertain production/ consumption of producer/ consumer agents.

Wh,t vector of decision variables of producer agents.

xxviii



Xn,t Vvector of decision variables of prosumer agents.
Yot vector of decision variables of consumer agents.

Zy vector of continuous variables of the community manager.

XX1X



Chapter 1

Introduction

The large-scale deployment of Distributed Generation systems (DGs) has resulted in a dynamic
proliferation in the ownership of small-scale Distributed Energy Resources (DERSs) by end-users
who participate actively in electricity markets. Consumers have become producers equipped
with renewable generation including storage in the form of electric vehicles and batteries. The
end users are tending towards a more proactive role with the evolution of consumer-centric
markets that allow for energy and information exchanges amongst prosumers. This advance-
ment within the smart grid paradigm has to a considerable extent diversified the traditional
power network from a hierarchical centralized system to a more decentralized structure. The
evolving electrical power network is getting smarter and involves a bi-directional flow of in-
formation, autonomous control, and automation among the units involved. The future smart
grid will integrate renewable energy generators, energy storage systems, electric vehicles, infor-
mation and communication technology, energy management systems, automation and control
infrastructures, energy protection systems, etc.

The energy management system with emphasis on the demand side response schemes ini-
tiated at the consumer end has before now sensitized consumers on the optimal management
of their resources with market structures and electricity market tariffs which may not enhance
their flexibility and scalability given the increased installed capacity of consumers. The real-time
electricity tariffs and day-ahead electricity market prices continually fluctuate. Consumers are
mandated to shift higher-rated loads to off-peak periods to smoothen the demand profile curve

and allow for peak load shaving. These approaches may limit the active participation of the



end-users in the electricity markets, as a result, the need to conform to the changing market
prices by managing consumer demands becomes imminent.

The need for this research arises in the study of the evolution of consumer-centric markets
where consumers are the suppliers as well as demanders of electricity and a community electricity
market mechanism can be initiated among agents willing to trade their energy resources with
neighbours in the form of imports and exports within and outside the community. Reference [1]
proposed a novel framework for modelling the energy consumption of households connected
to the grid within an inter-temporal trading economy. With the deployment of demand-side
response and energy trading amongst agents in the microgrid network, optimal use of their
resources is actualized. The electricity market structure is not as dynamic as expected with
the fast-evolving decentralized power system. The flexibility of the end-users in the existing
market structures is limited to the management of their consumption levels at the stipulated
time-varying electricity market tariffs. The rise of many demand-side management techniques
and energy management methods has sensitized consumers to the optimal use of their resources,
even concerning increased installed capacity [2].

In the traditional markets, the System Operator (SO) calculates the equilibrium from the
generation and demand function bids and decides on a generator supply schedule that meets the
demand, |3|. In the proposed consumer-centric markets in literature, consumers will be sensitized
to schedule their appliances based on real-time market prices to minimize their cost of energy
consumption [4]. There is an increased awareness on the part of the consumers which entails that
the optimal use of resources will be more beneficial to them if they participate actively in the
electricity markets. The recent trend in this current market mechanism includes community-
based markets and peer-to-peer markets where agents trade their energy resources within a
community. References [2] [5] discussed the market structures for consumer-centric markets,
allowing for a peer-to-peer electricity market among consumers through a community-based
energy collective market and a decentralized peer-to-peer market trade. They exercise increased
flexibility and preferences towards the type of distributed generation systems to meet their
varied load demands. Consumers have evolved from the restrictions related to the supply from
conventional generators, fixed electricity tariffs, energy management strategies, and demand-side

management initiatives. The choice of moving towards low-carbon energy becomes beneficial



in optimizing their resources. There are several energy management methods for demand-side
response discussed in [6] for multi-agent electricity-based markets where consumers trade energy
through auction and bid reverse models |7| and game theory [8].

The study in [2| developed a distributed optimization algorithm allowing prosumers to choose
their price preferences in comparison with the utility tariffs and formulated a fairness index
to allow for seamless trading between the prosumers and the grid. The study in [4] allowed
energy sharing between PV prosumer nodes and the grid where the internal trading prices were
formulated based on the Supply-Demand Ratio (SDR) at given time slots within the period in
the day. The internal prices were formulated as a piecewise function of the SDR at the given
time slots.

The advent of transactive energy which is one of the highly researched areas of the NIST [9]
smart grid conceptual platforms and the US Department of Energy Gridwise Architecture Coun-
cil enables the transactive exchanges of energy resources amongst prosumers and consumers
based on energy value prices. The study on transactive energy is currently carried out in its
modeling and simulation of developed transactive energy models and control approaches that
will ensure grid resilience, stability, and reliability when connected to the grid. Energy shar-
ing and trading are used interchangeably to refer to the trading of surplus amounts of energy
amongst consumers in a microgrid. References [4] and [10] studied energy sharing implementing
techniques such as SDR, Mid-market Rate (MDR), and Bill Sharing (BS), while references [11]
and [12] studied energy trading. Reference [5] gives a comprehensive review on peer-to-peer and
community-based energy trading.

The impact of uncertainty and robustness of community-based energy trades in the event
of a worst-case scenario in renewable energy production and consumption has remained a little
investigated area in the evolving market platforms. Most of the previous methods outlined are
implemented in deterministic-based problems using forecasted values of load generation and
consumption. The impact of uncertainty on import prices remains imminent as there is an
increase in the price of purchasing an additional unit of energy on the spot markets. Before
now, stochastic programming has been used to model forecast values in day-ahead and forward
markets, [13], price adjustment and bidding strategies have been proposed in literature [14], [15],

to model price variations. There are techniques in literature that model uncertainties in these



independent variables and they include Stochastic Optimization [16], Robust Optimization [17],
[18], Taguchi Orthogonal Array Testing (TOAT) [19], and Information-Gap Decision Theory
(IGDT) [20].

The generic formulation of a community-based market problem involves the prosumers and
a community manager who coordinates the given activities of a particular trade in the com-
munity microgrid. This model considers the trades of the prosumers within and outside the
community. The community manager interacts with the prosumers within the community and
the system /market operators outside the community or grid thereby controlling the import and
export of energy in and out of the community. A robust formulation of the community-based
market results in a solution that can withstand the worst-case realisations of uncertain vari-
ables. In this work, we employ the TOAT, a statistical tool that provides a reduced number of
possible combinations of testing scenarios in an experimental design to achieve the desired ro-
bustness [19]. The TOAT is used in this research to propose a robust/opportunistic formulation
of the community-based market under the uncertainty of DERs and the load demands of pro-
sumers, producers, and consumers. The TOAT is used to characterise the best and worst-case
scenarios of the uncertainty sources. We further evaluate the impact of uncertainty on the total
energy traded costs within the community giving rise to the cost of robustness.

Based on consumer theory from the concepts of standard macroeconomics consumers may
consume a bundle of goods and services from which they derive the most satisfaction [21] |22].
This satisfaction can be measured as a level of utility derived by the consumers from these
number of commodities subject to their income and the prices of those goods/services referred
to as budget constraints. The work carried out in |23] models a household’s choice to invest in
DERs with anticipation of how DERs affect derived electricity demand. Here the derived demand
refers to demand derived from households’ demands for goods and services that require electricity
as an input. This concept from macroeconomics and consumer theory can be extended to model
agents’ behaviour within the community-based market platform to formulate appropriate utility
functions of agents that reflect their preference relations in their production/consumption levels
from their desired DERs. Reference [1| used consumer theory to determine the consumption
space of households by formulating appropriate utility functions that reflected these households’

preference relations in their consumption over different periods. The utility functions (Cobb-



Douglas u(ci, c2)) as a function of consumption were visualised as isoquants or contours (just as
in economic theory) in a two-dimensional consumption space with each consumption period (in
economic theory this will be non-identical commodities) on each axis and contour lines linking
points of equal utility. Reference |24] used consumer theory in determining the joint production
possibility of two mini-grids producing solar and wind energy. Here their preference relations are
defined in a continuous energy space (either production or consumption) that is monotonic (non-
decreasing) (terms used in economic theory). The utility functions (Cobb-Douglas u(s,w)) are
formulated with regard to solar and wind energy reflecting the preferences of the utility grid. In
this work, we have proposed a deterministic centralized community-based market optimization
model which minimises the total costs of agents and the community manager while maximising
the individual utility functions of the agents given their production and consumption preferences.
A community energy storage (CES) is also integrated in the formulation to provide flexibility
and energy balance in the agent’s imports and exports within and outside the community/grid.

With regards to the utility functions which reflect the preference relations of agents to var-
ious DERs mix to satisfy their utility levels, the need also arises to ensure the availability of
energy when required. Owing to the stochastic nature of renewable sources, the output levels
realised may be insufficient to satisfy the agents’ preferences. Given that these sources are not
dispatchable compared to the conventional counterparts, the need arises for the proposal of
computationally tractable models |[25] that are less conservative and realises an optimal solution
in itself such as the Robust Optimization (RO) [17]. In comparison to stochastic programming
which is defined over probability distribution functions representing a certain number of sce-
narios, RO models are defined over polyhedral uncertainty sets and require no scenarios. The
robust solution from these models should be feasible and an optimal solution should be obtain-
able from the worst-case realization of uncertain parameters defined within the uncertainty sets.
The uncertainty sets are made up of a set of uncertain parameters with predetermined deviations
from the expected values of uncertain elements, that can be defined within the dimensions of
a polyhedron. Reference |26 presents a comprehensive survey on approaches to robust design
optimization giving a detailed explanation of how to account for design uncertainties and how
to measure robustness with a focus on Taguchi’s robust design methodology. In this work, we

propose a single-stage robust formulation of the community-based market optimization prob-



lem which minimises the community’s cost while maximising the individual’s utility functions.
A polyhedral uncertainty set is used to represent all the uncertain parameters in agents’ re-
sources. An opportunistic formulation is used to compare the results realised from the robust
and deterministic counterparts.

With the emerging consumer-centric markets, the possibilities of offering services such as
ancillary are explored given the high penetration of DERs by community agents. In [27] an
overview of the European electricity markets was presented with insight into the various met-
rics specific to each European country which include: Power markets (day-ahead and intraday
markets), international power trading, and reserve products and remunerations. In this work,
a community-based market model with the offer of reserve and regulation services is proposed
through a joint market model framework while maximising the individual utility functions of
community agents. In 28|, a joint market model of energy and spinning reserve service was said
to address the bidding problem of a virtual power plant. Another market mechanism the se-
quential method [29] is still used to design a large number of systems and modelling approaches
such as equilibrium (Cournot and linear supply functions) and single-agent optimization models
are proposed for the solution methodology.

Finally, robust approaches can be extended to analyse the impact of uncertainty on community-
based markets offering energy and ancillary services. The work in 25| proposes the adaptive
robust optimization model in a joint determination of day-ahead energy and reserve dispatch
to yield a minimum system’s costs which accounts for the cost of the redispatch decisions in
the real-time stage in the worst-case realization of uncertain production within the uncertainty
set. Reference [30| applies a robust mixed-integer linear programming technique to build hourly
offering curves for a producer who is a price taker participating in a pool with consideration
to price confidence intervals as input data. Concerning the modelling approach, |31] proposes
a robust supply function equilibrium for a two-stage electricity market where each producer
is equipped with a renewable and a conventional generator. In this work, the linear supply
function equilibrium modelling approach is employed within the joint market model to propose
a single-stage robust mixed-integer linear problem formulation of the joint market model with
uncertainty in DERs and loads of agents which maximizes the joint market model as well as the

individual utility functions of community agents over the worst-case realisations of uncertain



parameters in agents’ resources.

1.1 Research Objectives

The main aim of the work carried out in this thesis is to study the evolution of consumer-centric
markets with consideration to the utility maximization of agents’ utility functions. The other

objectives include:

e Investigate the impact of uncertainty on community-based markets by applying robust

optimization techniques.

e Evaluate the effects of uncertainty on total traded costs in the CBEM against the best

and worst-case uncertainty scenarios generated by TOAT.

e Integrate the concepts of macroeconomics based on consumer theory in the proposal of
a deterministic centralised CBEM problem that minimises the total traded costs of the

community while maximising individual utility functions.

e I[nvestigate the role of CES and conventional generators in providing flexibility and balance

in periods of insufficiency.

e Develop a single-stage robust formulation of the CBEM market under uncertainty with

consideration to the agents’ utility maximization.

e Analyse the possibility of offering ancillary services within a joint market model of energy
reserve, regulation markets, and the CBEM framework, optimizing the market model as

well as the agents’ utility functions.

e Develop a single-stage robust mixed-integer linear problem formulation of reserve and
regulation markets within the CBEM as a joint market model optimizing the market model
as well as the individual utility functions against the worst-case realisation of uncertain

parameters.

1.2 Thesis Structure and Contributions

The main contributions and thesis structure are presented as follows:



Chapter 1

The introduction, background, research objectives, original
contributions, and related publications.

Chapter 2

Overview of consumer-centric markets, peer-to-peer market
structures, macroeconomics, robust approaches, ancillary services.

Chapter 3

Development of robust and opportunistic models of CBEM using
TOAT in characterising uncertain scenarios in DERs and loads.

The evaluation of the impact of uncertainty on total traded costs of
CBEM comparing the deterministic, robust/opportunistic models.

Chapter 4

A proposed economic model based on consumer theory that
maximises the utility of agents in a CBEM.

The role of CES and community-owned generation in meeting the
agents’ desired preferences, and agents’ consumption demands.

Chapter 5

A proposed single stage robust formulation of CBEM with changing
utility levels of agents’ resulting from their preferences.

A comparative analysis of the robust solutions to the deterministic
and opportunistic solutions.

Chapter 6

A proposed CBEM model with agent utility maximization and
offering ancillary services for reserve and regulation.

The analysis and comparisons of the offer from the joint markets of
reserve and regulation and without ancillary.

Chapter 7

A proposed single stage robust mixed integer linear program
formulation of a joint ahead reserve and regulation within a CBEM.

A comparative analysis of proposed robust solutions to the
deterministic counterparts.

Chapter 8

Conclusion around the main contributions and recommendations
for future work.

Figure 1.1: Thesis structure and main contributions.




In Chapter 1, the introduction, background study, research objectives, original contributions,
and related publications are presented.

In Chapter 2, the overview of the main topics considered in the thesis is presented. A review
of the traditional electricity power market structures is discussed. On this basis, the evolution of
consumer-centric markets, the different peer-to-peer structures, and the solution methodology of
P2P markets are discussed. Several robust approaches for uncertainty studies are discussed, and
the uncertainty of agents’ DER and load demands that make up uncertainty sets are introduced.
The concepts of consumer theory and macroeconomics are discussed as a basis for the proposed
community-based markets with agents’ utility maximization. An overview of ancillary services
application in markets, the development and construction of bidding models, and uncertainty
modelling with ancillary services are discussed.

In Chapter 3, a robust approach to community-based markets under uncertainty is intro-
duced, with a focus on the TOAT as the tool used for modelling the robust approach. TOAT is
used in generating robust and opportunistic scenarios over the worst-case realisations of uncer-
tain parameters in agent resources. The robust and opportunistic solutions are compared with
the deterministic counterparts.

In Chapter 4, the community-based electricity market problem formulation is extended to in-
tegrate the economic utility maximization of agents’ resources based on the concepts of consumer
theory and macroeconomics.

In Chapter 5, a single-stage robust optimization model of the CBEM with agents’ utility
maximization is proposed to maximize the uncertainty against the worst-case realisations of
uncertain parameters in agents’ resources represented within a polyhedral uncertainty set.

In Chapter 6, a joint market model of energy and ancillary services for reserve and regulation
markets and also the community-based market is implemented using the linear supply function
equilibrium as the modelling approach in maximizing the profits/revenues realised from these
markets while minimising the total traded costs in the community and also maximising the
individual utility functions of agents.

In Chapter 7, a single-stage robust mixed-inter linear optimization model of the joint market
model discussed in Chapter 6 is proposed to maximize the uncertainty against the worst-case

realisation of the market. The results obtained are compared against the deterministic solutions.



Finally, Chapter 8 discusses the conclusions around the main contributions and provides

recommendations for future work.

1.3 Related Publications

The original contributions of this thesis are outlined in the following publications:

e Conference I. Onugha, S. Dehghan, and P. Aristidou, “Rethinking consumer-centric mar-
kets under uncertainty: A robust approach to community-based energy trades,” inProc.

of the 2020 IEEE General Meeting, 2020.
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Chapter 2

Overview of Consumer-centric Markets

The increase in energy demand around the world will result in more innovative solutions deployed
through emerging energy technologies in response to the global rise in generation and demand
variability [32]. Recent decarbonisation strategies relating to the proliferation of demand drivers
such as electric vehicles and heat pumps towards a greener low carbon future have called for
smarter approaches to ensuring reliability, efficiency, and security of electricity supply. The
future smart grid will integrate a plethora of resources which include distributed energy resources,
information and communication technologies, automation and control infrastructure, and smart
devices allowing for the bi-directional flow of energy and information between the end users
and the grid. As part of their contribution towards the smart grid evolution, the Smart Grid
European Technology Platform (SG ETP) has initiated directives and policies for the European
smart grid towards ensuring a reliable, flexible, and economical network [33|. According to
the SG ETP, smart grids are defined as electricity networks that can intelligently integrate
the behavior and actions of all users connected to it-generators, consumers, and those that do
both- to efficiently deliver sustainable, economic, and secure electricity supplies. This definition
recognises new key players the prosumers, initiating a proactive role in the smart grid paradigm.

Electricity markets and platforms enabling energy trading amongst end users are an aspect
of the smart grid conceptual benefits of transactive energy. This has given rise to the evolu-
tion of consumer-centric markets in the realisation of emerging trading mechanisms that allow
consumers to initiate a more active role. In comparison to the centralised hierarchal nature of

existing traditional markets which is unidirectional in nature, consumer-centric markets allow
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the consumers to choose the sources of energy resources to meet their consumption preferences
with consideration to a bottom-to-top approach [5]. These markets have transformed the out-
look of the consumer from an end user managing his demands to one equipped with distributed
power generation and storage. The resulting group of consumers is referred to as prosumers
having the ability to trade their resources in recent electricity market design concepts known as
the peer-to-peer markets. This enables a platform of emerging prosumer communities allowing
for energy sharing amongst end users and the utility grid |34].

Energy trading amongst prosumers will require enabling technologies such as the integration
of DERs which include distributed generation sources, energy storage, and flexible loads as
well as information and communication control infrastructure. The active participants in these
forms of markets the consumers, producers, and prosumers are driven by the motivation which
may be one either to minimise costs of energy use, efficiency in energy management, show more
dependency on their energy consumption within the community market as compared to the main
grid [35,136]. The structure required to perform the trading activities needs to be considered.
This has led to the concept of peer-to-peer markets which allows agents to either trade their
resources in a centralized |37-41] or distributed [40,42.|43] manner. Based on references |35, 36|
the different aspects of energy trades that are covered in literature encompassing these areas are
shown in Figure 2.7]

In this chapter energy trading resources and the different peer-to-peer structures with par-
ticular focus on community-based markets, and the solution methodology of P2P markets are
discussed. Also, several robust approaches for uncertainty studies are discussed, and the uncer-
tainty of agents’ DER and load demands that make up uncertainty sets are introduced. The
concepts of consumer theory and macroeconomics are discussed as a basis for the proposed
community-based markets with agents’ utility maximization. Finally, an overview of ancillary
services application in markets, the development and construction of bidding models, and un-

certainty modelling with ancillary services are discussed.

2.1 Energy Trading Resources

The concept of energy trading before now has assumed a uni-directional structure including all

major players from large producers, to market operators and utility companies. More recently
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Figure 2.1: The overview of energy trading components.

[36]

market mechanisms involving prosumers have emerged in the establishment of energy exchange
economies through agent-owned resources. The following are energy trading resources deployed
within the smart grid that allow for a bidirectional flow of energy production, storage, and

trading information among the prosumers.

2.1.1 Distributed Energy Resources

The integration of DERs increases the reliability of the power grid while providing a point-of-
use connection for microgrids. In the given microgrids, energy is produced and consumed in
either grid-connected or islanded modes. The deployment of DERs for energy trading in smart
grids helps in the improvement of the overall generation capacity in meeting the demands of the
connected system loads. Renewable energy sources such as solar, wind, hydro, biomass, tidal,
and ocean waves are harnessed through the use of distributed generation systems and either
connected to the electric grid or used as a microgrid in an islanded mode. The renewable energy
systems used to harness these resources such as the photovoltaic systems and wind turbines,
hydro turbines, digesters, etc. are designed and modelled to meet specified load demands. The
excess energy from these systems can either be stored in islanded conditions or fed back to the

grid, in grid-connected cases.
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The flexibility of end users is improved by generating their energy and sharing amongst
themselves with a higher installed capacity of their generating resources. The excess energy is
either exported to the grid or sold to another consumer within the microgrid, while the redundant

energy is either purchased from the grid or another consumer.

2.1.2 Energy Storage Systems

Energy storage systems are an essential resource in providing energy balance from distributed
generation sources. They are capable of storing excess energy and making it available when
needed. The excess energy generated by the grid or the consumer will be a waste if proper
storage mechanisms through the use of designated energy storage systems are not put into
consideration in DER microgrids.

Energy management techniques allow a consumer to optimize his available resources by
storing his excess energy in a storage system, to meet his time-varying loads at each time slot.
The excess or redundant energy can be exported to the grid or sold to another consumer in
the microgrid. Energy storage is implemented to provide some of the ancillary services used
to support the smart grid to balance generation and demand, such services include meeting
peak load demands, load frequency control and voltage and reactive power control, power factor
control transient stability, integration of numerous renewable energy sources in the future, etc.

The energy storage systems include batteries, pumped storage for hydroelectric systems,
flywheels, supercapacitors, superconductors, and fuel cells. The Battery Energy storage system
BESS and community energy storage CES discussed in [11] [44] are used to store the energy
from renewable sources integrated into the grid. These storage systems are being implemented
as a result of the fluctuating nature of renewable energy, to store energy, mitigate against waste,

and have supply when needed at peak periods.

2.1.3 Electrical Loads

The connected electrical loads of each end user are time-varying and can either consume more
or less of the available supply or storage. The loads range from fixed or non-shiftable loads
such as the lighting appliances, refrigerator which are satisfied always by their connected DG’s,

and the controllable or shiftable loads such as water heaters, EV chargers, heat pumps, etc that
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can be satisfied at a later specified time when supply is higher than demand and electricity
prices are lower. The fixed loads or inflexible loads must be on supply when needed, while the
flexible /controllable loads can be used to participate in demand-side response programs to shift
electricity demands by appliances to balance grid energy at peak periods [45].

In [2] the flexible and inflexible load demands are used within bounded intervals to participate
in the community-based market problem. The inflexible/fixed loads are taken as lower bounds
while the flexible loads in addition to twice the inflexible loads are taken as upper bounds for

the community agents’ load demands.

2.1.4 Information and Communication Technology

The interconnection between the electrical power network and communication systems forms
the roadmap for actualizing the future intelligent smart grid. The dynamic nature of the com-
munication infrastructure will continue to constitute an overlap with the grid network in the
sense that future power networks depend on existing and future communication infrastructure.
This is to further buttress that the smart grid will continue getting smarter with more recent
communication, power, and energy technologies. The developed smart grid system should be
scalable allowing the integration of new Information and Communication Technologies (ICT)
and services. The communication infrastructure involves a two-way flow of information from the
generation to the end users and vice versa.

With the advent of advanced metering systems, Phasor Measurement Units (PMU) the smart
meters for the new smart grids which improved from the Automated Meter Readings (AMRs)
to the Advanced Metering Infrastructure (AMI) [6] is the new wave in the smart grid paradigm.
Owing to the ubiquitous nature of the communication infrastructure, consumer energy use can
be measured through smart meters which can not only interpret the energy in real-time but
also create a consciousness in both consumers and utility on how to reduce load demands and
maximize utility capacity. These have led to the realization of several demand-side response
schemes constantly researched as means of reducing load demands art peak periods.

The communication infrastructure can further be divided into wireless sensor networks and
wired networks. The wireless sensor networks make use of the wireless sensors in all devices

in the smart grid to communicate with each other. These sensors can be used in the smart
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appliances in smart homes, in automation and control devices in power electronic devices, etc.
The wireless communication networks include cellular networks 2G, 3G, 4G LTE, 5G, Bluetooth,
WIFI, satellite communications, cognitive radio, microwave communications, IEEE 802.15.4
and IEEE 802.11 networks. Wired networks are communication networks in which the flow of
information is through large network cables and communication lines such as fiber optic cables
and the power line communication PLC. The Information management system of the smart grid
enables the numerous data collected from sensors, smart meters, and phasor management to be
managed efficiently allowing for data and information latency and scalability. These techniques
will involve data modelling, information analysis, integration, and optimization. The concept
of big data analysis allows data mining, privacy, and latency of large valuable data within the
control network that deals with volumes of data and information. The high volume of data
gathered in smart grids is similar in size and characteristics to the big data concept [46] [47].
Another aspect of information management technology is outsourcing the basic information
control network to the cloud interface. The electric utilities can decide to outsource the basic
information management, storage systems, and assets to a fog or cloud network for either private
or public computing purposes.

This smart interface also helps in networking end users’ energy devices in peer-to-peer net-
works within a home area network or a neighborhood area towards the buying and selling of
the energy produced. This forms the main focus of this research. Peer-to-peer networks are a
decentralised network structure that allows interconnected nodes to share information amongst
themselves directly without a supervisory control node. The information on power mismatches
on supply and demand from each node is updated from their smart meters and their communi-
cation devices route this information to other nodes in the network. The rate of each session is
a function of the sum of the rates of all sessions that enabled an optimal energy trade amongst
consumers [48]. The work in [49] presented a heterogeneous network architecture to solve the
economic dispatch problem for the optimal decision of DG’s and electrical loads using a de-
centralized approach. Heterogeneous networks are wireless networks of interconnected nodes
comprising different types of devices. Communication time delays are an important aspect of
transactive energy integrating information and communication technology because of its ubiqui-

tous nature in heterogeneous communication networks. The communication time delay effect is
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Figure 2.2: Peer-to-peer market structures: a) Peer-to-peer, b) Community-based.

modeled as part of the distributed economic dispatch algorithm for the rate of each session.
investigated the effect of time delay on the dispatch performance of their distributed economic
dispatch algorithm through a well-developed consensus-based protocol and established that no
matter how large the uniform finite delay could be there always exists a small learning gain

parameter which ensures the convergence of the dispatch algorithm.

2.2 Introduction to Peer-to-Peer Markets

The concepts of peer-to-peer market structures are proposed based on potential end users seen
as peers participating actively in trading their energy resources. More recently consumers are
empowered to share their resources in a collaborative manner having flexibility in the decisions
made towards the usage of energy. The resulting market mechanisms are analysed in the forms
of centralised and decentralised market structures as the conceptual basis for consumer-centric
markets. Figure shows the centralised and decentralised structures of the market. Given
this basis, consumer-centric markets can be classified into three structures: decentralised Peer-

to-Peer markets, centralised markets, and distributed markets .

2.2.1 Decentralised Peer-to-Peer Markets

Decentralized markets are more distributed forms of the market where agents trade their energy

resources directly with their neighbours without the coordination of supervisory control. There
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is privacy in the production and consumption of information and a negotiation mechanism is
carried out iteratively in a distributed fashion until convergence. Reference [51] classifies peer-to-
peer networks in relation to their architecture, analysing the structures on the control of power
grid components while providing a basis for comparisons. A peer-to-peer market structure based
on multi-bilateral economic dispatch which allows consumers to choose their preferences through
product differentiation is proposed in [52|. Due to the impacts, P2P markets may have on the
grid, reference [53| analysis of the impacts of attributed costs through exogenous network charges
on energy trades and the grid. Other works have been proposed in distributed P2P markets
such as P2P trading among EVs in [54], simulation of P2P trading using game theory [55], DSM
integration with P2P energy trading [56], cost optimization [5], [2].

The concept of blockchains is another important aspect of solving decentralized P2P energy
trades in a microgrid network of prosumers. A blockchain is a decentralised technology that
allows the sharing of information and record of transactions amongst a network of participants.
Reference 57| has proposed the use of blockchain as an important technology in the operation
of microgrid markets, and the Brooklyn microgrid project has been used to analyse different
market mechanisms. Blockchains and smart contracts are usually implemented side by side to

facilitate P2P trading amongst prosumers.

2.2.2 Centralised Peer-to-Peer Markets

Centralised markets are monitored by a supervisory controller who coordinates all trading ac-
tivities. The privacy trading information amongst peers is communicated with the coordinator
who then decides the energy imports/exports of agents [36]. The aim of the supervisory con-
trol can either be in maximizing the social welfare [39], traded cost minimization [2}5,37]. A
community can be formed among peers, equipped with DER resources and engaging in cen-
tralised energy trades with their neighbours. The common interest among agents can be in
sharing the investment on DERs and revenues realised in the energy trades |5]. Reference [58|
proposed an energy-sharing model with price-based demand response for a microgrid of PV
prosumers. A community-based market of prosumers is proposed in [2| based on the concept
of energy collectives allowing prosumers to share energy in a collaborative manner that reflects

their preferences. The work in [59] proposes a market structure for prosumers with heteroge-
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neous preferences based on the concept of multi-class energy management. The main advantage
of the community-based market structure is the common interests and coordination of the agents

involved in the community energy trades, and the sharing of the revenues amongst participants.

2.2.3 Distributed Peer-to-Peer Markets

The distributed peer-to-peer market involves some levels of both centralisation and decentraliza-
tion. These markets are coordinated by a supervisory controller with minimal privacy of energy
information exchanges as compared to the decentralised structure. A distributed approach can
be proposed as a solution to the centralised or decentralised market model. Reference [2| pro-
posed a distributed solution through the Alternating Direct Method of Multipliers (ADMM) to
a community-based market of prosumers. ADMM is a distributed optimization algorithm that
decomposes the main objective into smaller individual problems, and the solution is realised
through an iterative process of the singular problems with information exchanges till conver-
gence. A distributed optimization was used in |59] to solve the decentralised peer-to-peer energy
trade amongst prosumers with heterogeneous preferences. The decentralised problem formu-
lated in [37] was solved through a distributed convex optimisation method developed for energy
trading between islanded microgrids. Game theory can also be applied in distributed solutions
of centralised and decentralised market structures. An energy bidding platform Eclebay was
proposed using game theory in [60] for peer-to-peer trading in a microgrid. Reference [43] pro-
poses a game theoretic approach based on a multi-leader and multi-follower Stackelberg game
for maximizing the economic benefits of participating microgrids.

The research carried out in consumer-centric markets usually concerns energy trading, energy
sharing, and energy transportation. There are several techniques have been carried out effectively
to model the sharing, trading, or transportation of energy as the case may be. The definitions of
these energy marketing terms are closely interrelated while energy sharing refers to consumers
in a multi-agent microgrid sharing their excess and redundant energy with the grid at specified
internal electricity prices, energy trading involves centralized and decentralized peer-to-peer
electricity markets within the microgrid where consumers tend to trade their excess or redundant
energy to each other and with the grid. Energy transportation refers to the transportation of the

traded or shared energy from one prosumer node to the other or from one prosumer node to the
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grid and vice versa. [58] [34] discussed energy sharing for techniques such as supply-demand ratio
where a piecewise model was used to formulate the energy sharing model based on the supply-
demand ratio at each given time slot within a period in a day, while [12| compared the supply-
demand ratio technique to mid-market rate and bill sharing techniques and deduced that the
SDR performs better than the other techniques. In [61] a peer-to-peer energy sharing amongst
neighbouring microgrids was proposed for improving the utilization of local DERs and saving
energy bills for all microgrids. In [58] an energy sharing model on a price-based demand response
was proposed. [10] proposed a systematic index system to evaluate the performance of various
peer-to-peer energy sharing mechanisms based on a multi-agent-based simulation framework.
The step length control and learning process were developed to facilitate the convergence of the
simulation.

References 2] and [62] discussed energy trading for solving the economic dispatch problem in
community-based markets and decentralized peer-to-peer markets using techniques such as con-
sensus plus relaxation |62] and distributed ADMM optimization and economic dispatch problems
using consensus algorithms and Lagrangian multipliers [63] [64] [65] [66] [50] |67]. References [11]
and [44] studied energy trading within the Internet of Energy platform. Reference |68| studied
the feasibility of peer-to-peer energy trading in low voltage distribution networks by studying
their demand profile patterns and optimal planning and selection of DG’s to maximize the local
demand and supply balancing. In [69] peer-to-peer trading was integrated with demand side
management amongst households in a smart grid to minimize the cost of consumption. Ref-
erence |70| gives a comprehensive review of typical economic incentive approaches adopted in
energy trading control mechanism, and [8] discussed energy trading using the game theory where
the stackberg’s game theory was used for agents in the microgrid network and |71] simulated the
proposed bidding rates using the Eclebay trading platform and game theory. Auction bids were
studied in |12] and [72] as a non-cooperative game approach in which players make decisions
independently. Reference |73| proposed a model for energy transportation and storage amongst

distribution networks in a microgrid using the Internet of Energy platform.
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2.3 Robust Techniques for Uncertainty Analysis

Robust approaches to optimization problems have been studied extensively [17,26,74-78| through
theoretical and practical applications as a means of handling uncertainty in system data. In com-
parison to the stochastic optimization that deals with the probability distribution of uncertain
element [16}/79,[80], Robust Optimization (RO) assumes the uncertain data is bounded within
an uncertainty set. The basic properties of RO include computational tractability, conserva-
tiveness, and flexibility [17]. The robust solutions obtained are said to be immune to data
uncertainty [17,/75,(7681] this means that the solution is feasible against all realisations of
uncertain parameters within the uncertainty set.

Robust optimization techniques have been proposed in literature which include Taguchi
Orthogonal Array Testing (TOAT) [19], Information gap decision theory (IGDT) |20], Single-
stage robust optimization (SRO) 78|, Two-stage robust Optimization (DRO)/ Adaptive robust
optimization (ARO) [18], Adaptive robust stochastic optimization (ARSO) |78|, Adaptive dis-
tributionally robust optimization (ADRO) [82], Data-driven robust optimization [83]. Robust
optimization techniques in peer-to-peer energy trades are yet to be widely researched. Ref-
erence [84] proposes a vertex scenario-based RO using TOAT to minimise the total costs of
prosumers within a transactive energy trading platform. An economic and robust energy man-
agement model based on TOAT is proposed in [85] to maximise the total exchange cost while

minimising the social welfare costs.

2.3.1 Taguchi’s orthogonal Array Testing

In accounting for data uncertainties in engineering designs, Taguchi proposed a robust design
methodology comprising system design, parameter design, and tolerance design [19,26]. The
Taguchi method has been considered to produce optimal design processes under varying con-
ditions. The highlight of the design methodology is in the parameter design where the process
designs select a combination of parameter settings that produce the best levels of quality de-
signs with reduced variations. Taguchi proposed the use of signal-to-noise S/N ratio as a quality
measure for value as compared to the use of standard deviation which decreases with the mean
value [86]. Taguchi also proposed the use of orthogonal arrays (OA) in mathematical modelling

by optimizing the objective function of the manufacturing process subject to the reduced number
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Figure 2.3: Taguchi’s orthogonal array selector.

of combinations of design and control parameters to achieve optimal results. Figure [2.3] shows
a typical orthogonal array selector in which a suitable OA for a design process is selected based
on the number of parameters and a number of levels.

The orthogonal array is a fractional design matrix representing the reduced number of com-
binations of multiple factors and levels of a given experimental design. This array comprises of
a N x m matrix containing s levels with m factors and N level runs; OAn(s™). The OA is
replaced by the notation L as in Ly(s™) which refers to Latin squares. The OAs are used to
design fractional combinations of elements in an experiment where the columns of the realised
design experiment correspond to the factors, the elements of each column are the test levels and
the rows refer to the test runs [87]. The possible number of combinations of the experimental
design is defined mathematically as s™ test runs and the selected OA represents a fraction N/s™
of the possible combination of outcomes. The L4(2%) and Lg(27) are two examples of OA with
4 and 8 test runs respectively, 2 levels each and 3 and 7 factors respectively represented by
fractions of 4/2% and 8/27 respectively of the total test runs of individual experimental designs
under study. An orthogonal array can also be formed as a sub-matrix of an existing OA in
defining the necessary design conditions of an experiment without an existing OA. The resulting
OA is in itself an OA where other forms of combinations of a given experimental design can be

realised.

2.3.2 Single-stage Robust Optimization

Single-stage RO is a form of robust optimization technique that provides ex-ante protection

against the worst-case realisation of uncertain parameters within the uncertainty set. The
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problem is generally formulated as a min max problem, where the uncertain parameters are
maximised against the realisation of the worst uncertainty. Given the objective function g(z,u),
SRO aims to minimize the objective function while maximising the uncertainty in realising an
optimal x* given the worst uncertainty parameter u. Mathematically:

i 2.1
min max g(z, u) (2.1)

where the vector x € X represents the decision variables and v € U are the uncertain parame-
ters. The uncertainty parameter can be represented as both an inner and an outer maximization
operation. Single-stage RO was compared with Adaptive RO and Distributionally robust tech-
niques in [78| with respect to their preventive and corrective actions. In [30] a single-stage robust
mixed integer linear programming optimization technique was proposed in developing offering
curves for a producer participating in a pool market. Reference [88] proposed a robust mixed
integer linear program for solving uncertainties in estimated investment costs and forecasted

demand.

2.3.3 Two-stage Robust Optimization/ Adaptive Robust Optimization

A two-stage and/or adaptive RO is a robust approach that provides a recourse action offering
solutions that are less conservative compared to the single-stage robust optimization. ARO
presents solutions that provide a corrective action to mitigate the impact of uncertainty realiza-

tions. The general formulation is comprised of three levels of problem:

min max min ¢g(x,y,u 2.2
min max min g(x,y,u) (2.2)

The model of the planning stage is defined in the first level before any uncertainty considerations
and the aim is to minimize the objective function g(z,y, u) with decision variable vector x € X.
The second level presents the uncertainty parameter within the uncertainty set v € U, and the
aim is to maximize the uncertainty in the given objective function value. The third level provides
a corrective operation aimed at mitigating the impact of uncertainty in the event of occurrence.
The model provides both preventive and corrective actions realising ex-ante protection as well as

ex-post correction actions. A two-stage adaptive robust optimization model is proposed in [18]
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to solve a security-constrained unit commitment problem given an inherent uncertainty in the
nodal net injection. Reference [89] proposes a column and constraint generation approach in
solving a two-stage robust optimization problem in addressing optimality and feasibility. In
tackling the inherent uncertainties associated with investment and operation costs as well as
electricity demands, [90] proposed a mixed linear integer program based on single and two-stage
robust optimization to solve a generation expansion planning problem.

Other robust optimization techniques include adaptive robust stochastic optimization which
provides a preventive protection action as well as stochastic scenario-based modelling. It is also
a three-stage problem like the ARO involving a planning stage, a long-term uncertainty realiza-
tion, a corrective action against the long-term uncertainty, and introducing short-term uncertain
operating conditions. Another Robust optimisation technique is the adaptive distributionally
robust optimization which defines a bounded and unknown distribution for each uncertain ele-
ment. Here, the uncertain parameters are not defined within uncertainty sets. It also provides

three-level protective and corrective actions as in the case of ARO and ARSO.

2.4 Utility Maximization

The concept of utility maximization arises when multi-agents or players such as in game theory
want to maximize their economic benefits or social welfare within a given platform. They can
either be identified as having common interests to share revenues [5] realised from a collective
structure such as a P2P market structure |2] or a cooperative game theory [55], [60] or being
more strategic in their approach such as in the non-cooperative game theory [91].

The approach of economic applications to utility maximization of agent’s resources based
on concepts of consumer theory macroeconomics has not been widely studied in literature |[1],
[24], [23]. Though there are studies that have related the concepts of consumer theory to
P2P energy trading, such as in |23] where the electricity demand was referred to as a derived
demand inferring services realised from electricity consuming appliances and DER, capacity as
goods/services to which a prosumer has an indirect utility to maximise. The services realised
from electricity consumption from these appliances were assumed as the commodity of interest
whereas all other services not related to prosumer demands were treated as composite goods

as in consumer theory. In [24] a production equilibrium curve was developed in modelling the

24



individuals and joint production possibilities of minigrids equipped with hybrid renewable energy
technologies and a trading platform was initialised based on their production equilibrium which
is a point on the joint possibility curves that maximises the production of the minigrids subject
to constraints.

In an economic utility maximization model, an agent is faced with choices within a set X
of goods n where z; represents the amount of each good X (z;,...,x,). The agent preferences
is reflected in the choices between two goods x and y where x > y; and y > x show their
preferences for each good x and y over y and z respectively. These preferences can be termed
as complete when comparing two goods and transitive if in relation to a third commodity, the
preferences are consistent i.e if x > y ; y > 2z then z > 2. The preferences are incomplete
and intransitive whereas the agent preferential relations become unclear and ambiguous [92].
Utilities are referred to as quantifiers for agent preferences which makes it easier to identify
goods with higher value/number than the others. A utility function is used to represent the
utility relating to each commodity z; € X denoted by u(x;) € R. The utility function represents

the agents’ choices of goods such that u(x) > u(y) which is the same as when = >y

2.4.1 Characteristics of Preferences

The two important characteristics relating to preferences include monotonicity and convexity

[21,92]. Regarding the agent’s utility, an indifference is asserted between x and y if u(x) > u(y).

Monotonicity

If for any two bundles of commodities = (z1,...x,) and y = (y1,...yn), preferences as well as
utilities are monotonous if x; > y; for each ¢ and for some 7, implies that = > y and u(z) > u(y).
This explains that indifference curves according to monotonicity assumptions are downward

sloping and decreasing, and subject to any given budget constraint an agent will exhaust their

budget. Based on this, agent utility maximization is implemented.

Convexity

The concept of convexity indicates that preferences are convex whenever x > y then rz + (1 —

r)y >y ¥r € [0,1]. As aresult of the binary variable r, the agent preferences lie in the extremes,
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and given the agent’s preferences for each of x and y is indifferent, then the agent prefers the

average of rx + (1 — r)y > y to either zor y. Rewriting this to reflect the utility gives:

u(rz + (1 —7r)y) > u(y)vr € [0,1] (2.3)

The utility function which satisfies (2.3)) is referred to as quasi-concave.
In analysing the agent’s utility maximization problem, both convexity and monotonicity

concerning the agent’s first-order conditions are a solution to the agent’s problem.

2.4.2 Indifference Curves

The indifference curve of an agent refers to its preference relations which are represented in
the utility function, in the form of isoquants or contours linking points of equal utility. These
contours are indifference curves indicating the set of commodities that gives a constant level of
utility [92]. An agent may have indifferent curves for different levels of utility. Given that an
agent’s utility function

u(xy, xe) = x122 (2.4)

If the utility function is replaced by a constant value k, then the indifference curve satisfies the
equation x1xy = k. This results in the equation of a hyperbola. An indifference curve between

x1 and xo is shown in figure

2.4.3 Marginal Rate of Substitution

The Marginal Rate of Substitution (MRS) refers to an agent’s willingness to forgo a good for
another at the same level of utility. The slope of the indifference curve of the agent’s utility is
called the marginal rate of substitution. Mathematically:

MRS (21, 29) = —9%1

s (2.5)

MRS defined for the utility function of agents represents the marginal utility of each good over

the other. Mathematically given the utility function u(z1, z2), mathematically:

MU,,
MU,,

MRS(:L‘l,.%'Q) = (2.6)
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Figure 2.4: Indifference curves with constant utility.

The marginal utility of 1 and z2 can be calculated through implicit partial differentiation as
follows:
ou ou

The marginal utility given a budget constraint becomes the slope of the budget line tangential

to the indifference curve of the agent. Given the costs of ¢; and ¢o for goods x1 and xo, the

marginal rate of substitution and the marginal utility for each good becomes:

MRS(21,20) = 2 (2.8)
C2
MU,, MU,

- (2.9)

This implies that any constrained budget is spent such that utility is maximized when the

marginal utility per unit of the amount spent on each good is equal. Figure shows the MRS
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Budget Constraint

Figure 2.5: Marginal rate of substitution with budget constraint.

between x1 and x9

2.4.4 Common Utility Functions

The following utility functions are commonly used in consumer theory in expressing the prefer-

ence relations of agents.

Cobb-Douglas

A utility function is defined according to Cobb Douglas such that:
w(zy, x2) = 2525 5 a>00>0 (2.10)
The marginal utilities are defined thus:

MU,, = az% ‘a8 MU,, = baab™! (2.11)
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The marginal rate of substitution becomes:

MRS = %ZZ = %i (2.12)
Given an income budget constraint such that
c1x1 4+ coxo =1 (2.13)
The maximizer must satisfy the equation such that:
arz _ C—l; acaxo = berxy (2.14)
bxq C

Perfect Complements

A perfect complement utility function representing an agent’s preferences between two goods is
given below:

u(x1,x2) = min axy, bry (2.15)

The goods are perfect complements of each other, if the preference for each good is in proportion
to the other good. The indifference curve is L-shaped and at the points where the lines meet
ax1 = bxro as shown in figure [2.6| The MRS at this point is not defined as a result of the

non-differentiable nature of the indifference curve.

Perfect Substitutes

The perfect substitute utility function of two goods x1 and x5 is represented in the form
u(z1,x2) = axi + bxo (2.16)
The goods are perfect substitutes for each other as one good can be replaced by the other. The

preferences are weakly convex. the MRS is presented thus:

MU, a
MRS = L—— 2.17
MU, b ( )
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ax,; = bx,

Figure 2.6: Perfect complements indifference curve.

In perfect substitutes, the marginal utilities are not dependent on the number of goods consumed,
as a result, the indifference curves are straight lines as shown in figure

The concepts of macroeconomics can be applied within a multi-agent framework integrating
energy storage systems ESS to maximize the economic welfare of agents in realising an optimal
demand profile. Using economic utility functions from consumer theory, the work in [1] pro-
poses an economic consumption model using inter-temporal trades for balancing/leveling while

proposing another utility function for the consumer cost minimization problem.

2.5 Ancillary Services

The advent of the deregulation of the electric power industry towards the restructuring of the
vertically integrated utility has simultaneously liberalized the acquisition of ancillary services by
the system operator in balancing the generation supply variability [93-96]. With the increase

in distributed generation sources into the utility grid, there becomes a need for more reliability
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Figure 2.7: Perfect substitute indifference curve.

of supply towards ensuring a safe and secure power system operation. Ancillary services refer
to capacity control services procured by the system operator to ensure the reliability of supply
in maintaining the instantaneous and continuous balance between generation and supply [95].
These services can be provided through the control of generation, transmission, distribution, and
sometimes demand equipment to realise the required level of power quality in the interconnected
power system. This may be operational within a competitive market framework [93,97] aside
from its mandatory services requirement.

The development of bidding strategies for generation companies (gencos) towards the pro-
vision of AS is one aspect that projects the competitive nature of the market for such services.
Usually, a market clearing model is initiated by the system operator to enable the gencos max-
imise their profits in AS markets. In [28,98,99| bidding strategies were developed for gencos in
maximizing their profits in a joint energy and reserve market. The future demand for operating

reserve and regulation services is expected to increase and the AS market will integrate more
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Figure 2.8: Ancillary services characterization based on response time and duration.

[95)

entities aside from the gencos such as virtual power plants and microgrid markets [100,/101].
The following AS can be procured by the SO based on response time, response duration,
and response frequency. Figure [2.8] shows how the services are distinguished by response time

and duration.

2.5.1 Regulation

Regulation is one of the AS required to continuously balance generation and demand under
normal conditions, the other being load following. . It is the application of automatic gen-
eration control in rapid response to the SO requests for up and down reserve thereby tracking
instantaneous fluctuations in demand for every minute in system load and subsequent resolution
for unplanned fluctuations in generator output. AS can be renumerated as a regulated price,

pay as a bid price, or a clearing price paid to the providers of the service [102].
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2.5.2 Contingency Reserve

These reserves include operating reserves such as spinning, non-spinning also referred to as
primary and secondary reserves, and supplemental reserves designed to restore the balance in
generation and load following an unexpected loss of a major generator or transmission line. In
spinning reserve, response time is immediate within 10 minutes subject to no load and no losses,
and this typically can be sustained for about two hours. This reserve when called upon is readily
available in response to a major loss in generation and transmission. The non-spinning reserve
is similar to the spinning reserve in response time and duration asides the generation response
time does not have to be immediate or online or in response to frequency. The supplemental
reserve can be provided by both on and offline generation and responsive load. The generators

deployed in these reserves must have telecommunications in response to the SO instructions.

2.5.3 Frequency Control

Frequency control aims to maintain the power network frequency within permissible limits by
controlling the active power output in the system in maintaining the generation and load balance.
A frequency control reserve in the form of an active power reserve is used to compensate for the
deviation in frequency. The three levels of control used to maintain the frequency of the network
include primary, secondary, and tertiary frequency control. While the primary frequency control
adjusts the active power generation of the generating units, the secondary frequency control
adjusts the active power generation and also restores the frequency back to the control limits.
The tertiary frequency control restores the primary and secondary frequency control reserves, in
restoring frequencies and tie line exchanges to their specified limits in the event the secondary

control fails.

2.5.4 Voltage Control

The voltage control service aims to control the reactive power generated or consumed while
maintaining the voltage of the system within permissible limits. While the aforementioned
ancillary services control the active power generated, the voltage control service controls the
reactive power. There are reactive power control devices available to compensate for losses that

may arise as a result of voltage collapse and contingencies these include: Synchronous generators
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Table 2.1: Capacities and Timescales for Balancing Services

Ancillary Services  |Minimum Energy (MW)|Delivery Rate (MW /min),(secs) |Duration (hours,mins,secs)
Fast Reserve (Primary) 25 25 15 mins
STOR (Secondary) 3 20 2 hours
BM Start-Up (Tertiary) - - 89 mins
DFR (Primary) 1 10 sec 20 sec
DFR (Secondary) 1 30 sec 30 mins
DFR (Tertiary) 1 10 sec indefinite

which supply reactive power in controlling the voltages during contingencies and can operate
and a synchronous condenser.

Other AS include: black start (BS) service which occurs during an unplanned event such
as outages and blackouts, and the power system is restored without any external source of
electricity, Remote automatic generation control (RG) regulates the network frequency through
an automatic centralised area control network, Grid loss compensation (GL) which allows for
transmission loss compensations between generators and load and finally the Emergency control
actions (EC) which integrate the use of special devices in maintaining a safe and secure operating

network [93].

2.6 Ancillary Services Requirements

The ancillary services requirements are set by the electricity system operator (ESO), such as the
National Grid ESO towards balancing generation and demand on the network. The services that
are offered include reserve services, Frequency response services, demand flexibility services, etc.
The energy capacities and timescales required for these balancing services vary depending on
the type of service offered and the duration of service. Table gives a summary of ancillary

services, capacities, and timescales required by National Grid ESO [103].

2.7 Solvers

The existing solvers that can be used to solve Linear Programming/Quadratic programming

problems on the basis for which the proposed community-based market problem and robust
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approaches are developed, are Gurobi and Mosek. Mosek is adapted more to solving general
problems, but for mixed integer linear programs and general linear programming problems,
Gurobi is highly recommended.

In this work, the Gurobi solver was used within the Yalmip Matlab code environment to solve
the proposed community-based market case studies. The Yalmip program was downloaded and
installed as a zip file from Github, and an academic license for Gurobi was downloaded from the
website. This was run as a program on an Intel core i5 CPU, 64-bit operating system, and 8GB
RAM size. The paths for Gurobi and Yalmip were added and saved, and a Yalmip test initiated

confirmed the successful installation of the solver.

35



Chapter 3

A Robust Approach to
Community-based Markets Under

Uncertainty

The continuous proliferation of Distributed Energy Resources (DERs) in electricity grids is
gradually changing the traditional roles of stakeholders. Consumers become producers, equipped
with renewable generation, as well as storage in the form of electric vehicles or wall-mounted
batteries. Along with the shift in production and consumption patterns, came the necessity for
new, citizen-centered, market mechanisms to allow for the transparent and mutually beneficial
exchange of energy between prosumers. The concept of auction theory enables interactions and
energy exchanges among participants. In fostering engaging interactions among consumers and
producers, the work in [38| allowed agents to place their orders within time slots and specified
closing times.

The most promising mechanisms in this area are community-based and peer-to-peer (P2P)
energy trading markets, where users can own small-scale DERs and actively trade their energy
resources within a community |104]. Such markets offer novel designs for the restructuring of
current electricity markets with regards to prosumers trading their excess/deficit energy with
other end-users. The benefits and opportunities arising from such mechanisms are explored in [2].
Moreover, community-based markets can give rise to the sharing of energy resources amongst

participating agents in the microgrid [4]. The evolution of these consumer-centric markets has
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initiated a more proactive role amongst prosumers. They can increase their flexibility and
preferences towards the type of DER to meet their load demands. Consumers are no longer
restricted to conventional generation, fixed electricity tariffs, and demand-side management
initiatives to manage their consumption levels.

Opportunities have been sought to further decentralize the community-based market to full
P2P market mechanisms [52./53//62,{104-106]. There are many methods proposed in the literature
for solving an economic dispatch problem within a network through community-based, P2P, or
hybrid methods. The majority of these methods rely on formulating an optimization-based
market design, including constraints relating to the peers’ production and consumption, as
well as financial limits. The solution of this problem is then performed, to obtain the optimal
bilateral trades and prices [62]. The concept of blockchains is another important aspect of
solving decentralized P2P energy trades in a microgrid network of prosumers. Reference |57] has
proposed the use of blockchain as an important technology in the operation of microgrid markets,
and the Brooklyn microgrid project has been used to analyse different market mechanisms.
Blockchains and smart contracts are usually implemented side by side to facilitate P2P trading
amongst prosumers.

There is uncertainty associated with renewable production and electricity consumption due
to fluctuations in expected power output. While uncertainty has been tackled in many other op-
timization problems in power systems [107], it remains a little investigated area for P2P market
mechanisms. The majority of the previous methods consider deterministic problems, using fore-
casted values of renewable generation and load demand. Several techniques have been introduced
in the literature which models the uncertainties in renewable generations, load demands, and
market prices, these include Stochastic Optimization [16], Robust Optimization [18|, Taguchi’s
Orthogonal Array Testing (TOAT) [19], Information-Gap Decision Theory (IGDT) |20].

TOAT [19] is a statistical tool that provides representative testing scenarios that offer possible
combinations to a given experimental design or analysis towards achieving the desired outcome.
The main benefit of TOAT in comparison with Monte Carlo simulation is that TOAT is capable
of characterizing different types of uncertain parameters with less deterministic scenarios and
computation time. This is explicit from its capability to produce robust solutions to an opti-

mization problem from combinations of different levels of uncertain elements, while Monte Carlo
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simulations are focused mainly on producing scenarios around deterministic solutions. In this
work, TOAT was used to generate scenarios from the worst-case uncertain parameters of commu-
nity agents’ DER and load demands in solving the community market problem. TOAT has been
previously used to solve different non-deterministic problems in power systems. Reference [108|
has presented a transmission expansion planning problem under uncertainty where the optimal
solution is robust against the worst-case scenarios generated by TOAT. Also, reference [109]
has used TOAT to solve the economic dispatch problem with a non-smooth cost function under
uncertainty. Reference [110] has introduced a TOAT-based probabilistic load flow model under
the uncertainty of renewables and loads. However, to the best of our knowledge, there is no
TOAT-based community-based energy trading model under uncertainty in the literature.

In this chapter, the following main contributions are as follows:

e An opportunistic (risk-seeker) and robust (risk-averse) community-based market mecha-
nism under the uncertainty of renewable DERs and load demands is proposed. In the
proposed approach, uncertainty sources are characterized by the best-case and worst-case

scenarios generated by TOAT.

e An evaluation of the impact of uncertainties on total costs of community-based energy
trading is carried out, by comparing the deterministic, and opportunistic/robust models

with best-case/worst-case scenarios.

The rest of this chapter is organized as follows. In Section the proposed scenario gen-
eration technique based on the notion of TOAT is presented. In Section the mathematical
formulations are introduced. In Section [3.3] the proposed approaches are tested on three micro-

grids as a community. Finally, Section summarises the chapter.

3.1 Generating Robust Scenarios Using TOAT

In this section, TOAT is used to characterize the uncertainty of renewable DERs and load
demands by generating appropriate best-case and worst-case scenarios.

Let Y (X) be a function of the vector of uncertain parameters X (a1, ..., am, ....aps) with M
entries. Given N likely future realizations of each uncertain parameter a,, for m = 1,..., M,

there are NM likely scenarios for future realizations of all M uncertain parameters belonging
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Table 3.1: Orthogonal Array L4(2%) with Four Scenarios and Three Uncertain Parameters

Number of Scenarios | o1 | ag | ag
1 1 1 1
2 1 2 2
3 2 | 1] 2
4 2 121

to the vector of uncertain parameters X. Needless to say, including all likely realizations of
uncertain parameters in a specific problem may lead to intractability. Therefore, TOAT is used
to reduce/increase the complexity /tractability of implementing all likely realizations of uncertain
parameters.

In principle, Taguchi’s method is formed based on orthogonal arrays (OA) represented by
a general form Lp(N™), where L represents Latin squares based on TOAT terminology and T
represents the number of reduced scenarios. For instance, suppose that there are three uncertain
parameters (i.e., M = 3, a1, as, and ag) with two likely future realizations each (i.e., N = 2 where
1 and 2 represent the worst and best realization of each uncertain parameter, respectively). In
this illustrative example, there are N™ = 23 = 8 different scenarios including all combinations of
likely future realizations. To reduce the number of scenarios, a basic OA with L7(NM) = L,(23)
can be used as depicted in Table Accordingly, the number of scenarios can be reduced from 8
to 4. It is noteworthy to mention that these scenarios are generated in a way that each realization
of every uncertain parameter appears an identical number of times in each column of the array in
Table Therefore, in this Ly(23) array, realizations 1 and 2 occur two times [108], [109], and in
general, T/N™ times for a generic L7(N™) OA. There are available libraries with different OAs
to characterize the uncertainty spectrum through the TOAT approach. Note that a particular
OA may be modified for a specific problem by reducing the number of its uncertain parameters

as compared to its original ones in the library.

3.2 Robust Community-Based Electricity Market

The community-based market structure consists of all agents (prosumers, producers and con-
sumers) involved in energy trading inside and outside the community and a community manager
who coordinates the activities of the trade. Figure shows the structure of the community-

based market with scenarios and mathematical formulations for three agents which include: a
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Figure 3.1: Schematic representation of a community-based market structure with scenarios.

prosumer, a producer, and a consumer single resource. In this section, a robust formulation of the
community-based market is presented to obtain robust solutions for energy trades withstanding
the worst-case realization of uncertain parameters.

The TOAT approach is used to capture the uncertainty of renewable DERs and load demands
using appropriate scenarios. In this study, a symmetric bounded interval is considered for
each uncertain parameter. Also, extreme points of each bounded interval are considered as
the likely best-case or worst-case future realizations of each uncertain parameter. Clearly, the
upper and lower bounds of the bounded intervals pertaining to the uncertain renewable DERs
(i.e., ﬁ?nrt = [p?nrt +ﬁ§nrt7p?nrt —ﬁ?mt , where p}ant and ﬁ?mt stand for expected value and
deviations of renewable DEr of prosumer n, at hour t) represent the best-case and worst-case
scenarios, respectively, while the lower and upper bounds of the symmetric bounded intervals
pertaining to uncertain load demands of prosumer n, (ie., ﬁgrt = [pfm - ﬁi,«tapﬁrt +ﬁzrt]a
where p? , and p¢ , stand for expected value and deviations of load demands at hour ¢ ) represent

the best-case and worst-case scenarios, respectively. Mainly, the multi-period robust problem
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can be written as:

Npr T T
max min E E Pny (XnTb Ugrtv Udrt) + E g (Zta Ugrta qu«t)
Ugrt€QUSIT Uy, €QUSITe X, eQXnrt 7,cQ%t nyr=1 t=1 t=1
r=1t= =

(3.1)
where QUS9™ /QUSdrt represents the set of uncertain parameters of the prosumer generation /consumption
resources at hour t, Q¥ represents the feasible space of decision variables of prosumer n, at
hour ¢, and Q% represents the feasible space of continuous variables of the community manager
at hour t. The proposed min-max problem in minimizes the total costs of prosumers, i.e.,
©n, (Xn,t,Ug,t, Ug,t) where:

Xt = {p,glrt,pth,rnTt,ant,’ynrt,énrt}, and the total costs of the community manager in im-
porting/exporting electricity inside/outside the community, i.e., g(Z, Ug,t, Ug,e) where Z; =
{~impt: dexpt }, under the worst-case realization of uncertain parameters, i.e., Uy, +, Ug,+ = {ﬁ%rta ﬁgrt}.
Needless to say, this problem cannot be solved for all realizations of uncertain parameters. To
obtain a tractable counterpart, first, the orders of minimization and maximization problems
are changed based on the classical minimax theorem (Proposition 5.5.4 in [111]), and then, the
TOAT approach is used to generate appropriate scenarios capturing the uncertainty spectrum.
In Figure pfmw / pfmw, pggtw and pg tw corresponds to the production/consumption of
a prosumer n,, a producer ny and a consumer ng in the hour ¢ and scenario w. The energy
trading within the community by all agents is modelled in gy, and 75,4, for the prosumer’s
production and consumption resources, gn,u for the producer’s resources and 7,4, for the
consumer’s resources in the hour ¢ and scenario w. The trades in the community are balanced
by the community manager such that gn,tw + Gnytw — Tnetw — Tngtw = 0 at the hour ¢ and
scenario w. Each agent can also trade energy with the outside community or the grid through
the community manager Yy, tw/0n, tw, is the power imports/exports by the prosumer, 7y, 1, are
power imports by the consumers and 6,4, are power exports for the producers at each hour ¢
and scenario w. The sum of these trades is equal to the total imports Vimptw and exports dimprw
traded by the community manager in the hour ¢ and scenario w and the import and export costs
Sximpt and syezpt are the costs set by the wholesale market for imports and exports from and to
the grid. A quadratic cost function can be used to calculate the productions of different agents

depending on the nature of their resources, and a transaction cost &.om, is set by the community

41



manager for the energy trades within the community.

Therefore, the multi-period robust mathematical formulation can be written as follows:

: g d )
min a(pnrtwa Prtws Tnrtws netws Ynptw 5n,«tw7 Yimptw 6ezptw>

Ry T Npr T Npr
d
st a>y 3> Pine Fhue) + D D bne(B i)+
j=1t=1n,=1 t=1 n,=1
T Npr T Npr
§com Z Z Tnptw + gcam Z Z Qn,«tw"i_
t=1 n,=1 t=1n,=1
T Npr
SXimpt Z Z Ynptwt
t=1 n,=1
T Npr T
Sexpt Z Z 6nrtw + Zg('Yimptwa 5exptw)a Ywe W
t=1 n,=1 t=1

pglrtw — Gn,tw — On,tw = 0 Vnp € Npy, VE, Vw
pgrtw — Tnptw — Tnptw = 0 Vn, € Npr,Vt,Vw

Prytw = P o + D 4y = 0V, € Ny, VE, Ve
R;
Zp?mtw = pﬁrtw Vn, € Np, Vt,Vw
j=1

Prtw + Tnptw — Anptw T Ynptw — 5nTtw =0 vnr S Npra \V/t, Yw

Npr Npr
Z An,tw — Z Tnptw = 0 Vt, Yw
ny=1 ny=1
Npr
Z Tntw = Vimptw Vtavw
ny=1
Npr
Z 5nrtw - 5eatptw Vt,Vw
ny=1

pg < p?nrtw < T)?nrtw vnr € Npr7Vt7vw

—Inytw

pl < pd o <P Vne € Ny, Vi, Vu

“netw —

’.antw Z 07 (57’L7~t'u) Z 07 vnq" S Npr,vt,vw

(3.2a)

(3.2b)

(3.2¢c)
(3.2d)

(3.2e)

(3.2f)

(3.2K)
(3.21)

(3.2m)

where the objective function equation ([3.2a) minimizes the total costs of prosumers, the

total transactions costs, and the total costs of the community manager in importing/exporting

electricity inside/outside the community under the worst scenario for uncertain parameters ob-
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tained from the TOAT approach where the auxiliary variable « is used to find the optimal total
cost pertaining to the worst-case scenario. In this study, it is assumed that each agent as a
prosumer is equipped with renewable DERs and optimizes its energy production/consumption.
Concerning the energy produced/consumed by the prosumer for export/import outside/inside
the community, the quadratic cost function ¢j,,. = ajn, - p?nrth + bjn, - p}antw is considered
here. If the net production of the prosumer is from either renewable or non-renewable DERs,
@jn, = 0, bjn, = 0 or aj,, >0, bj,, > 0, respectively.

Constraint ensures that « is greater than or equal to the total costs of the worst
scenario. Constraint / expresses the energy balance for each prosumer’s production
and consumption respectively. Constraint gives the sum of the production and consump-
tion of each prosumer at hour ¢ and scenario w. Constraint is the net production from
all the generation assets of each prosumer at hour ¢ and scenario w. Constraint repre-
sents the combined energy balance of each prosumer’s production and consumption at hour ¢
and scenario w. Constraint represents the total energy traded between prosumers within
the community where its net value is equal zero. Also, constraint / stands for the
total energy imported/exported by the community manager inside/outside the community and
consumed /produced by different prosumers. Constraint / limits the power produc-

tion/consumption of each prosumer resource where the lower-bound (i.e., p? , p ) and

Ejnetw’ Lnptw
upper-bound (i.e., ﬁg‘n,,twv ]ﬁgﬁw) parameters for each scenario are obtained from the TOAT ap-
proach. Also, constraint ensures the non-negativity of variables indicating imported and
exported energy by each prosumer. It is noteworthy to mention that the proposed model in
— can find the robust solution through the worst-case scenarios and the opportunis-
tic solution through the best-case scenarios generated by the TOAT approach. It can also find

the deterministic solution by only including the forecast values of uncertain parameters.

Likewise, the robust model for prosumers is developed for other community agents such as
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the producers and consumers equipped with DERs and load respectively as follows:

min O‘(pgzgtwv pgzdtwa T'ngtws ngtws Tngtw, 5ngtwa YVimptw 5ezptw) (3.3&)
Ry T Np T N.
d
steazd > Y ey Pl + D D SnaPhe)+
=1 t=1 ny=1 t=1 ng=1
T N, T Np
Ecom Z Z Tngtw T Ecom Z Z Qngtw+
t=1 ng=1 t=1ng=1 (3 3b)
T N '
SXimpt Z Z ’Yndtw‘i‘
t=1 TLd:1
T Np T
Shexpt Z Z 5ngtw + Z g(%‘mptwy 5ea:ptw)a Vwe W
t=1 ng:1 t=1
ngtw — Qngtw — 5ngtw =0 Vng S Np,Vt,Vw (33C)
P — Tngtw — Yngtw = 0 V¥ng € Ng, Vt,Yw (3.3)
Ry
Zp?ngtw = pgzgtw Vng € Np>Vt)vw (336)
=1
Np N,
> ngtw = Y, Tngtw =0 VE, Yw (3.3)
ng=1 ng=1
Nc
Z Tngtw = YVimptw Vi, Vw (33g)
ng=1
Nc
Z 5ndtw = 5ea:ptw Vi, Vw (33h)
ng=1
Ezqngtw S piqngtw S ﬁiqngtw vng S NP7Vtvvw (331)
Bidtw < pfrizdtw < ﬁfrizdtw Vng € Ne, Vi, Vw (33J)
Vigtw = 0,65 1, > 0 Vng € Ne,Yng € NV, Vu (3.3K)

where the objective function equation ([3.3a) aims to minimise the total energy traded costs of

producer and consumer agents and the community manager in importing and exporting energy

in and out of the community. Constraints (3.3b))-(3.3d)),(3.3€)), and (3.3f)-(3.3k) serve the same

functions as (3.2b})-(3.2d)), (3.2f) and (3.2h))-(3.2m)) respectively. Finally, the robust model of the
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CBM of all community agents prosumers, producers and consumers is presented as follows:

; g d g d
min Q(Pnrtw, Pntws Tnrtws Gnetws Vnptw, 6nrtw7pngtwa Prgtws Tngtws Angtws Tngtw, 5ngtwa Yimptw 6exptw)

(3.4a)
g T Npr Ry T Np T Npr
st > Z Z Pine D) ¥ DD D Ping W) T O Y Sn (P 1)+
j=1t=1n,=1 =1 t=1 ng=1 t=1 n,=1
T N, T Npr Nc T Npr
Z ¢nd pndtw + §com Z Z Z Tn.tw + rndtw + gcom Z Z Z dn,.tw + antw)+
t=1 ng=1 t=1 n,=1ng=1 t=1 ny=1ng=1
T Npr N.

SAimpt Z Z Z (’Yn,«tw + ’Yndtw)'i_

t=1 n,=1ng4=1
T Npr Ne

Skexptz Z Z nytw + 5ndtw + Zg ’Yzmptwv exptw) Yw e W

t=1 n,=1ng=1

(3.4b)
(3-2c) — (3.2¢) (3.4¢)
Np’” Npr NC
Z Z dn,tw + Qngtw Z Z (antw + Tndtw) =0 \V/t, Yw (34d)
np=1ng=1 nr=1ng=1
Npr N.
Z Ynptw + Z Tngtw = YVimptw Vt, Vw (346)
nr=1 ng=1
Npr Np
Z 6nrtw + Z 5ngtw = 6e:rptw Vtvvw (34f>
nr=1 ng=1
Bgnrtw = p?n'rt'w < Tj?nrtw vnT7Vtavw (34g)
P < Pt < Py ¥, V1, V0 (3.4h)
B?ngtw = p?ngtw < ﬁ;}ngtw vng’ Vtﬂ Vw (341)
Qfldtw = pndtw = pndtw vnd7Vt Vw (34.])
Yrptw = 05 Yngtw = 0, On,tw = 0, 6ngtw >0 Vn,Vt,Vw (34k>

where the objective function equation (3.4al) aims to minimise the total energy traded costs
of all agents including prosumers, producers and consumers, and the community manager in
importing and exporting energy within and outside of the community. Constraints (3.4bj)/

(3.4c) and (3.2b)-(3.2¢g), (3.4d)-(3.4f) and (3.2b)-(3.2g) serve the same function. Constraints

(3.4g)-(3.4j) limit the production/consumption of all agents resources within a lower and an
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upper bound while constraints gives the non-negativity constraints of all agent’s imports
and exports outside the community.

Hereafter, the optimal solutions of deterministic, robust, and opportunistic community-based
energy trading models at each hour of the scheduling period are indicated by DCET;, RCET;,
and BCFET;, respectively. It is worthwhile to note that the robust model solves the problem
for different realizations of the uncertain parameters and characterizes different deviations from
the nominal estimates of the uncertain parameters while the deterministic model only solves the
problem for the nominal estimates of the uncertain parameters. Accordingly, the cost of the
robust model is higher than the cost of the deterministic counterpart. The difference between
the total costs of the robust and deterministic models is designated as the cost of robustness.

The cost of robustness is the cost incurred or price forgone in obtaining a robust solution.

3.2.1 The Community Manager’s Model

The community manager is responsible for coordinating the activities of the trade in realising an
optimal solution. With regards to the robust nature of the community-based market problem,
the model of ¢ is considered in a centralised manner where the community manager minimizes
the costs of importing energy into the community while maximizing the revenues realised from
exporting the energy outside the community/ or the grid. The community manager’s model in

a given scenario w is presented according to [2], [] as:

g('}’imptwa (Sea:ptw) = ()\m + T)'Yimptw - <)\m - T)(Sexptw (3-5)

Here it can be considered based on regulatory policies that the cost of imports is generally higher

than the costs of exports [2]. The community manager’s model can be further expressed as:

g('Yimptwa 5emptw) = SXimptVimptw — SAe:cptdemptw (36>

where A, is the market price for importing energy from the main grid, and 7 is a parameter
representing the spread between import and export prices. This is given with consideration
that the purchase price from the grid is generally higher than the selling price to the grid.

Sximpt = Am +T and Sxegpt = —Am +7. This represents the price the community pays for import
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Figure 3.3: Total PV production and load consumption Case 2.

which is positive for cost minimization and negative for export representing revenue profit.

3.3 Case Study

In this work, three different case studies applying the robust community-based market models for
prosumers only, producers and consumers, and all agents (prosumers, producers, and consumers)
are analysed in realising the costs of robustness within community microgrids. The first case

study involves a community microgrid of 7 prosumers with each equipped with a PV resource,
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the second case study is a community microgrid with 7 producers and 8 consumers finally the
third case study is the community microgrid of 5 prosumers, equipped with PV production,
3 producers, two of which have conventional resources (micro-turbine and fuel cell) one wind
resource, and 20 consumers. The first and second case studies are obtained from the clean data
set of the Australian distribution network Ausgrid dataset while the third case study was
obtained from an example case of the Cigre LV benchmark model . Figures and
show the schematic representation of the case studies. The next section describes the contents

of the data sets of each case study.

3.3.1 Data Set Case Studies 1 & 2

In this study, the proposed deterministic, opportunistic, and robust models are tested on a
microgrid as a community with 7 prosumers for the first case study, and 7 producers and 8
consumers for the second case study, obtained from the clean dataset of 54 customers in the
Ausgrid network aggregated load and generation data for summer and winter seasons .
The Ausgrid peak-tariff in 2019 is considered as market prices (i.e., A, = 23.5336 ¢/kWh)
set by the market operator, and a price is set at 7 = 10 ¢/kWh for using the grid. The import
price becomes the market price plus the grid tariff (i.e., A,,, +7 = 33.5336 ¢/kWh) and the export
price is (i.e., A, — 7 = 13.5336 ¢/kWh). All agents’ cost functions reflect their preferences for

costs set for trading their resources. These values are obtained as normalised costs of energy
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prices [A| and scaling it to the capacity of agent resources as used in [2]. The transaction cost

of the community manager is fixed at 1 ¢/kWh. The total load consumption of prosumers and
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consumers and total PV production of prosumers and producers are illustrated in Fig. [3.2]
and respectively. The upper and lower bounds of agents’ renewable production resources

are considered the same (i.e. p?

et = ﬁ?nrtw) according to . The consumption resource is
. T

a fixed/flexible load profile at a lower bound and an upper bound allowing a 10% increase.
Additionally, 10% symmetric deviations from the expected values of the uncertain parameters

are considered for all 24 hours of the scheduling horizon.
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Table 3.2: The Lig(2'%) Orthogonal Array with 14 Uncertain Parameters

Number of Scenarios | a1 | a2 | a3 | a4 | a5 | ag | a7 | ag | ag | a0 | a11 | ai2 | a1z | a1a | ais*
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2
3 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2
4 1 1 1 2 2 2 2 2 2 2 2 1 1 1 1
5 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2
6 1 2 2 1 1 2 2 2 2 1 1 2 2 1 1
7 1 2 2 2 2 1 1 1 1 2 2 2 2 1 1
8 1 2 2 2 2 1 1 2 2 1 1 1 1 2 2
9 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
10 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1
11 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1
12 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2
13 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1
14 2 2 1 1 2 2 1 2 1 1 2 2 1 1 2
15 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2
16 2 2 1 2 1 1 2 2 1 1 2 1 2 2 1

3.3.2 Data Sets Case Study 3

The third case study involves a community microgrid of 5 prosumers, 3 producers, and 20
consumers obtained from an example case of the Cigre LV benchmark model. The European
Commission (EC) import tariff in 2021 [115] is considered as market prices (i.e., A\p, = 21.92
¢/kWh) set by the grid, while the price 7 is also considered as a grid tariff. Therefore the
import prices from the community manager becomes A, + 7 = 31.92 ¢/kWh while the export
price is A, — 7 = 11.92 ¢/kWh. All agents’ cost functions also reflect their cost preferences
and are realised as normalised costs of energy prices scaled to the capacity of their resources.
The transaction cost of the community manager is fixed at 1 ¢/kWh. The marginal costs for
the PV and wind turbines are taken as zero (ajn, = bjn, = 0, apn, = byn, = 0). The total PV
production and load consumption of prosumers, total production of producers, and consumption
from consumers are illustrated in Fig. Also, for the renewable production resources of agents
the upper and lower bounds are the same while the conventional resources assume upper and
lower bounds from the minimum and maximum generation/consumption outputs of the Cigre
benchmark model. The consumption resources are taken as fixed/flexible load profile at lower
bound and an upper bound with an increase by 10% . Likewise, 10% symmetric deviations from
expected values of the uncertain parameters are considered for all 24 hours of the scheduling
horizon.

In the community of 7 prosumers, there are 14 uncertain parameters representing 7 generation
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Table 3.3: The Lig(2'%) Orthogonal Array

als

a4

a13

a2

ail

aio

ag

as

ar

ae

as

aq

as

a

ai

Number of Scenarios

10
11

12
13
14
15
16

Table 3.4: The L3(23!) Orthogonal Array

N/s|a1|az|a3|aq|as|ap|a7|as|ag|aio|a11|a12|a13|a14|a15|a16|a17|a1s|a19 |a20|a21 |a22|a23|a24|azs|aze|az7 |a2s|a29|as0|as1

10
11

12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30
31

31

and 7 consumption resources, while the community of 7 producers and 8 consumers has 15

uncertain parameters with the best and worst realizations at each hour of the scheduling problem
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Table 3.5: Highest Energy Trading Costs for All Models in the First Community

Highest Energy Trading Costs (c)
Time Periods | RCET; | DCET; BCET;
12am-6am 653.2 593.8 534.4
6am-12pm 1161.4 | 1025.8 890.2
12pm-6pm 1366.2 1209.8 1053.3
6pm-12am 1774.8 | 1613.5 1452.1

Table 3.6: Highest Energy Trading Costs for All Models in the Second Community

Highest Energy Trading Costs (¢)
Time Periods | RCET; | DCET; BCET;
12am-6am 1169.1 1062.8 956.6
6am-12pm 1044.7 927.7 820.3
12pm-6pm 2043.2 1821.8 1600.3
6pm-12am 2132.2 | 1917.0 1721.3

Table 3.7: Highest Energy Trading Costs for All Models in the Third Community

Highest Energy Trading Costs (c)
Time Periods | RCET; | DCET; BCET;
12am-6am 1332.6 1187.9 1043.2
6am-12pm 2397.6 2126.2 1854.7
12pm-6pm | 3795.5 | 3402.7 3009.9
6pm-12am 4417.0 3961.6 3506.2

pertaining to all agent’s resources.

In the community of 5 prosumers, 3 producers, and 20

consumers there are 31 uncertain parameters which include: 10 uncertain parameters of prosumer
resources, 1 uncertain parameter of the wind resource, and 20 uncertain parameters of consumer’s
consumption resource. In other words, there are NM = 2 = 16384,2' = 32768, 23! =
2,147,483, 648 different scenarios at each hour of the scheduling horizon in all three case studies.
Accordingly, the L16(2'%) OA based on the TOAT approach is used to decrease the number of
scenarios from 32768 to 16 and generate appropriate best-case and worst-case scenarios for the
opportunistic and robust models, respectively for the first and second case studies as shown
in Tables and The two case studies use the same orthogonal array except the 15th
uncertain parameter is removed for the first case study to generate scenarios for 14 uncertain
parameters. The L35(23!) OA is used to reduce the number of scenarios from 2, 147, 483, 648 to

32 to be able to generate the necessary scenarios for both proposed models as shown in Table

3.4
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3.3.3 Discussion

According to the generation and demand profiles presented in Figures and from 12am
to 6am, there are low production and consumption in the community. Between 6am-12pm, the
load demands of the prosumers increase steadily and then decrease, and that of the producers
increases, with an increase in the PV productions of prosumers and producers. Between 12pm-
6pm, the load demands of producers further increase in figure 3.3 and that of prosumers remains
stable in figure with a reduction in the PV productions of producers and prosumers. Finally,
from 6pm to 12am, the load demands of prosumers decrease with the minimum PV productions
of prosumers. The energy trading costs of the deterministic, opportunistic, and robust models
during different hours of the scheduling horizon are depicted in Figures and for the first
and second case studies respectively. The energy trading costs of 16 scenarios pertaining to the
robust model are also indicated by CET,, in Figures [3.8] and According to the third case
study in figure[3.-4]from 12am to 6am, there is low production and consumption in prosumers’ PV
and consumption resources, producer PV resources and consumer’s consumption resources while
there is an increase in the producer’s wind and conventional production. Between 6am-6pm,
there is an increase in prosumers and consumers’ consumption resources, and a decrease in the
producers’ production resources, and between 12pm-6pm there is a reduction in PV generation of
prosumers. Between 6pm-6am there is a steady increase and subsequent decrease of prosumers
and consumers consumption, and an increase in the producers’ production and flattened PV
generation of prosumers.

The total energy imported /exported from the community and the grid are shown in Figures
and [3.13] In the first and second cases with mainly renewable generation as shown
in Figures [3.11] and [3:12] respectively, between periods 12am to 6am and 6pm to 12am all
the generation was imported from the grid and none from the community. Between 6am to
6pm more was imported from the grid in the second case with no exports as compared to the
first case with minimal export. In the third case study, between 12am-6am more energy is
imported/exported from the community as compared to the grid, and between 6am to 9pm
more energy is imported from the grid as compared to the community. Between 9pm to 12am
more energy is imported/exported from the community as compared to the grid. Additionally,

the highest energy trading costs of these models at different hours are illustrated in Tables
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Figure 3.8: Total energy trading costs in the first community.

3.6, and 3.7}

According to Tables and from 12am to 6am, the energy trading costs are the
lowest in all models. As production and load consumption gradually increase from 6am to 12pm,
the energy trading costs also increase. From 12pm to 6pm, as the PV, wind, and conventional
production, decline and the load consumption increases, the energy trading costs remain high.
Finally, from 6pm to 12am, although there is a reduction in the load demands of agents, the
energy trading costs increase further due to the minimum PV productions, increased wind and
conventional generation of agents during the entire scheduling horizon leading to more energy
imports.

The highest total cost belongs to the energy trading model with the worst-case (robust)
TOAT scenarios while the lowest total cost belongs to the energy trading model with the best-
case (opportunistic) TOAT scenarios during a 24-hour scheduling period as depicted in Table
and Additionally, the total cost of the deterministic model is lower /higher than that of
the worst-case /best-case model. Accordingly, as compared to the deterministic model, the oppor-
tunistic model is risk-seeker while the robust models are risk-averse. However, the conservatism
of the robust model is higher than the opportunistic, and deterministic models. Consequently,
its total costs and the cost of its robustness are higher than that of other models, including the

deterministic model, as demonstrated in Figures [3.14], [3.15] and [3.16
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Figure 3.10: Total energy trading costs in the third community.

3.4 Summary

Given the recent trends in current electricity market structures, the evolving consumer-centric
market requires more scalability in its integration with the existing markets. Since uncertain
parameters can significantly affect consumer-centric energy trades, it is vital to appropriately
characterize different types of uncertain parameters in these types of electricity markets. The
risk-seeker and risk-averse performances of the consumer-centric markets have been studied here

through the TOAT approach generating appropriate best-case and worst-case scenarios. In
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addition, the total trading costs of these risk-seeker and risk-averse models have been compared
with the deterministic ones. The case studies presented demonstrate that the risk-averse model
has the highest robustness and total costs while the risk-seeker model has the lowest robustness
and total costs. In future research works, the proposed approach can be extended and solved by
proficient decomposition approaches to reduce its computation time for a large number of agent

resources.
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Chapter 4

Community-based Market with Agent

Utility Maximization

The increasing deployment of Distributed Energy Resources (DERs) by consumers (such as
solar/wind generation, battery storage, etc.) has given rise to the concept of prosumers. To
increase their flexibility and achieve their goals, prosumers and other agents (producers and con-
sumers) can participate in local energy trading through Community-Based Electricity Markets
(CBEMSs) or even peer-to-peer (p2p) trading. Several market mechanisms have been proposed in
the literature and a review focused on the description and technical aspects of the methods can
be found in [2,104]. In these papers, references were made with regards to heterogeneous pref-
erences in the prosumers model which were stated as extra penalization on the imports/exports
from outside the community that may reflect the will of prosumers to have more autonomy from
the market and system operator

In reality, prosumers might have different preferences in terms of the goods traded. The
consumer theory can be used to model the behaviour of individual consumers, showing their
willingness to purchase certain goods of their choice. This behaviour is seen in the manner they
measure their utility as a level of satisfaction derived from purchasing a number of commodities
subject to their constrained budgets. The individual preferences produce indifference curves pe-
culiar to each consumer and a budget line based on their budget constraint which is comprised of
utility functions they want to maximize. Concerning consumer preferences in selecting the energy

mix for their varied consumption patterns, they can also decide the amount of satisfaction to be
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derived from these mixes based on underlying economic models of consumer theory. These pref-
erences can arise from the need to minimize costs subject to budgets, consumption/production
quantities, storage units, etc, prioritizing renewable generation through dependence on local gen-
eration, weather variations giving rise to hybrid renewable schemes, costs of production units,
and energy prices with cases involving energy trading. The factors that affect the consumers’
differing utility functions are mostly price-based as the demand for a particular good decreases
at increased costs of the product, hence utility reduces while utility increases at lower prices
of products and hence an increase in demand [116,/117]. Other factors include their budgets,
personal preferences, the influence of other consumers, availability of goods, etc. The preferences
are usually expressed through their utility functions [22|. For example, in the specific case of
CBEMs, the preference might be between the use of locally generated electricity (often renew-
ables) against energy imported from the grid, between energy and flexibility, or between energy
and resilience. Common utility functions are the perfect substitutes, perfect complements, and
Cobb-Douglas utility. In perfect substitutes utility, one traded commodity might be substituted
by another. The value associated with trading the first commodity may also be obtained by
trading another as long as a certain total value is achieved. In the perfect complements utility,
the value associated with trading one commodity does not increase without a certain amount of
the other commodity. In other words, the value for one commodity is derived by complementing
it with the other commodity.

If a consumer has a preference for a particular energy source, a higher attribute is attached
to the utility function of the purchase of RES. The preference of the consumers for a specific
energy source is affected by the availability of that resource. This is particularly of interest
when the preference concerns Renewable Energy Sources (RESs). Thus, a trade-off is introduced
between the reliability of supply and utility maximization based on consumer choices [116]. To
alleviate this problem, Energy Storage Systems (ESSs) can be incorporated to enhance flexibility
and the ability to satisfy the constraints in an inter-temporal manner. ESSs can offer both
profit maximization capabilities and the support of ancillary services [118//119], thus maintaining
the reliability in supply and market profits [120]. In CBEM, this is achieved by prosumers
storing energy in off-peak periods and selling the surplus to their neighbours in peak periods |1,

121]. In [122], the economic and environmental consequences of ESS are assessed through a
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complementarity model of a Western European power system with market power, representation
of the transmission grid, and uncertainty in RESs output.

Finally, there are inherent socio-economic factors that may affect consumer choices in achiev-
ing their desired level of satisfaction for their preferences. These factors include low probability,
high impact events such as natural disasters and outages [123,/124], demographics, education,
employment, and housing expenditures [125]. In [126], a sensitivity analysis on economic metrics
was carried out to determine consumer welfare against certain statistical measurement standards.

There are limited studies on the modelling of consumer behaviours in local CBEMs using
utility functions from the exchange economy. Reference |127] proposes a custom quadratic
utility function to model the different behaviors of appliances within a stochastic load scheduling
problem. Introducing intertemporal decisions is unavoidable when battery storage or flexible
loads are introduced. In [1], two utility functions were introduced to define the preference
between consuming to meet their current energy requirements and/or storing energy for future
consumption or spending energy stored in the past.

In this Chapter, the deterministic, centralized, CBEM model proposed in [128] is extended
to incorporate the preferences of consumers and producers concerning trading within the com-
munity against trading with the bulk grid. Two separate utility functions are used, maximized
within the CBEM problem. The Cobb-Douglas is utilised for the consumers, while the perfect
complement and perfect substitute are employed for the producers. A deterministic, centralized,
CBEM optimization model is proposed that minimises the community cost while maximising the
individual utility functions. A Community Energy Storage (CES) is used to provide flexibility
and balance between imports/exports within the community and the grid.

The main contributions of this chapter are outlined as follows:

e An economic model based on consumer theory that maximises the utility of agents in a
community-based electricity market is proposed as a function of their imports and ex-
ports from the DERs within the community and the conventional generation outside the

community /grid.

e The role of the community energy storage system in meeting the agent’s desired preferences

is analysed.
e The contribution of community-owned conventional generation resources in supplying the
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agents’ consumption demands at periods with low or no renewable generation is analysed.

The rest of this chapter is organized as follows: The basic utility functions used in this
work and their solution is analyzed in Section In Section [£.2] the proposed CBEM problem
is introduced. In Section the contribution of community-owned generation resources is
analysed in the problem formulation. In Section [£.5] the test case studies are presented. Finally,

Section [.6] concludes the chapter.

4.1 Utility Functions in Consumer Theory

The rational choices of consumers are initiated based on their perceived preferences between two
(or more) commodities [22|. In our case, we assume an energy consumption/production space
for community agents to formulate appropriate utility functions that reflect [1] their preferences
which relate to the preferences of community agents in trading within and outside the energy
community (both buying or selling energy). Thus, it becomes necessary to formulate the utility
functions for agents that align their preferences with their satisfaction levels. Some common
utility functions used in consumer theory as shown in Figure [I.1] for two commodity model are

given as follow:

u(z1,x2) = x1 + xo (Perfect Substitutes) (4.1)
u(z1,x2) = min(z1, x2) (Perfect Compliments) (4.2)
w(zy, 2) = 2§ (Cobb-Douglas) (4.3)

The utility u(z1,22) as a function of the amounts of commodities is represented as isoquants
or contours with each commodity laying on each axis. These utility functions may serve as
objective functions for any microgrid agents in a given optimization problem. |1] and depending
on the motivation for optimization agents can select appropriate utility functions. Given an
agent’s objective is to minimize its overall consumption irrespective of the source of produc-
tion/consumption then the perfect substitute models the preferences of the agent appropriately.
Reference [24] illustrates the perfect substitute utility function by referring to a minigrid with
two sources of energy production solar PV and wind, to maximise the production from the two

sources not having any preferences for the amount of production from either of them. If the
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Figure 4.1: Common Utility functions: perfect substitutes, perfect complements, and Cobb-
Douglas function. [1]

minigrid values one type of energy source with a certain minimum constraint on the other source,
then the perfect complement is appropriate to model the preferences. However if the minigrid
values a certain share of solar energy as compared to wind energy, then the Cobb-Douglas utility
function becomes useful in modelling these preferences as it has certain desirable qualities such
as monotonicity and continuity ensuring equilibrium of the market.

In this section, we introduce a compact form of an economic utility maximization problem
and apply the same concept to the Cobb-Douglas utility function and the perfect complements.

An economic utility maximization problem is expressed as:

max Ul(zi,...,zk)
xr
s.t c1x1+ ... +epxp <1 (4.4)

xlzo,...,xkzo

where k represents a number of commodities in an economy, z; denotes the amount of
commodity ¢ and U(zy,...,x)) represents the consumer’s utility function which is a measure of
the consumer’s satisfaction with commodities x = {x1,...,2x}. ¢; is the price of commodity ¢
and I > 0 represents the income the consumer budgets to spend on the £ commodities.

In the case of the Cobb-Douglas utility function [21], the standard form is formulated as a
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production function. The general form for two commodities x1, o is thus expressed:

Uy, xe) = x§ab

(4.5)
s.t cix1 +coxg =1

where a > 0 and b > 0 are positive parameters with a + b = 1 and reflect the preference of the
consumer to each of the two commodities. It can be shown (see Chapter 22 in |21]), that the

maximized form of the problem needs to satisfy:

axd™'2l e
— = (4.6)
bxfx, C2

From (4.6), coxs is expressed in terms of cjzq in the budget constraint of (4.5) and cjz; is

expressed in terms of coxo in the same budget constraint equation to give:

bcizy acoxrs

=1, b + coxo =1 (47)

c1r1 +

which gives the solution of the problem for each commodity x1, xs:

al bI a®b®
ry = —, T2=—, A= “ b (4.8)
1 €2 c1Cy

if c;= c9=1, it implies z1 = al and xo = bl. The multiplier A gives the sensitivity of the optimal
utility to changes in the budget constraint 1.
Similarly, the perfect complements |22] measures the maximum utility obtainable in comple-

mentary goods. Preferences are perfect complements when represented by:
U(z1,72) = min{azxy, bra} (4.9)
T1,22

Given that z1 and x9 are perfect complements with fixed proportions (e.g., according to their

price), then axq = bxy. Substituting in the budget constraint (4.5) gives:

bl al

_ __ o 4.10
by + acy’ 2 bcr + acy ( )

I

If ¢y = co = 1, it implies 1 + 22 = 1.
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4.2 Proposed Community-based Electricity Market Formulation

Consider a community of agents equipped with renewable energy resources and are engaged in
energy trading with their neighbours. The energy trades are supervised by a central agent known
as the community manager. The community manager sets a transaction cost for trading amongst
the agents within the community. The excess/deficient energy that is not sold /purchased within
the community is exported/imported from outside the community (the grid) at the costs set by
the grid. In the general formulation of the CBEM |2|, the optimal energy costs are obtained by
minimizing the total traded costs within/outside the community.

In the proposed CBEM, agents attribute a level of satisfaction to the amount of energy
traded within and outside the community based on the resources. The optimal energy traded
cost is obtained when the agents’ utility levels are maximized with respect to their consump-
tion/generation budgets. The agents define their preferences for the consumption from renew-
able energy sources within the community to the conventional energy source from the grid. The
prosumers (consumption) and consumers maximize their utility using the Cobb-Douglas util-
ity maximization in where x1 becomes the energy imported from the DERs within the
community, xo is the energy imported from the conventional grid resource, a and b are positive
attributes measuring their desired consumption preferences of prosumer and consumer agents
and I is their consumption budget constraint.

For the prosumers (production) and producers, the energy is shared between the exports
within and outside the community treating the two as complementary "goods". This is modeled
using the perfect complements utility function in where x; becomes the energy exported
from the DERs within the community, x5 is the energy export from to conventional grid source,
a and b are positive coefficients of x1 and xo respectively that keep them in fixed proportions
equal to a generation budget I. The total traded costs of agents are then minimized at the
community level including the prosumer, consumer, and producer preferences as constraints.
Figures show an illustration of the proposed community-based market with agent’s utility
functions.

This work proposes a heterogenous preference scheme for community agents which reflects
agents’ desire to trade energy within the community rather than outside the community. With

regards to an economic perspective, this projects a better representation of agents’ preferences
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Figure 4.2: Proposed community based market structure.

which has evolved from when agents are limited to substitute choices rather than preferential
choices. This approach promises a better comparison of output levels and a rethinking of their
preference relations to reflect more autonomy. The Cobb Douglas and Perfect’s complements
utility function utilised to reflect agents’ preferences are turned into linear problems by inte-
grating them as constraints in the community-based market problem. A CES is integrated to
balance the surplus/deficient energy from the agent’s preferences and allow for inter-temporal
trading. Figures and illustrate the schematic representation of consumer, producer,
and prosumer agent preferences as indifferent curves tangential to their consumption/generation
budgets. It shows that if there is no generation within the community then all energy imports will
come from the grid as there will be no consumption within the community, and consequently no
exports out of the community. Whereas at the point where the indifference curves of utility func-
tions of agents meet their budget constraints, there exists an optimal consumption/production

from both sources by the agents.
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Figure 4.3: Schematic representation of consumption preferences of consumer agents.
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Figure 4.4: Schematic representation of production preferences of producer agents.

4.2.1 Agent’s Utility Maximization Problem

An agent who is a consumer, a producer, or a prosumer models its preferences with the given
economic utility function suited to their needs, attaching a higher attribute to the energy mix
desired for more import /export respectively. The agents before the initialization of each energy
trade, can solve their utility maximization problems subject to their consumption and generation
budget constraints. The prosumer’s utility maximization problem considers the production and
consumption capabilities of the prosumer and models the preferences as separate utility functions

while that of consumers and producers reflect their consumption and production utility functions
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(b) Schematic representation of production preferences of prosumer agents.

Figure 4.5: Schematic representation of consumption/production preferences of prosumer agents.

as presented in equations (4.11)) and (4.16)).

Consumer’s Utility function

Given a consumer ng values a certain share o, ¢ of consumption from within the community to
consumption [, from outside the community in period ¢ the Cobb-Douglas function of (4.11a)

is used to model the preferences. The maximum utility obtainable with consumption budget
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pd ¢ for each consumer ng at hour ¢ can be expressed using: (B.1))

_ max rz:{l;ﬂf:f;w Vng € Ne,Vt €T (4.11a)
ngtm,Vngtm

rndtm + ’Yndtm - pzdt, vnd 6 Nc,vt E T (411b>
Trgtm = 0, Yngtm > 0, Vng € N, vVt €T (4.11c¢)

where a1 + Buge = 1 Vng € N, Vt € T maximizes the utility of consumers as a
function of their imports from within the community and the grid, ensures that at each
time ¢ that the consumers budget is obeyed, and ensures the non-negativity of variables.
The marginal utility of the consumer is defined as the partial derivative of the utility function
with respect to each of his consumption preferences. It measures the rate at which the utility

increases with respect to its respective preferences.

5u(rndtmv 'Yndtm)

MUry m = 5 ) (412>
nd m
u(Tngtms Yngtm)
My, 10 = "gymt i (4.13)
nd m

The marginal rate of substitution (MRS) of each of the consumer preferences for the other
is defined as the rate at which 7,4y, is traded for 7, . The MRS is equal to the ratio of
the marginal utilities of each preference type which is the same as the slope of the consumer’s

indifference curve.
6U(Tndtm 7'Yndtm)

6Tn tm
a (4.14)

5U(rndtm 7'Yndtm)

MRS(Tndtma Wndtm) =

’Yndtm
With MRS(7y,tm: Yngtm) = 1, The consumer’s maximum utility variables 7y, 4, and 7y, m can

be obtained directly by applying (4.8)) (see Appendix |B.1]) as follows :

Tngtm = andtpidt; Yngtm = Bndtpzdt (415)

and integrated directly into the CBEM problem.
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Producer’s Utility function

As with the maximum utility of the consumer, the producer may also value a certain share of his
resource exported within the community than outside the community, in this case, if the energy
exported within the community balances the energy imported, and there is a surplus, the excess
energy can be stored for future use. The producer instead of a consumption budget; has a gen-
eration budget prgt and maximises profit based on this budget and their preferences. Likewise,
the indirect utility is the minimum utility obtainable by producer n4 for energy exported within
and outside the community which are proportional at each time ¢ and can be expressed using

perfect complements:

. min U(pnthgtm; O'ngténgtm)avng € Np>Vt er (4-163)
ngtm,;9ngtm
Angtm + Ongtm = Py 45 Vg € Np,Vt €T (4.16b)
Prgtdntm — Ungt(sngtm =0, Vng € Np,Vt €T (4.16¢)
Qngtm Z 07 5ngtm Z 03 Vng € Np,\V/t € T (416(1)

where maximizes the utility of producers as a minimized function of their exports to
the community and to the grid, gives the energy balance of the producer, and
ensures that gn ¢ and dp,p, are in fixed proportions of the coefficients which reflects their
preferences. Finally, (4.16d)) ensures the non-negativity of variables. The producers maximum

utility variables g, ¢m and 6p,um can be obtained directly by applying (4.10) (see Appendix |B.2))

as follows :
o tpg P tpg
Ngllngt Ngllngt

3 Ongtm =
Ongt T Prgt Ongt + Prgt

(4.17)

Angtm =

and integrated directly into the CBEM problem.

Prosumer’s Utility function

The prosumer can engage in bi-directional energy trading within and outside the community.
However, at each time ¢ the prosumer is either producing or consuming energy |104]. The pro-
sumer’s utility functions are modeled separately for both consumption and production reflecting

their preferences with respect to their consumption and generation budget constraints respec-
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tively. The prosumer’s maximum utility is obtainable with consumption budget pﬁm and is
formulated according to (4.11]) by replacing the consumer agent ng with the prosumer agent n,.

The prosumer’s maximum utility from the import variables 7, ¢, and v, +m from consumption

are obtained by applying (4.15))

Tnytm = anrtpgrt; Ynptm = /Bnrtpgrt (4'18)

The prosumer’s maximum utility is obtainable with production budget pgm and is formulated
according to (4.16|) by replacing the producer agent n, with the prosumer agent n,. The pro-

sumer’s maximum utility from the export variables gyt and 6,4, from production are obtained

by applying (4.17)) as follows:

g g
Unrtpn t pnrtp’n t
Onptm = —————— Opptm = ————— 4.19
i On,t T Pt i On,t T Pt ( )

4.2.2 CBEM with Utility Maximization

The CBEM problem subject to constraints which include the agent preference relations that
maximises their utility is introduced in this section. These constraints ensure that the maxi-
mum utility derived from the preferences of agents is satisfied. In the event the generation budget
of the producers/prosumers (producing) is not sufficient to meet the consumer/prosumer (con-
suming) agents preferred consumption, the unserved energy Ry, /Gy, of consumers/prosumers
(consuming) after utility maximization is imported from the grid.

A CES is introduced in the formulation to provide a balance from possible energy mis-
match due to the preferences of agents. This proposed CBEM market model will be solved
when the total energy traded costs of the agents, and the total costs of the community man-
ager in importing/exporting energy within/outside the community is minimized. The proposed

community-based market model for prosumers integrating a CES and the constraint equations
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of (4.18) and (4.19) is presented as follows:

: g d c
min O‘(pnrtv Prts Tnptms Dnrtms Vnptms G’I’Lrta 5nrtma Yimpt s 5expt)

Ry T Npr T Npr

56> 3 i (D) YD n (D) +

j=1t=1n,=1 t=1 ny=1
T Npr T N;m"

Ecom Z Z rflrtm + &com Z Z An, tm~

t=1 n,=1 t=1 n,=1
T Npr

Sximpt Z Z (Ynptm + Gn,t)+

t=1 n,=1
T Npr T

S\expt Z Z 5nrtm + Z g(f}/impta 5e$pt)a

t=1 n,=1 t=1

P+ = Gnotm — Onptm = 0, Vn, € Ny, VE €T

pfm — Tnptm — Ynptm = 0, VN, € Ny, Vt €T

Tnpetm — Tﬁrtm —Gpt =0, Vn, € Np,Vt €T
Pt — Do+l =0, Vn, € Ny, Vt €T

Pnyt + Tnptm — Gnetm + Vnptm — 5nTtm = 07 Vn, € Npr>Vt eT

Rg
Zpgnrt = p?wt’ vnr € Npr,Vt eT
Jj=1

Npr Npr
Z dn,tm — Z T%Ttm + Dat — Pet = O> vteT
n=1 n=1

et = €1 — l/ndpdt +npy, VteT

T

> (n°pet — 1/n%par) = 0,

t=1
Ny
Z (’antm + Gnrt) = Yimpt, vteT
ny=1

Ny

Z 6nrtm = 5ezpta vteT

ny=1

pd < p?nrt < ﬁ?mt, Vn, € Np,Vt €T

—inyt —
do<pd <P, Vn. €Ny, VteT
Bnrt = pnrt —= pnrta ny € prs €
M <o < M Nt eT
0< Py < PP%2, WteT
OSPdtSPdnsztd, VteT
73
Zte +2¢¢ <1, VEET

Vn,tm = 0, 5nrtm >0, Gnrt >0 Vn, € NpTVt eT

ED) & EI9)

(4.20a)

(4.20D)

(4.20¢)
(4.20d)
(4.20¢)
(4.20f)

(4.20g)

(4.20h)

(4.20i)

(4.20)

(4.20K)

(4.201)

(4.20m)

(4.20n)
(4.200)
(4.20p)
(4.20q)
(4.20r)
(4.20s)
(4.20t)

(4.20u)



where Xy s = {p% 4, Gn,tms Onvtm §» Yoot = {P2 1 Prvtm, Yaotm o Zt = {Vimpt: Seapt }, and the total
costs of the community manager in importing /exporting electricity inside/outside the community
is g(Z;). Constraint minimizes the total traded energy costs of prosumers, the total
transaction costs, and the total costs of the community manager in importing/exporting energy
inside/outside the community following the utility maximization of prosumers’ production and
consumption. and represent the energy balance for each prosumer’s production
and consumption respectively, shows the energy balance of each prosumer consumption
within the community allowing for a "penalised" deviation Gy, ¢, sums the production
and consumption of each prosumer, represents the power balance from each prosumers’
production and consumption combined, and shows the combined energy balance of each
prosumer’s production and consumption. In the community power balance includes the
charged /discharged energy of the CES.

Constraint gives the storage level at hour ¢ based on past charging/discharging while
ensures the same stored energy at the beginning and end of the day. -

gives the relationship between the total imported/exported energy and the community man-
ager imports/exports. — give the boundary constraint for the power set point for
prosumers’ production and consumption resources, respectively. defines the limits of
the stored energy in the CES. — give the limits of charging and discharging rates
with binary variable z., z;q showing that charging and discharging actions occur independently
according to . ensures the non-negativity of variables which indicates the im-
ports and exports of agents. Finally, integrates the solution of each prosumer’s utility
maximization of production and consumption resources.

Likewise, the proposed community-based market model for producers and consumers inte-

grating a CES and the constraint equations of (4.15)) and (4.17) is presented as follows:
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. qg d c
min a(plngtv pndta Tndtm7 qngtmy Tngtm R’I’Ldt7 5ngtma Yimpt 6expt) (4213)

Ry T Np T N,
stoazd Y ), gl £ D Gnah)+
=1 t=1 ny=1 t=1 ng=1
T N. T Np
Ecom Z Z Tf’bdtm + &eom Z Z Gngtm+
t=1 ng=1 t=1 ng=1 (421b)
T Nc
SXimpt Z Z (’Yndtm + Rndt)+
t=1 nd:1
T Np T
SAexpt Z Z (5ngtm + Z g(’)/imptwa 6ezptw)a
t=1ng=1 t=1
Pyt = dngtm — Ongtm =0, Vng € NVt € T (4.21c)
pgdt — Tngtm — Tngtm = O, Vnd S Nc,Vt eT (421d)
Tngtm — rfr:zdtm - Rndt =0, Vng € N,VteT (4216)
Ry
S =Pl Yng € Ny VEET (4.21)
=1
NP Ne
Z Angtm — Z T’detm + Pdt — Pt = 0, VieT (421g)
ng=1 ng=1
(T20) & (A20R) (4.21h)
Ne
> Gngtm + Bngt) = Yimpt, ¥t €T (4.21i)
TLd=1
Np
> Ongim = Ocapt, VEET (4.215)
n=g
Py, S Pipy S Dl Vg € Np, V€T (4.21k)
Bl S P SPhgs Vna€ NoVteT (4.211)
(4.20p]) — (4.20s) (4.21m)
Yagtm = 0, Ongtm > 0, Ryt >0 Vng € Np,Vng € Ne,Vt € T (4.21n)
(4.15) & (.17) (4.210)

where the objective equation (4.21al) aims to minimise the total energy traded costs of the

producer and consumer agents, total transaction costs, and the total costs of the community man-
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ager in importing and exporting energy in and out of the community following the utility max-

imization of agent’s production and consumption. Constraints (4.21d))-(4.21¢),(4.211),(4.21g),
([@.211)-(4.211), and (4.21n)) serve the same functions as (4.20d)-(4.20€), (4.20h)),(4.20i), (4.201)-
(4.20ml), and (4.20t]) respectively.

Finally, the proposed community-based market model for all community agents prosumers,

producers, and consumers integrating a CES and the constraint equations of (4.15)), (4.17)),
(4.18), and (4.19) is presented as follows:
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: g d c g d c
min O‘(pnTta Pn,t> Tnptms Anrtms Vnptm Gnrty 5nrtm7 Plngp Prgtr Tngtms Angtms Yngtm, R’I’Ldt7 5ngtm)

(4.22a)
Ry T Npr Ry T Np T Npr
RSP N CAOEDID DY DEIACAIED DY DRI
j=1t=1n,=1 =1 t=1 ng=1 t=1 n,=1
T N, T Npr N T Npr
Z ¢nd pndt +€comz Z Z Tn.tm + rndtm +€camz Z Z dn,tm + Qngtm)+
t=1 ng=1 t=1 ny=1ng=1 t=1 ny=1ng=1
T Npr N,
SAimpt Z Z Z (’antm + Vndtm)"i_
t=1 n,=1ny4=1
T Npr N, T
SAea:pt Z Z Z (6n,~tm + 5ngtm) + Z g(’Yimpt; 5empt)7
t=1 n,=1ng=1 t=1
(4.22b)
(E20d) — (&.201) (4.22¢)
{219 - (2T (4.224)
Np'r NPT Nc
> Z (Gt + Gngtm) = > > (1 i + Pim) + Dt — Pt =0, WVt €T (4.22¢)
ny=1ng=1 n=1n=1
(T.207) & ([-20K) (4.22f)
NP"’ Nc
Z (/ynrtm + G’I’L»,—t) + Z (’Vndtm + Rndt) = ’Yimpty \v/t S T (422g)
nr=1 nd—l
Ny
Z 5nrtm + Z 6ngtm = exptv VteT (4.22h)
ne=1 ng=1
([T-200) & (£:209) (4.22i)
(T21K) & ([E.21]) (4.22))
([@20p) — (#-209) (4.22K)
Y, tm Z 07 5nrtm 2 0; ’Yndtm Z 07 5ngtm 2 0;
(4.221)
Gn.t 20 Rpye >0 Vn,. € Nppyng € Np,ng € Ne,Vt €T
E18) & (E19) (4.22m)
{19 & @17 (4.22n)
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where the objective equation (4.22al) aims to minimise the total energy traded costs of all
agents including prosumers, producers, and consumers, total transaction costs, and total costs of

the community manager in importing and exporting energy within and outside of the community

following the utility maximization of all agents. Constraints (4.22¢€)), (4.22g)), (4.22h)), and (4.221)

serve the same function as (4.201) /(4.21g), (4.201)/(4.211), (4.20ml)/(4.21j), and (4.20t])/(4.21n))

respectively for all agents.

4.3 Integrating Community Owned Generation Resources

Community-owned generation resources in the form of conventional diesel generators are inte-
grated within the proposed community-based electricity market formulation. The integration
aims to analyse the contribution of these resources at periods when agents’ generation sources
produce insufficient or no supply in the hours before 6am and after 6pm for PV resources, and
between 6am and 6pm for wind resources. With the implementation of quadratic cost function
aipferbipft of a conventional generation resource where a; > 0, and b; > 0, whereas with re-
gards to renewable energy sources of agents a; = b; = 0. The proposed CBEM market problem
for prosumers’ energy trades from equations — are reformulated to integrate the

community-owned generation resources as follows:
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: g d c c c c )
min Oé(pn ty pnrta Dit» antmv Anrtms 95ty Vnrtm G’I’Lrta 5nrtma 61‘1&7 %mpta 5expt)

Ry T Npr T Npr
s.t. a>zzz¢]nrp]n,’,t +Zz¢rwpnr +chpzpzt
j=1t=1 n,=1 t=1n,=1 i=1 t=1
T Npr T Npr T Cy
gcom Z Z T'n,tm + gcom Z Z dn, tm + gcom Z Z ng+
t=1 n,=1 t=1 n,=1 t=1 1=1
T Npr
Sximpt Z Z (’antm + Gnﬂt)"’
t=1 n,=1
T Npr Cy
SAexpt Z Z Z nrtm + 5@1& + Zg 71mpt; expt
t=1 n,=11i=1

(F-20d) & (E20d), (E.208) — (£.200)

Cy
> opf=pf VteT
i=1
NPT C Np'r
Z qn,tm + Z G — Z Tnptm + Pdt — Pt =0, VE €T
n=1 i=1 n=1
(T.205) — (F.200)
Npr Cg
2 5nrtm + Z 5@{/ - 5expt, Vt G T
ny=1 =1

(@20m) — (#.209)

P, <Py <Dy, Vi€ CgVEET
Y, tm > 0’ 5nrtm Z Oa 6th Z 0 vnr S Npra Vt S T

@) & (@9
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(4.23a)

(4.23D)

(4.23c)

(4.23d)

(4.23¢)

(4.23f)

(4.23g)

(4.23h)

(4.231)
(4.23))
(4.23K)

(4.231)

In addition to the objective , the objective of also minimizes the total traded costs
of community-owned resources in importing/exporting energy within/outside the community.
Constraint shows the energy balance of the community generation with exports within
and outside the community. sums the generation from all generation sources of the
community. represents the community power balance including community generation,

prosumer’s generation/consumption, and charged/discharged energy of CES. (4.23h)) shows the



community manager’s exports from both prosumers’ and community-owned generation.
gives the bound for each community-owned resource. (4.23k|) shows the non-negativity constraint
from the prosumers’ and community imports/exports.

Likewise, the proposed CBEM market problem for producers and consumers’ energy trades
from - is reformulated to integrate the community-owned generation resources as

follows:

min a(plgn t’p(rizdt’ pzct’ szdtm’ Angtm, qft? Ingtms Rndt7 5ngtmv 5z‘cta Yimpt s 56301)75) (4.24&)
Ry T Np T Ne
8.t. a>zzz¢lngplng +Zz¢ndpndt +ZZ(’0ZP“
I=1 t=1 ng=1 t=1 ng=1 i=1 t=1
T Ne T Np T Cy
é.com Z Z T'ngtm + Ecom Z Z ngtm + gcom Z Z QEH‘
t=1 ng=1 t=1ng=1 t=1 i=1
S (4.24b)
SAimpt Z Z (’Yndtm + Rndt)+
t=1 ng=1
T Np Cy

Sexpt Z Z Z ngtm + 5115 + Zg ’Yzmpty ewpt

t=1ng=11i=1

(4.21c)), (4.21d)& (4.211) (4.24c¢)
(4.23c) & (14.23d)) (4.24d)
Z qngtm + Z qzt Z Tngtm + Pdt — Pt = 0 VteT (4246)
Nng= 1 ng=— 1
(4.205) & (4.20k]) (4.24f)
E218) (2T (4.24g)
Np Cy
> Ongim + Y05 = eupt, VEET (4.24h)
ng=1 i=1
(14.21k|) & (4.211]) (4.241)
(20p) — (E208) (4.24])
Yagtm = 0, Ongtm >0, 65 >0, ¥ng € Np,Vng € Ne,Vt € T (4.24k)

ET9) & (@17 (4.241)
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where the objective equation (4.24a)) minimizes the total traded costs from the community-

owned resources while satisfying the objective of equation (4.21al). Constraints (4.24¢)), (4.22h)),
and ([4.22k|) serve the same function as (4.21g)), (4.21kl), and (4.21n|) respectively in addition to

variables relating to community resources.
Finally, the proposed CBEM market problem for all agents’ energy trades from equations
(4.22a)-(4.22n)) are reformulated to integrate the community-owned generation resources as fol-

lows:
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The objective of (4.25a)) minimizes the total traded costs from the community-owned re-

sources while satisfying the objective of (4.22)) for all agents. Constraints (4.25f)), , and
(4.25ml) serve the same function as (4.22g), (4.22h)), and (4.22l) respectively in addition to

variables relating to community resources.

4.4 Community Fairness Indicators

In this section, some community fairness indicators are presented and their impacts on commu-
nity energy trades are analysed and compared with and without utility maximization of agents’
resources. The impact of the community manager on individual prosumer behaviour using fair-
ness indicators was analysed in [2]. In this work, the fairness indicators relating to Quality
of Trade (QoT), Quality of Costs (QoC), and Import Share (ImS) are discussed and analysed
based on the work in [2]. The QoT indicators calculate the volume of energy trades within the
community as a percentage of the total generated /consumed energy capacity. The mathematical

expression for QoT for a community-based market of prosumers’ production and consumption

volumes is given in (4.26]).

ZNW dn, tm Nor Tn,tm
QoT = % QoT = % VteT (4.26)
an:l pnTtm anpzl pnrtm

The community energy trades are 100% fair when the community agents trade all their resources
within the community with equal volumes of energy amongst the agents. The lower QoT values
are indications that the community energy traded volumes are unequal with varying impacts.
The QoC indicators calculate the perceived costs of energy trades by the agents within the
community with respect to maximum price deviations of costs of imports/exports from outside

the community. Mathematically, QoC is given in:

OX

QoC =1— (4.27)

0 max

Where o) is the standard deviations of the linear costs of agents for trading within the community
and amqz is the maximum price deviations of (sximpt — Sxeapt). The QoC is used to reflect more
on a community agent’s view of the trades as compared to the community’s view in the case of

the QoT. For instance, when QoC values range between 0.01 to 0.99, it implies a move from the
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agent’s perspective to the community energy market framework. The ImS indicators calculate
the minimum energy import with respect to the maximum energy import. Mathematically ImS

for a community-based market of prosumers’ imports is expressed in:

min yn,.tm
max Yn,tm

ImS = (4.28)

An ImS value of 1.0 indicates that the import shares are always nearly equal. The prosumers
can import a certain amount of energy based on their preference relations which can impact
community fairness. This means that prosumer or consumer agents with little or no need for
energy imports from the grid must import energy and this compared to a higher import, will
impact the community fairness resulting in a low import share. However, the import share is

improved when energy imports are almost equal.

4.5 Case Study

In this work, the proposed economic model is tested on three community microgrids from Chap-
ter 3. The first microgrid consists of 7 prosumers equipped with PV resources, the second
microgrid consists of 7 producers and 8 consumers, and finally, the third case study is the com-
munity microgrid of 5 prosumers, equipped with PV production, 3 producers, two of which
have conventional resources (micro-turbine and fuel cell) and one wind production, and 20 con-
sumers. The community-owned generators are integrated to analyse the contribution of these
resources in maximising the agents’ utility. In the first community microgrid, 3 diesel generators
are considered as community resources, while in the second community, 2 diesel generators are
integrated, for the third community, the two conventional generators are used as community
generation resources.

In the community microgrid case studies, three cases are analysed to test the sensitivity of
the proposed CBEM model to changing preferences of agents as well as the community fairness
indicators shown in Tables [I.IJ[4.5] In the first case, agents’ preferences are dependent on the
cost functions of their resources which were generated as normalised energy market prices |2].
In the second case, the weather variations as a result of the renewable technology used by

agents are used to analyse agents’ preferences for imports and exports. The third case limits
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agents’ preferences (prosumers and consumers) to resource availability within the community.
In [1], the Cobb-Douglas parameter was selected such that it provided a normalised cost of
consumption thereby smoothing the peaks in demand. The Cobb Douglas positive parameters

in the case of energy prices for prosumers (consumption) and consumers are used in the same

. ors
manner such that o, ;, and B,.; for prosumers is presented thus: o, ; = —>2' _ and
" " r bj”rt+s>\impt
= bjnrt 1 1 . _ Shimpt
Bt = ym——Tw— while a1, and S, for consumers is presented thus: oy, = (e rvm—
bndt

and By, = 3 In the case of prosumers (production) and producers with renewable

nqt +S/\im,pt :

resources, the marginal costs are equal to 0, therefore the highest marginal costs bjn,¢/bn

of prosumer/consumer resources are used to reflect preferences for more exports within the

. . . S
community as compared to outside the community as follows o, = b_ﬁ% and pp,t =
jng exp
bjnrt f Shexpt bndt
—Inrt  for prosumers an = 2P an = ———4 — for pr rs. Th
bjn',«t+skezpt © p OSUINErs a d Gngt bndt+5)\ezpt a d pngt bndt+s/\ea:pt © p Oduce S ¢

producers with conventional generation are taken as community generation and the preferences
are only reflected in the cost functions of community resources and not in exports within or
outside the community. With regards to weather variations, the type of renewable technology
and periods of resource availability determine the preferences of agents with a higher preference
for solar/wind energy during sunny/windy periods and a lower preference for grid energy and
vice versa. In the third community microgrid where the production is significantly lesser than
consumption, the production resources are oversized to accommodate the agents’ preferences |24].

In the third case, the agent preferences are limited to resource availability within the com-
munity. During periods where the generation in the community is less than the demand, the
prosumer and consumer agents’ utility parameters are at or within certain prescribed deviations
from the generation — demand ratio. For periods where generation is greater than the demand,
the generation — demand ratio becomes greater than 1, in this case, the agents’ preferences
indicate more willingness to be autonomous from the grid.

For prosumer (production) and producer agents, the proportional coefficients p,,; and oy, ¢
for prosumers and pp,¢ and o, ¢ for producers, are determined such that the producer prefers
no export outside the grid in the case of weather variation and limited resource availability.

In total, three cases are analysed for each community microgrid with and without community
generation. In the third case study, the CBEM model is tested with community generation. In

the first and second cases, the agent’s preference relations show that more attributes are given to
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the imports/exports within the community than the grid, reflecting their desire for either more
local energy or to increase autonomy from the grid, while in the third case, their preferences for

greener energy within the community are limited by the availability of the resource.

4.5.1 Data Set Case Studies 1 & 2

In the first and second community microgrid case studies, A CES is considered with e”** = 40
kWh, e™" = 10 kWh, n® = n¢ = 0.9, pmar — pmin — 90 kW, and ey = 10 kWh. The Ausgrid
peak-tariff in 2019 |114] is considered (i.e., 23.5336 ¢/kWh) in addition to a cost set at 7 = 10
¢/kWh) is used for importing energy from outside the community while the export is obtained
by subtracting the cost from the peak tariff. The transaction cost of the community manager
is fixed at 1 ¢/kWh. The marginal costs of agents’ resources are used to obtain the preference
parameters for all agents in the first case. In the second case of weather variations, the positive
parameter is assumed within £1% of the 70% for PV renewable resource of agents for sunny
periods, and for periods with no sun, 0% is used indicating all imports will come from the grid.
In the case of prosumer(production) and producers the preferences for export to the grid py, .
and py,,¢ for prosumers (production) and producers is equal to zero in the second and third cases.
In the third case, the sum of all generation resources, fixed for renewable producers and at lower
bounds for community generation is obtained and divided by the sum of the fixed consumption
of prosumer/consumer agents. A deviation of +5% from the generation — demand ratio is
assumed as the agent’s preferences. 3 diesel generators rated at 5 kW each are considered in the
first case study, while 2 diesel generators rated at 5 kW and 10 kW are considered in the second

case study.

4.5.2 Data Set Case Study 3

In the third community microgrid an example case of the Cigre LV benchmark model, A CES
is considered with €™ = 50 kWh, e™" = 10 kWh, n? = n¢ = 0.9, P = pmin — 25 kW,
and ep = 10 kWh. The European Commission (EC) import tariff in 2021 [115] in addition
to a grid tariff 7=10 ¢/kWh is considered as import prices of all agents for importing energy
from outside the community while subtracting the grid tariff from the import tariff is used as the

export price. The transaction cost of the community manager is fixed at 1 ¢/kWh. The marginal
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Table 4.1: CBEM Trading Model for all Cases in the First Community without Community-
owned Generation

CBEM Trading Model Trading Results QoT QoC ImS
Model Total Cost ($) | Total Import (kW h) | Total export (kWh)|Mean|Std dev.|Mean |Std dev.|Mean | Std dev.
CET Trading 165.65 222.20 8.22 0.42 0.132 0.99 0.135 0.00 0.00
CETM Case 1 193.96 261.96 47.97 0.242| 0.069 | 0.99 | 0.135 | 0.27 | 0.156
CETM Case 2 166.09 219.060 0.00 0.42 0.171 0.99 0.135 0.26 0.148
CETM Case 3 163.78 215.56 0.00 0.44 0.137 0.99 0.135 0.20 0.201

Table 4.2: CBEM Trading Model for all Cases in the First Community with Community-owned
Generation

CBEM Trading Model Trading Results QoT QoC ImS
Model Total Cost ($) | Total Import (kW h) | Total export (kW h)|Mean|Std dev.|Mean|Std dev.|Mean | Std dev.
CET Trading 113.81 120.21 13.63 0.45 0.28 0.99 0.130 0.00 0.00
CETM Case 1 113.69 100.09 59.41 0.63 0.32 0.99 0.130 0.30 0.177
CETM Case 2 106.90 95.10 26.37 0.64 0.084 0.99 0.130 0.32 0.185
CETM Case 3 117.16 120.58 12.80 0.51 0.078 0.99 0.130 0.26 0.229

Table 4.3: CBEM Trading Model for all Cases in the Second Community without Community-
owned Generation

CBEM Trading Model Trading Results QoT QoC ImS
Model Total Cost ($) | Total Import (kW h) | Total export (kW h)|Mean|Std dev.|Mean|Std dev.|Mean | Std dev.
CET Trading 253.25 282.07 0.00 0.41 0.186 0.98 0.206 0.00 0.00
CETM Case 1 296.05 344.77 47.20 0.22 0.111 0.98 0.206 0.51 0.268
CETM Case 2 265.94 298.55 0.00 0.39 0.210 0.98 0.206 0.55 0.303
CETM Case 3 265.31 297.57 0.00 0.39 0.206 0.98 0.206 0.64 0.201

costs of agents for imports/exports are also used in determining the preference parameters. In
the case of weather variations prosumers equipped with PV and wind resources, agents prefer
70% imports from the grid for periods between lam-6am and 8am-12am because of no PV
supply and more wind supply with little dependence on community resource. At other periods
their preference is determined within +1% of 70% of the PV, low wind, and low community
generation. The third case preferences for the third community are applied as in the first and
second cases. For prosumers (production) and producers, the preferred choices of agents are the
same as in Community microgrids 1 and 2. The two conventional generators are modelled as
community-owned generation resources and are rated 20 kW and 30 kW respectively. Therefore
in the third community mocrogrid, the case studies are considered only with community-owned

generation.
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Table 4.4: CBEM Trading Model for all Cases in the Second Community with Community-owned
Generation

CBEM Trading Model Trading Results QoT QoC ImS
Model Total Cost ($) | Total Import (kW h) | Total export (kWh)|Mean|Std dev.|Mean |Std dev.|Mean | Std dev.
CET Trading 211.32 190.47 0.00 0.53 0.015 0.98 0.188 0.00 0.00
CETM Case 1 189.68 126.40 60.41 0.64 | 0.328 | 0.98 | 0.188 | 0.62 | 0.176
CETM Case 2 175.64 115.08 8.53 0.69 0.136 0.98 0.188 0.53 0.386
CETM Case 3 213.09 187.89 16.16 0.61 0.124 0.98 0.188 0.63 0.216

Table 4.5: CBEM Trading Model for all Cases in the Third Community with Community-owned
Generation

CBEM Trading Model Trading Results QoT QoC ImS
Model Total Cost ($) | Total Import (kW h) | Total export (kW h)|Mean|Std dev.|Mean|Std dev.|Mean | Std dev.
CET Trading 639.75 655.09 21.72 0.73 0.33 0.99 | 0.159 | 0.00 0.00
CETM Case 1 514.63 353.14 317.20 0.61 | 0.166 | 0.99 | 0.159 [0.137| 0.0002
CETM Case 2 550.98 352.83 540.99 0.68 | 0.207 | 0.99 | 0.159 | 0.15 | 0.003
CETM Case 3 545.52 487.81 99.00 0.71 | 0.166 | 0.99 | 0.159 | 0.00 0.00
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Figure 4.6: Total production and consumption in the first community.

4.5.3 Discussion

The total production and consumption for each community microgrid is presented in Figures
and The results show that for a given consumption and production budgets of
prosumers/consumers and prosumers/producers respectively the community-owned generators
will supply the amounts of energy shown for exports to/outside the community in satisfying

agents’ preferences. In the first and second community microgrids, with no PV supply and with
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Figure 4.7: Total production and consumption in the second community.
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Figure 4.8: Total production and consumption in the third community.

community-owned generation for periods before 6am and after 7pm, agents’ preferences based
on weather variations will reflect all imports from the grid. With consideration to community-
owned generation, the community resource charges the CES at those periods while supplying
the agents with preferred lower demands. The third community microgrid is considered with
community-owned generation, for Case 2 the weather variations for all periods are based on both
wind and PV generation of the producer and prosumers respectively as well as community-owned
generation.

The results of community energy trades and community fairness indicators analysed for
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Figure 4.9: Total energy imported with community-owned generation for all cases in the first

community.
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Figure 4.10: Total energy imported with community-owned generation for all cases in the second

community:.

the three cases in all community microgrids, with and without the agent’s utility maximiza-

tion are shown in Tables The results show that the QoT index for the first commu-

nity is about 42% and 45% fair in the community energy trades without utility maximization,

and without/with community-owned generation respectively, and 24%, 42%, and 44% and

63%, 64%, and 51% for Cases 1, 2 and 3 respectively in the community with utility maxi-

mization, and without/ with community owned generation. This shows that the QoT index
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Figure 4.11: Total energy imported with community-owned generation for all cases in the third

community.
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Figure 4.12: Total energy imported with community-owned generation for all cases in the third

community.

has higher community fairness when the community provides a generation backup as compared

to when the prosumer agents are trading with their resources. The QoC index shows that the

prosumer agent’s costs of energy trades reflect more community energy trade framework at 0.99

for the first and third communities and 0.98 for the second community, for community trading

with and without utility maximization. These values reflect more of the community agent’s

view of the energy trades towards the community-based market rather than individual trading

which will result in lower QoC indices. The ImS index shows that for the community energy
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Figure 4.14: Total energy imported without community-owned generation for all cases in the
second community.

trades the index is 0.00 because not all prosumer agents need energy imports and therefore the

minimum import will be 0 divided by whatever the value of the maximum import. With re-

gards to the ImS index for Cases 1, 2, and 3 for the first community, the prosumers’ preferences

reflect an amount of energy imports from the grid based on the cases analysed and therefore

give a min-max ImS value of 0.27, 0.26, and 0.20 and 0.30, 0.32, and 0.26 for Cases 1, 2 and

3 respectively with utility maxmization and without/with community-owned generation. This
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Figure 4.15: Total energy exported for all cases in the first community.
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Figure 4.16: Total energy exported for all cases in the second community.

leads to lower community trade fairness as the ratios show some prosumer imports are lower
by the stated amounts than others. The QoT value for the second community is about 41%
and 53% fair in the community energy trades without utility maximization, and without/with
community-owned generation respectively, and 22%, 39%, and 39% and 64%, 69%, and 61%
for cases 1, 2 and 3 respectively in the community with utility maximization, and without/
with community owned generation. The QoT values are higher also for the community with
community-owned generation as compared to those without community-owned generation. The

ImS values for the second community are 0.51, 0.55, and 0.64 and 0.62, 0.53, and 0.63 for Cases
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Figure 4.17: Total energy exported for all cases in the third community.
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Figure 4.18: Total energy imported without community-owned generation in all cases in the first
community.

1, 2, and 3 respectively with utility maxmization and without/with community-owned genera-

tion. This shows a higher community trade fairness in the second community compared to the

first community. The QoT value for the third community is about 73% fair in the community

energy trades without utility maximization, and with community-owned generation respectively,
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Figure 4.23: Indifference curve of prosumer 1 consumption and production at t=12 in the first
community.
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Figure 4.24: Indifference curve of consumer 2 consumption and production at t=18, and t=12
respectively in the first community.

and 61%, 68%, and 71% for Cases 1, 2, and 3 respectively in the community with utility max-
imization, and with community owned generation. This shows that QoT values are generally
higher when the community provides a generation resource to balance the community energy
trades. The ImS values for the third community are 0.14,0.15, and 0.00 for Cases 1, 2 and 3
respectively with utility maxmization and with community-owned generation. This shows a low
community fairness in the third community as compared to the first and second communities.
The imports/ exports of agents within and outside the community for all community micro-

grids with community-owned generation reflect agents’ preference relations as shown in Figures

K.10] [4.11] [4.12] for imports. In the community microgrid without community-owned gen-
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Figure 4.26: Indifference curve of consumer 3 and the wind producer at t=20 in the third
community.

eration, as shown in [£.13] and [£.14] for the first and second community imports, the results
show the prosumer/consumer preferences which maximise their utility, are not satisfied as the
prosumers/producers generation is insufficient to meet the prosumers/consumers consumption.
Therefore the community market problem is solved following the agents’ preference relations
with the unserved energy of prosumers/consumers from the community imported from the grid.
The prosumer /producer exports reflect the preferences for exports within and outside the com-

munity with and without community-owned generation as shown in Figures [£.15] [£.16], and [£.17]

The first and second case results show that the solution of the community market problem is

solved with regards to the agent preference relation which is independent of the resource avail-
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Figure 4.27: Total energy trading costs for all cases in the first community.
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Figure 4.28: Total energy trading Costs for all cases in the second community.

ability whereas the third case results relate more to the general community market problem
as the agents’ preference relations reflect the community resource availability. The indifference
curves of some community agents showing the maximised utility subject to their consumption
and production budget constraints in the given community microgrids are presented in Figures
and The results show preference relations of community agents for all
cases, where the first and second communities are presented based on cost preferences, and the
third community is presented based on weather variations/cost preferences and resource avail-

ability/ cost preferences. Furthermore, Figures and show the unserved energy from
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Figure 4.29: Total energy trading costs all cases in the third community.
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Figure 4.30: Battery energy profile for all cases in the first community.

the community imported from the grid by the prosumer/consumer agents in the first and second

communities without community-owned generation. Figures [£.19] [4.21] .22 show the unserved

energy from the community supplied from the community-owned generation in all the commu-
nities with a community-owned generation resource. The results show that the unserved energy
from the community agents’ preferences for imports within the community, is imported from the
community-owned generation and the grid.

The total energy traded costs for all cases in each community microgrid with and without

community-owned generation are shown in Figures [£.27] [£.28, and [£.29] The total energy traded
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Figure 4.32: Battery energy profile for all cases in the third community.

costs for prosumers in the first community from Figure @ is CETM,, ), and CET My, with
and without community-owned generation respectively, the total energy traded costs for produc-
ers and consumers in the second community from Figure is CETMpgc/er and CET Mg,
with and without community-owned generation respectively, and the total traded costs for all
agents in the third community from Figure is CET M, pg.c/er With community-owned gen-
eration. The results reflect the agent preferences on the total energy traded costs for all cases
analysed in the community microgrids. The total traded costs are lower with community-owned

generation as it is cheaper to import from the community as compared to outside the community.
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However, the total energy traded costs vary within the communities with/without utility maxi-
mization and with/without community-owned generation. The results of the total energy traded
costs in the day, and total imports and exports are shown in Tables The total traded
costs of the community without utility maximization are higher at $165.65 and $253.25 without
community-owned generation as compared to with community-owned generation at $113.81 and
$211.32 in the first and second community microgrids. This is because it is cheaper to import
from the community with community-owned generation than importing from the grid. In com-
parison to the total traded costs with utility maximization, the total traded costs are higher than
the total costs without utility maximization for Cases 1 and 2 in the first community and all
cases in the second community without community-owned generation. With community-owned
generation, the total costs are lower for Cases 1 and 2 in the first and second communities. In
the third community, the total costs are higher at $639.75 without utility maximization and with
community-owned generation compared to Cases 1, 2, and 3 at $514.63, $550.63, and $545.52
respectively. These results show that in all communities with community-owned generation,
and utility maximization, community agents’ can set their preferences for more imports from
the community than the grid resulting in lower energy traded costs, while their preferences for
more imports from the community are impacted when there is no community-owned generation,
resulting to more imports from the grid and therefore to higher traded costs.

The battery energy for all community microgrids is shown in Figures [£.30] [4.31], and [£.32]

In all cases, in the community microgrid, the battery is used to satisfy the prosumers’ and con-
sumers’ budgets and preferences by charging during the DER peak times as well as community-
owned generation and discharging later in the day when there is no PV generation. In the first
and second communities without community-owned generation, the battery stores lower levels
of charge, due to the PV generation profile, but with the community-owned generation, the
storage is charged more and supplied later in the day. In the third community with community
generation, the battery storage is charged from both agents DERs and community generation

in meeting the prosumer/consumer preferences.
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4.6 Summary

The future power network within the smart grid paradigm is fast evolving and the dynamic
changes occurring within the network concerning the system load and generation will result in
expansions of the overall network. With the widespread acceptance of consumer-centric mar-
kets, this development should be scalable to preference relations of community agents engaged in
energy trading concerning their consumption/production choices. To minimize imports/exports
from/to the grid, policies can be initiated to limit agents’ preferences depending on the choice of
technology, production/consumption levels, energy prices, and weather variations given renew-
able technologies.

In this work, the impact of agent preferences on marginal costs of agents resources, weather
variations, and resource availability is studied, to understand how energy trading in CBEMs as
well as community fairness is affected. The results show agents’ preferences in supporting more
local energy trades within the community and therefore align their preferences in energy trading
more within the community than outside the community/ grid. Furthermore, it is shown that in
such markets, skewed by personal preference, the CES and community generation are necessary

to satisfy the preferences through intertemporal energy transfer.
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Chapter 5

A Robust Optimization Model of a
Community-based Market with Agent

Utility Maximization

In the future, the deployment of renewable energy systems into the existing traditional hierarchi-
cal power network will see accelerated growth as more entities within the network are acquiring
assets of several distributed energy resources DERs to support the power supply and demand
balance. The output levels from such power sources are usually stochastic with minimal assur-
ance of the expected availability when needed. Given that these sources are non-dispatchable
and differ from the known conventional sources, the need arises for the proposal of computa-
tionally tractable models [25] that are less conservative and realises an optimal solution in itself
such as the Robust optimization (RO) [17]. RO models are defined over uncertainty sets with no
scenarios as compared to the stochastic programming approach that deals with the probability
distribution functions over a number of scenarios [16]. The solution realised from these models
must be feasible across all realisation and should give an optimal solution against the worst-case
realization of the uncertain parameters within the uncertainty sets. In [18,/129-132], the studies
are focused on the application of RO to unit commitment problems in electricity markets. The
application of a trilevel RO known as adaptive robust optimization is proposed where a decompo-
sition technique such as the cutting plane approach is employed in solving the first-level objective

function. In [90] stage and two-stage RO was applied to a generation expansion planning (GEP)
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problem using the mixed integer linear programming approach to model uncertainties related
to the planning, forecasted generation, and load parameters as well as approximated investment
and operation costs resulting to polyhedral uncertainty sets. References |108,|133H137| apply
the RO in transmission planning to maximize the social welfare needed in making necessary
investment decisions at the first level, and the worst case uncertainty realisation at the second
stage and to minimize the overall operational costs of the system in the final stage.

An economic utility maximization approach was implemented in chapter four, to model
agents’ preferences in the choice of energy resource mix to satisfy their consumption/production
levels. These preferences were subject to the budget constraints of the agents, which include:
the consumption budget for the prosumers (consuming) and consumers and generation bud-
get constraints for the prosumers (producing) and producers. RO methods have been applied
to generation/transmission planning problems that involve minimizing some investment deci-
sion costs, unit commitment, and economic dispatch problems. The robust approach applied
in [128] is updated to a single-stage robust optimization problem with consideration to the
changing demand levels of prosumer/consumer agents and stochastic nature of generation re-
source of prosumer /producer agents which can result in changes in allocated budgets. Since
the utility levels are constantly changing, and the agents’ indifference curve at each instant of
importing/exporting energy within or outside the community may vary, the need to model the
uncertainties concerning the changing consumption patterns and intermittent renewable gener-
ation resources arises. Taguchi’s orthogonal array testing (TOAT) technique was implemented
in [128] to determine the worst-case uncertainty realization of uncertain parameter, in which the
highest total energy traded costs and cost incurred due to robustness was realized for the robust
scenario making it averse to risk. In this work, a single-stage robust optimization is implemented
to model the uncertainty regarding the changing preferences of agents. The consumption and
production budgets of the agents are taken as their reference values which is their expected
demand/generation based on their budget.

The main contributions of this paper are presented as follows:

e A single-stage robust formulation of a community-based market is proposed, which models
the changing utility levels of agents resulting from their preferences at any period t, in

which all uncertain parameters are represented in a polyhedral uncertainty set.
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e A comparative analysis of the robust solutions to the deterministic and opportunistic

counterparts.

The rest of this chapter is organized as follows: The proposed solution algorithm and problem
statement are presented in Section In Section[5.2] the robust community-based market with
utility maximization is analysed In Section [5.3] the test case study on the community microgrids

is presented. Finally, Section [5.4] summarises the chapter.

5.1 Proposed Solution Algorithm

The uncertainty in the renewable generation of prosumer (producing)/ producer agents and
the expected demand of prosumer (consuming)/consumer agents arise due to deviations from
the expected value in the generation and consumption respectively. The generation budget
for the prosumers’/producers’ renewable generation resource and the consumption budget of
the prosumers/ consumers are taken as the reference values for each agent’s resources. The
proposed CBEM problem subsequently minimises the total costs of energy to be imported and
exported within/outside the community from the bounds ﬁzrt < p,‘irt < ﬁflrt and p2 S pd g <
e ,t for prosumer/ consumer imports, and ﬁg‘mt < p?mt < ﬁ?nrt and ﬁ?ngt < plgngt < ﬁlgngt
for prosumer/ producer exports in representing agents’ generation and consumption budgets,
given the constrained budgets and uncertainty related to changes in preferences are within
same bounds. The problem is formulated to maximize the uncertainty against the worst-case
realisations of uncertain parameters within a defined polyhedral uncertainty set while minimizing
the total energy traded costs of agents and the community manager. The robust approach is
implemented by modelling a protection function to offer an ante rather than ex-ante protection
for the agents’ resources against risk. This protection model is proposed due to the budget
constraints of agents which could allow them to change decisions on energy trades taken abruptly.
For this purpose, control parameters F?m and Ffllr for a prosumer’s production and consumption
resources, I“E’ng for a producer, and I‘ﬁ , for a consumer’s resources, are modelled as part of the
protection function to control the level of desired robustness by agents in trading their energy
resources within and outside the community. Opportunistic and deterministic model results are

used to compare the results from the proposed algorithm.
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5.2 Robust Community-based Market with Utility Maximization

Formulation

The robust counterpart of the CBEM market model integrating the utility maximization levels
of agents with a community energy storage (CES) is presented. With consideration to the uncer-
tainties concerning the consumption/generation budget, we represent the uncertain parameter
as a polyhedron uncertainty set with deviation around the reference value. The uncertainty
parameter %, .72 . i .l € R Tor vector . L il .7, € QUSITe QUST QUSS and

QUS4 respectively is expressed according to [129] as follows:

QUSth = [ﬁ?nrt o ﬁ?nrt < ﬁ?m-t < ﬁ?nrt +ﬁgnrt] Vj € RQ,VTLT < NPT’Vt er (5'1)
QUSTY = (51, — o < Bty e < B+ B Ve € Ny, WEET (52)
Us = 5 > 5 5
QUSa — gngt _pzqngt < p?ngt < p‘;}ngt +p2"ngt] Vi€ Ry, Vng € Np,Vt €T (5.3)
QU5 = [ph e — e < Py < Pyt + Praye) Vna € Ne,VE €T (5.4)
5%t = Dl
> M <TY, Vj€RyVn, € N,VteT (5.5)
1r €Ny p]nrt
~d _ =d
> Mipmt' <T? Vn,eN,VteT (5.6)
nreNpr pnrt
|ﬁlgn t p;}n t‘
> % <T}, VIER,VYnge NVteT (5.7)
ngeNp lngt
~d _ =d
> Mip"dt' <T¢, Ynge NvteT (5.8)
ng€N pndt
ﬁgnrt = ﬁ?nr-t + Zﬁqnv-ﬁ?m-t Vj € Rg,Vn, € NVt €T (5.9)
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Pl =00 42t pd, Yn, € NVt eT (5.10)

Pingt = Dinge + 2in, Pln,e VL E By, Vg € NVt € T (5.11)
Pl =Pl + 20 bl Yng € NvteT (5.12)

The size of the uncertainty sets for the agents resources QU9 QUSdr: QUSg: and QUS can

be controlled based on different values of F?nr,

Ffw 'Y | and Fg , respectively. The control

Ing?

parameter for each agent resource adjusts the degree of robustness or level of conservativeness
from 0 to the respective range (symmetric deviation) provided for each nominal estimate of

the agent resource. When I'?

. Fgw Flgng and T'¢ , are equal to 0, it means the uncertainty

, QUSdre QUSgr and QU9 assume their reference values

variables of agents resources in QU597
=9 =d =9 —=d . - 59 od 50 ~d :
(D}, Prpts Plng» and Py ) respectively and when equal to Pjn,t> Pt Pingt and py, , the uncertain

variables assume the upper estimates (ﬁ?mt—l—]ﬁ?nrt, ﬁi,«ﬁﬁ%rtﬁfngﬁﬁ?ﬂgt, and p%,+p2,) [90] for the

d

. . . g
prosumers (producing/consuming), producers and consumer agents respectively. Zinms P

g
Zlng7
and z¢ , are modelled as variables of the protection function in which the functions must satisty

the variable bounds.

5.2.1 Robust Problem Formulation
The proposed robust model of the CBEM with utility maximization is a single-stage max-min
model as follows:

max min
UgrtEQUSth 7Udrt€QUSth 7Ugt€QUSgt 7Udt€QUSdt Xnpt GQX”T‘t ,ant EQantYnthQYndt ,ZtEQZi

Rg Npr T Rp Np T

Z Z Z ®n, (anta Uthv UdT»t) + Z Z Z ¢ng(ant7 Ugt)+ (513)

j=1ny=1t=1 1=1 ng=1 t=1

N. T T
Z Z ¢n(Yndt7 Udt) + Z Q(Zt; Ugrta Udrta Ugt7 Udt)
t=1

ng=1 t=1 =

The robust model aims to maximize the worst-case uncertainty realization of agents’ DER

resources while minimizing the total energy traded costs within/ outside the community. The
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robust problem formulation for prosumer agents is presented as follows:

: g d c
min O‘(pnrtv Prts Tnptms Dnrtms Vnptms G’I’Lrta 5nrtma Yimpt s 5expt)

Ry T Npr T Npr
st a>> 3N i () F YD bn (P )+
J=1 t=1 ny—=1 =1 np—1
T Npr T Npr T Npr
fcom Z Z r;:zrtm + gcom Z Z n, tm + SXimpt Z Z ('YnTtm + GnTt)"i'
t=1 n,=1 t=1 n,=1 t=1 n,=1
T Np'r
Shexpt Z Z 6nrtm + Zg Yimpt ea:pt)
t=1 n,=1

([@:20d) — (4.20m))

Plnt = Pinyt T rilgax[(zfmﬁ?mt)pm] <0 Vn e Ny,Vje Ry, VteT

g
507"

—pﬁﬁ —i—ﬁﬁﬂ + mgx[(zgrﬁZTt)pdr] <0, Vne N, VteT

nr

B,
Dyt = Pyt <0, Vny € Ny, VE €T
pl,—pl, <0, Vn, €N, VteT
Bt — Bt < Bt <D + D%t Yty € Ny, Wj € Ry, VL ET
Pl =t <pl <P 4P, Vn. € Np,Vj € Ry, Wt €T
Dint < Phnt < Dhis Vi € Ny, Vj € Ry, VL ET

Pl <pt <Pl Vn, €Ny, Vi€ R, VtET

(20p) — (E-201)

@) & (@

(5.14a)

(5.14b)

(5.14c)

(5.14d)

(5.14e)

(5.14f)
(5.14g)
(5.14h)
(5.14i)
(5.14j)
(5.14k)
(5.141)

(5.14m)

The proposed min-max problem of (5.14)) minimizes the total traded costs of the prosumers

and community manager relating to the worst-case uncertainty realizations of prosumers’ pro-

duction and consumption. Constraints (5.14d))/(5.14€) integrates a protection function 33, and

ﬁgr for prosumers’ production and consumption respectively to offer controlled protection against

the worst case uncertain parameter realisations of prosumer agents. Constraints (5.14{]) /(5.15g)

gives the relationship between the energy production/consumption of prosumer agents’ resources
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and the uncertainty of the resource. Constraints / gives the bounds of uncertain
parameters of prosumers’ production and consumption resources respectively, similar to the poly-
hedron uncertainty set of equations and . Constraints / give the bounds
for the net production/consumption of prosumer resources with the uncertain parameter as
lower and upper bounds. Likewise, the robust community market formulation for producers and

consumers is given as follows:

min Ot(plgngt, Pﬁdta Tﬁdtm, Qngtm) /Yndtma Rndta 5ngtm7 f)/impta 5e$pt) (5153)
Ry T Np T N.
s.t. a > ZZ Z cpmg(plgngt) + Z Z d)nd(pidt)—’_
=1 t=1 ng=1 t=1 ng=1
T Nc T Np T N
Ecom Z Z bedtm + Ecom Z Z Gngtm T Sximpt Z Z ('Yndtm + Rndt)+ (515b)
t=1 ng4=1 t=1ng=1 t=1 ng4=1
T Np T
S\expt Z Z (6ngtm + Z g(’)/impta 5expt)a
t=1ng=1 t=1
{29 - (@21 (5.15¢)
plgngt - iﬁlgngt + T}X[(zfngﬁfngt)pg] <0 Vng € Np, Vi€ Ry, YVt €T (5.15d)
ng
B3
~Plugt + Pt + maxl(2, 50,0 )pa] <0, Vng € N,V €T (5.15¢)
nd
By
Pingt — Pingt <0, Vng € Np,Vt €T (5.15f)
Pl —Pe, <0, Yng€ N, VteT (5.15g)
ﬁlgngt _ﬁlgngt = ﬁiqngt = T)lgngt +ﬁlgngtv Vng € Np, Vi € Rp,Vt €T (5.15h)
Py —pe <P < PE P, Vnge N, VEET (5.151)
Pt <Py < Py Vg € Np, VI E Ry, Wt €T (5.15))
Pl <Pt <Pl Vng€N,VteT (5.15k)
(4.20p) — (4.20s) (5.151)
Yrngtm >0, 5ngtm >0, Rndt >0 Vng S Np,Vnd € N.,VteT (515111)

E15) & (@EID) (5.15n)
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The objective of ([5.15) minimizes the total traded costs of producers and consumers with re-

lation to the worst-case uncertainty realisations of the agents’ resources. Constraints (|5.15d|)

to ((5.15l) for producer and consumer agents serves the same functions as ((5.14d|) to (5.141) for

prosumer agents. The robust community-based market problem is also applied to a community
of all agents including prosumers, producers, and consumers. The objective function and con-
straints of in addition to constraint equations — for prosumers and —
for producers and consumers are implemented. Likewise, in integrating the community
generation, equation in addition to constraint equations — is implemented
for a community of prosumers, equation in addition to — is implemented
for a community of producers and consumers and in addition to constraint equations
— and — is implemented for a community of all agents which includes
prosumers, producers and consumers.

The optimization variables 2%, —and zd for prosumers, and zfng and 2 for producers and
consumers from the proposed protection function are expressed in relation to the uncertain
generation and consumption parameters of equations to . Every protection function
B3, ﬁgT, 33 and Bg should satisfy the bounds for the variables providing the needed robustness

at different values of uncertainty budget I'Y Ffllr, Y and I'd , respectively [90]

Jne? Ing’

0<2f, <1,y 29 <TY Vn, €Ny (5.16)
JERg
0<zl <1; Y 28 <1 (5.17)
nrENpr
0<z, <1;y 2 <Tf VngeN, (5.18)
IER,
0<zl <1; Y 20 <Td (5.19)
ng€Ne

The protection functions 35", 84", 5, and B¢ can be formulated into minimization problems by
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applying duality theory as follows:

¢ = min Z ah ,+T9 bl Vj€ RyNn, € NVt €T (5.20)

stoad ,+ bl > Pl pgr Vne € Ny, VteT (5.21)
Bl = min > al  +T9 b, Vn, € N,VteT (5.22)
bﬁtVaiﬁ nr€Npr
st oal ,+ b > Pl par Yng € Ny, VEET (5.23)
= min D oah AT b VIER,ng e NYVIET (5.24)
"gtn gE€Np
st ap , +0 >y, pg Yng € Np,Vt €T (5.25)
d d
bdrg;nt Z andt +Io,bf vteT (5.26)
ndt ng€N,
st oal a1 bd > pndtpd Vng € Ne,Vt €T (5.27)
9,200 >05al , >00% >0;
(5.28)
DPgr > 0 par = 0 Vn, GNpTa VieT
9,0>000>0:a8 , > 008 >0;
(5.29)

Pg=>0pg >0 Vng € Np,Vng € N.Vt €T

Equation (5.14d)), (5.14€)), (5.15d)) and (5.15€) is rewritten by integrating the updated pro-

tection function from duality theory as follows:

Bl = D% 4 0%+ T4, b, <0 W) € Ry, ¥, € Ny WEET (5.30)
_,—/
607‘
— P+ Birt +ap + T3 by <0 Vi € Ny VEET (5:31)
———
B3,
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Binge = Vi, Gy + 00 b <0 VI € Ry ¥ng € Ny, V€T (5.32)
N—————

8

—ph i+t Fal AT b <0 Ynge N VteT (5.33)
—"d ————
B4
The equations (5.30)) and (5.31) substituting equations (5.14d) and (5.14€)), in addition to con-
straint equations ([5.21)), , and (b.28)) are integrated to the equation (5.14) to solve the

robust community market model of prosumers as well as the model allowing for the integration

of community-owned generation. Also, the equations (5.32) and ((5.33) substituting equations

(5.15d]) and (5.15¢€)), in addition to constraint equations (5.25)), (5.27) and (5.29)) are integrated

to the equation (5.15)) to solve the robust community market model of producers and consumers
together with the model allowing for community integration. Likewise, the community market
problem of all agents implements all constraint equations for prosumers, producers and con-

sumers as well as with community integration.

5.2.2 Opportunistic model Formulation

In [128], the opportunistic model was determined using the scenarios generated by TOAT. In this
work, this model which is the opportunistic solution given the best-case realisation of uncertain
parameters is obtained by modifying the robust formulation. By modifying constraints (|5.14d|)

and (5.14€|), (5.15d) and (5.15¢), and (5.30)-(5.33)), the robust CBEM market formulation of
(5.14) and (5.15)) becomes opportunistic models as follows:

o — Birt - r;ax[(z?nrﬁgmt)pgr] =0 Vj€ RVn, € N,,VteT (5.34)
Jjnr
Bor
Py =0+ T?X[(szrﬁirt)pdr] <0 Vn, e Ny, VteT (5.35)
B3,
pzqngt - Bzgngt - Igax[(zfngﬁ?ngt)pg] <0 Vi€ Ry, Vng € Np,Vi €T (5.36)
Ing
it
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“ngt

Py —po  +max((zg p7 1 )pa) <O Vng € Ne,Vt € T (5.37)

d

By
Equations ([5.34)) to ([5.37) is substituted with the protection function reflecting the opportunistic

scenario as follows:

Bye =%, = @y — D%, b <0 Vj € Ry¥n, € Ny, Wt € T (5.38)
%/_/
Bor
B —pl a4+ T8 b, <0 e N, ¥eT (5.39)
———
B
Dyt =P, — e — T b <0 VIE Ry, ng € N, ¥t €T (5.40)
—
Bg
Bhg — P8 +an, +T9 b <0 ¥nge NVt e T (5.41)
—
By

5.3 Numerical Case Study

The proposed robust community-based market model is tested on three community microgrids
from chapter four. The three cases analysed for testing the sensitivity of the proposed economic
utility maximization model are also implemented for the robust model. All parameter values
already in use are implemented in addition to a symmetric deviation of 10% from deterministic
values. The uncertainty budgets of agents’ resources anr, Ffw Fangv and T¢ , can assume values
between 0 and 1, in the control of robustness of the optimal solutions with regards uncertainty in
agent’s generation and demand. The results are simulated when I’?m = I‘ZT = Ff’ng =Td , =L
The maximum robust solution is realised at this value (i.e.= 1), and this provides the total energy
traded costs immunized completely against generation and demand uncertainty. Given lower
levels of the uncertainty budgets,(1.e < 0.1) the symmetric deviation has little or no effect on the
total energy traded costs resulting in deterministic or near deterministic values [88]|. However,
the robust results are more visible when the uncertainty budgets exceed 0.1 with symmetric

deviations more than 5%. The results of the total energy traded costs for all cases analysed

for the robust, deterministic, and opportunistic models for I'j,, = I'y, = I';,, = 'y, = 0.1, 0.9
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Table 5.1:

Community-owned Generation

Robust CBEM Trading Model for all Cases in the First Community without

CBEM Trading Model | Total Traded Costs (3) at different I' levels|Detm. Total costs |Imports/Exports (kWh) at ' =1| COR
Model Cases |I'=0.1T'=0.9 r=1 Total Cost ($) |Total Import Total Export at ' =1
RCETMyp, | Casel 212.21 | 221.10 217.33 - 299.22 43.18 23.37
Case 2 | 185.53 | 192.70 190.96 - 258.66 0.00 24.87
Case 3 | 182.80 | 190.35 189.23 - 256.04 0.00 25.45
DCET My, | Case 1 - - - 193.96 - - -
Case 2 - - - 166.09 - - -
Case 3 - - - 163.78 - - -
BCETM,y,| Casel |182.03 | 178.01 173.87 - 233.94 44.93 -
Case 2 154.82 | 149.28 149.11 - 196.46 0.00 -
Case 3 | 151.90 | 147.39 146.67 - 192.53 0.00 -
Table 5.2: Robust CBEM Trading Model for all Cases in the First Community with Community-

owned Generation

CBEM Trading Model | Total Traded Costs ($) at different I' levels |Detm. Total costs|Imports/Exports (kWh) at ' = 1| COR
Model Cases |I'=0.1|T'=0.9 r=1.0 Total Cost ($) |Total Import Total Export at =1
RCETMyp, | Casel | 117.19 | 124.61 123.03 - 110.10 51.07 9.34
Case 2 109.55 | 115.79 114.48 - 104.61 11.54 7.58
Case 3 121.43 | 173.06 126.86 - 132.64 3.19 9.70
DCETM,y,| Case 1l - - - 113.69 - - -
Case 2 - - - 106.90 - - -
Case 3 - - - 117.16 - - -
BCETM,,| Casel |109.39 | 106.75 104.34 - 90.08 67.87 -
Case 2 101.36 | 99.28 97.49 - 85.58 31.60 -
Case 3 109.87 | 108.24 107.20 - 108.52 23.69 -

and 1 in the three communities are shown in Tables The tables also present the total

imports and exports and the cost of robustness when I‘?nr = Fflhl = Flgng =T fﬁ , = 1, which is

the difference in total energy traded costs of the robust models and the deterministic models.

These results are analysed with and without consideration of the community generation.

5.3.1 Discussions

The robust, deterministic, and opportunistic solutions for the three cases analysed for each

community microgrid are presented. In all the communities the results from the figures for each

community presented include the total production and consumption, the total energy imported,

the total energy traded costs, the battery energy profiles, and the cost of robustness. These are

compared with and without community-owned generation for the first and second communities,




Table 5.3: Robust CBEM Trading Model for all Cases in the Second Community without

Community-owned Generation

CBEM Trading Model | Total Traded Costs (3) at different I' levels|Detm. Total costs |Imports/Exports (kWh) at ' =1| COR
Model Cases |[I'=0.1|T"=10.9 I'=1.0 Total Cost ($) |Total Import Total Export at ' =1
RCETMpg.| Case 1 | 321.15 | 335.59 333.01 - 390.46 42.48 36.96
Case 2 | 294.58 | 307.10 305.30 - 347.99 0.00 39.36
Case 3 | 297.27 | 306.56 305.30 - 347.99 0.00 39.99
DCETMpg.| Case 1 - - - 296.05 - - -
Case 2 - - - 265.94 - - -
Case 3 - - - 265.31 - - -
BCETMpg.| Case 1 | 271.28 | 266.82 264.52 - 307.40 45.00 -
Case 2 | 248.12 | 241.29 239.18 - 268.47 0.00 -
Case 3 | 244.96 | 240.80 238.59 - 267.58 0.00 -

Table 5.4: Robust CBEM Trading Model for all Cases in the Second Community with

Community-owned Generation

CBEM Trading Model | Total Traded Costs ($) at different I' levels |Detm. Total costs|Imports/Exports (kWh) at ' = 1| COR
Model Cases | =0.1|T'=0.9 r=1.0 Total Cost ($) |Total Import Total Export at =1
RCET Mpg.| Case 1 | 192.53 | 207.78 211.25 - 139.04 53.65 21.57
Case 2 | 178.97 | 195.59 196.80 - 126.51 4.35 21.16
Case 3 | 216.28 | 281.33 237.27 - 206.68 18.11 24.1
DCETMpg.| Case 1 - - - 189.68 - - -
Case 2 - - - 175.64 - - -
Case 3 - - - 213.09 - - -
BCETMpg.| Case 1 | 169.56 | 169.75 168.53 - 113.76 64.95 -
Case 2 | 159.34 | 159.62 158.05 - 103.51 14.82 -
Case 3 | 193.31 | 193.32 193.48 - 169.10 33.60 -

Table 5.5: Robust CBEM Trading Model for all Cases in the Third Community with Community-
owned Generation

CBEM Trading Model | Total Traded Costs ($) at different I' levels|Detm. Total costs |Imports/Exports(kWh) at ' = 1| COR
Model Cases |I' =0.1|T' = 0.9 r=1.0 Total Cost ($) |Total Import Total Export at ' =1
RCETMprpg. |Case 1| 569.24 | 589.16 562.21 - 388.45 226.25 47.58
Case 2| 568.95 | 575.79 619.52 - 388.11 346.14 95.58
Case 3| 553.61 | 688.55 608.66 - 536.594 84.57 63.14
DCETM,,pue|Case 1| - - - 514.63 - - -
Case 2 - - - 523.94 - - -
Case 3 - - - 545.52 - - -
BCETMyrpg.c|Case 1| 503.36 | 498.37 505.09 - 317.82 592.49 -
Case 2| 511.73 | 488.99 434.50 - 317.55 167.46 -
Case 3| 491.66 | 490.77 492.77 - 439.03 152.79 -

and with community-owned generation for the third community.

In the first community the figures include Figures [5.1] and [5.2] without and with community-
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owned generation respectively for Cases 1. The costs of robustness for each case in the first
community are presented in figure without community-owned generation and figure with
community-owned generation. For the second community, the figures include Figures 5.5 and
without and with community-owned generation respectively for Cases 2. Also, the costs of
robustness for each case in the second community are presented in[5.7] without community-owned
generation and [5.8 with community-owned generation. For the third community, the figure [5.9]
is shown with community-owned generation for case 3. Also, the costs of robustness for each
case in the third community are presented in figure [5.10| with community-owned generation.

The results for the total production and consumption for all three communities with and
without community-owned generation reflect the worst and best-case uncertainty realisations
of the generation and consumption resources of community agents. In the robust scenario,
the agent’s generation resources is within the lower bounds of the uncertainty generation sets
while the consumption is within the upper bounds of the uncertainty sets. In the deterministic
scenario, the generation/consumption are the expected values of generation and consumption
from the agents’ resources, while in the opportunistic scenario generation resources are within
the upper bounds of the uncertainty generation sets and the consumption is within the lower
bounds of the uncertainty sets.

The results for the total energy imported and exported for all three communities with and
without community-owned generation reflect the preference relations that maximizes the utility
of community agents in trading their energy resources within the community and the grid. The
total energy imported /exported to the community is lower for the robust scenarios as compared
to the deterministic and opportunistic scenarios. The total energy imported from the grid is
higher for the robust scenario compared to the deterministic and opportunistic scenarios for
cases without community-owned generation and higher for the robust scenario for total energy
imported from the community and the grid for cases with community generation. The total
energy exported to the community is lower for the robust scenarios in the communities with and
without community-owned generation.

From Tables the total energy traded costs for the robust models in the three com-
munities RCET My, RCET Mg, and RCET M, g are higher when compared to the deter-
ministic models DCET My, DCET Mg, and DCET M., while the total energy traded
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costs for the deterministic models are higher than the costs obtained for the opportunistic
models BCETM,,, BCETMpg., and BCETM,.ps.. These results of the robust models

are higher with and without community-owned generation (RCET M, Jers RCET Mpgc/er, and
DCET My pgcjersy DCET My, jery DCET Mg/, and DCET My,pg.c/cry BOET My ey BOET Mg /cry
and BCET M,y pg.c /CT) at varying values of the control parameter at 0.1, 0.9, and 1 of all agents
resources. The total imports from the grid are higher for the robust models as compared to the
deterministic and opportunistic models. The cost of robustness at I'}, = F?nr = ang, rd =1is
$23.37, $24.87, and $25.45 and $9.34, $7.58, and $9.70 for the first community with and without
community-owned generation, $36.96, $39.36, and $39.99 and $21.57, $21.16, and $24.10 for the
second community with and without community-owned generation and $47.58, $95.58, and $63.14
for the third community with community-owned generation.

In all three communities, the results of the battery profiles show the state of charge and
discharge in balancing the energy trades that maximises the utility of all community agents for
all cases and trading models analysed.

The robust solutions are obtained at the worst-case uncertainty realisation of agents’ gen-
eration (lower) and demand (higher), the deterministic solutions were obtained from nomi-
nal/expected values of generation/demand while the opportunistic solutions are obtained from
the best-case uncertainty realisations of agents’ generation (higher) and demand(lower). The

results of agents’ imports and exports show their utility was maximised for their imports/exports

within and outside the community.

5.4 Summary

This chapter presents a robust approach to a community-based market of agents having prefer-
ence relations and determining the amount of energy imports/exports in/out of the community,
within constrained generation/consumption budgets subject to uncertainty. The results of the
three cases analysed for three community microgrids reflect higher costs and costs of robustness
for the proposed robust model as compared to the deterministic and opportunistic models at the
same degree of robustness. The agents’ preferences for imports and exports given their budgets

were also satisfied with community-owned generation.

118



= O+ Total Load Consumption of Consumers Robust Case 1
=@-Total PV Generation of Producers Robust Case 1
Total Load C ion of C Deterministic Case 1
Total PV Generation of Producers Deterministic Case 1
‘©- Total Load Consumption of Consumers Opportunistic Case 1
Total PV Generation of Producers Opportunistic Case 1

[
o

—
o0,

[N
(=)

00— i . I I
12 3 4 5 6 7 8 9 10 11 12 13 14 1
Hour (h)

L . o— 0
516 17 18 19 20 21 22 23 24

Production and Consumption (kW)

(a) Total production and consumption without community-owned
generation in the first community for Case 1.

=@-Total Energy Imported from the Community Robust Case 1
0= Total Energy Imported from the Grid Robust Case 1
Total Energy Imported from the Community Deterministic Case 1
Total Energy Imported from the Grid Deterministic Case 1
©=Total Energy Imported from the Community Opportunistic Case 1
©- Total Energy Imported from the Grid Opportunistic Case 1

=

H

K3

=30 | o

3 o,

© o 9.

S g o 2N

520 L -

] )

g o
4 “n

Ejod.. ™

a7 '."‘j-r\..;\..rq“, X ‘ﬁw €

s ‘ i > a2 bt o, S8

t=4 p”

TR —e ey | | [ Ll —e o

® 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

o

L

Hour (h)

(b) Total energy imported without community-owned generation in
the first community for Case 1.

2000

Case 1
C

+RCETMP&

DCETM Case 1
pé&c

BCETM Case 1
p&c

1500

-
(=3
=3
o

Total Energy Trading Costs (c)

500" /4 +—
123 4 56 7 8 910111213141516 17 18 1920 21 2223 24
Hour (h)

(c) Total energy traded costs without community-owned gen-
eration in the first community for Case 1.

1

\—'—Robustl Deterministic and Opportunistic Case 1\

=y
=
(3]
T
1

Battery Energy (kWh)
© -
[3,] o

1234567 8 9101112131415161718192021222324
Hour (h)

(d) Battery energy profile of CES without community-owned
generation in the first community for Case 1.
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Chapter 6

Community-based Market with Agent
Utility Maximization Offering

Ancillary Service.

6.1 Introduction

Consumer-centric markets in the future will require an active contribution of a share of their
resources arising from the deployment of Distributed generators and distributed energy resources;
These include Electric vehicles, battery energy storage BESS, and Flexible loads (HVAcs and
CHP). Before now ancillary services in the form of frequency regulation [138| and voltage control
[139] have been offered in regulation and reserve markets to ensure the reliability and resilience
of the electrical grid network. These have resulted in markets where such services are traded to
address short-term imbalances between power supply and demand leading to transmission line
failures and impact on power plants [140].

The mode of operation for several ancillary service providers around the world is distinguish-
able based on factors that include, the response times, remuneration schemes, performance-based
regulation for batteries, and the control mechanisms (manual or automatic generation control
(AGC)) |29]. In the North American regulation markets, four types of services are distinguishable
which include: Regulation, spinning reserve, non-spinning reserve, and replacement reserve. In

Europe on the other hand, the three types of ancillary regulation offered are primary, secondary,
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and tertiary reserves.

The approach commonly used and has been explored in literature is the optimization of
overall operational costs of the grid in both grid-connected and islanded modes and costs of
offering the ancillary services [100/101]. Here the ancillary services are offered by distributed
generation [141,[142] and in a grid-connected mode where the connected Battery Energy Storage
System (BESS) injects power back to the grid as an ancillary support for an impending frequency
deviation from permissible limits. Reference [143| explores how ancillary market designs are
implemented and the changes that may occur given a high penetration of variable renewable
energy sources.

Reference |144] proposed a non-linear stochastic method based on mixed integer linear pro-
gramming to manage optimally an increased number of PV-battery systems for the provision of
up and down regulation in the ancillary services market. The method proposed minimizes the
cost of energy imported from the grid by the aggregator of residential prosumers equipped with
the PV-battery system assessing the up and down flexibility curves against the offer prices.

The construction of an optimal bidding strategy ensures the profit maximization of the
retail /generation company or microgrid offering the bid. This usually entails the development
of strategic bidding models such as the equilibrium models, non-equilibrium models, and single
agent optimization models. Equilibrium models such as the Cournot and linear supply functions
are widely used in developing step-wise bidding curves with approximations and the rational
analysis of market power [99}/145|. Non-equilibrium models have also been utilised in developing
bidding strategies such as the approximate model developed in [146] for analysing the impact of
the bidding strategy of a GENCO on the market clearing price. Reference [28| utilises a non-
equilibrium model based on a price-based unit commitment for the development of the bidding
strategy of a virtual power plant (VPP) [28]. A VPP is a group of interconnected DERs that
can be used to trade electrical energy in the wholesale market or offer support services to the
system operator. The single-agent optimization models are used to optimize the unique bidding
curves of the specific generators under study for the maximization of their profits. This approach
was used in [29] to model the competitor’s behaviour using the residual demand curve of the
company.

Distributed Batteries in the form of BESS can be integrated within a network of DERs or used
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solely as aggregator-owned units to provide energy and ancillary services. In [147] an optimal
decision model formulated by an aggregator is proposed to determine the operation and bidding
strategy for distributed batteries with consideration to the battery characteristics, including
charging capacity, efficiency, and degradation costs. An optimal bidding strategy considering the
profitability of batteries in participating in ASM is explored in [148]. By incorporating a battery
life cycle model which limits its operational strategy to some extent, into the profit maximization
model, the optimal bids in day-ahead, spinning reserves, and regulation markets are determined.
Reference [149] investigated the use of Lithium-ion batteries in providing secondary reserve
and showed how the cost savings realised could be increased through the use of model-based
optimization techniques.

ASM has also been deployed in demand-side response programs to ascertain its importance
in providing a more efficient and faster response from the curtailment of demand-side resources
as opposed to the ramping of thermal and hydro plants [150]. In making demand side response
valuable in the participation in the ancillary services market, reference [151] explores the works
of EnerNoc, a curtailment service provider in providing reliable reductions in these markets
through actively bidding demand response resources into reserve markets.

Ancillary services markets for ensuring power systems security are also being developed.
In [96] the ancillary market operations based on some transparent market rules is used as a
basis to formulate an algorithm that determines which offers are to be accepted to optimize the
system security at reduced overall costs. Regarding the uncertainties relating to wind power,
reference [152] proposes a DC security-constrained optimal power flow subject to some probabilis-
tic constraints. The ancillary services type/products are explored in [138,|140,{153| as primary
frequency control/regulating reserves, secondary frequency control/contingency reserves, and
tertiary frequency control products can be offered in these reserve markets within given time
frames which are accounted for.

The restricting of power system networks has led to many countries around the world [93]
developing a market framework for the offer of ancillary services. Reference [94] surveys the
frequency and voltage regulation ancillary services in power systems in various parts of the
world. The survey is carried out in two parts comparing the technical requirements and economic

features [102] in these countries.
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In this work, we explore the possibilities of offering ancillary services within a community-
based market framework equipped with community energy storage (CES) and agents engaged
in trading their energy resources within/outside the community. The services include reserve
and regulation. A joint model of the CBEM market framework and the reserve and regulation
markets are considered. The aim of the community-based market is in maximizing the profits
realised from its bidding strategies in the reserve and regulation markets while minimizing the
overall energy traded costs of agents, and the community manager subject to constraints relating
to agents’ and community manager resources, ancillary provisions and the maximization of
agent’s utility functions.

The main contributions of this work are as follows:

e A community-based market model with agents’ utility maximization is proposed to achieve
maximum profits for ancillary in the form of reserve and regulation services, from the

community-owned conventional generators, renewable generators of agents, and community

energy storage CES, while minimizing the total energy trading costs of agents and the

community manager.

e The analysis and comparisons of the offer from the joint markets of reserve and regulation

and without ancillary.

The rest of this chapter is organized as follows: The proposed community-based market with
the offer for ancillary services is presented in Section [6.2} In Section [6.3] the bidding model for
the reserve markets by CBM is presented. In Section the joint market model formulation
is presented. The case study on a community microgrid is presented in Section [6.5] Finally,

Section [6.6] summarises the chapter.

6.2 Ancillary Support in Community-based Market with Agents’
Utility Maximization

The offer of ancillary services is investigated as a joint market model within the community-

based market framework to analyse the amounts of energy for the provision of reserve and

regulation services from agents’ DERs and community-owned resources (CES and DG’s) which

can be used for the support of ancillary. These supports take the form of bids and offers from
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community-owned generation and agent resources agreed by the System’s operator (SO) in the
day-ahead market as market participants in the reserve and regulation markets. These bids
offered by the market participant are usually used for the restoration of known grid parameters
such as frequency and voltage within their permissible limits. Before now there were committed
conventional generators in traditional electricity markets, which can give these sorts of services
either by reducing their outputs giving rise to a downward regulation, or increasing the output
resulting in an upward regulation for the control of frequency and voltage. In recent times
the advent of distributed generators (DGs) and battery energy storage systems (BESS) within
active distribution networks are capable of supporting ancillary services. The following ancillary
services for reserve and regulation are analysed with consideration to remunerations offered for

both upward and downward regulations for the given reserve and regulation services.

6.2.1 Ancillary services products

In this section, some ancillary services products are presented as technical constraints within the
community-based market problem. The aim is to model the capabilities of offering reserve and
regulation in a joint market model within the community-based market framework. To provide
these products; energy reserve that can be delivered at any time required for both reserve and
upward/ downward regulation is offered by the community-owned generation units, the agents’

renewable resources, and the CES.

Reserve market

The bids submitted by the CBM for the offer of the the reserve is constructed in power (KW)
and price (¢/kW h) pairs formulated within bidding blocks for each generating unit owned by the
community. As in the case of a generating company’s Genco, the supply function equilibrium
model is employed to develop the bidding strategies for the community-owned resources. The
producer agent’s renewable generation resources and the CES are also used for reserve bid offers
and jointly for energy trading within/outside the community. In the reserve market, the reserve
for bids is only considered without consideration of any remuneration schemes. The prosumer
and consumer agents’ load bids are not considered though they can easily be modelled as negative

generation sources. They are considered a constant source based on the economic utility models.
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Reserve and Regulation markets

In the market model for the offer of reserve and regulation, remuneration costs are paid for
the offer of both upward and downward reserves asides from the offer for the main reserve
bids [27]. These reserves are offered from the community-owned generation units, agents’ DERs,
and the CES. The joint energy market model incorporates the remunerations per unit of energy
offered for both reserves in the objective function subject to constraints for the upward and
downward regulations. The market model incorporates both reserve and regulation, the markets

are initiated by introducing the model for the bidding strategy in the next section.

6.3 Bidding Strategy Model for Community-based Markets in

Ancillary Markets

As with the case of Gencos submitting bid offers in the day ahead market, It is considered in
this work that the reserve bids are developed by the community for each of the conventional
generation units. Suppose all community-owned conventional units have a quadratic generation

cost function as follows:

C; = C(PZ) = ain + b;P; + ¢; (6.1)

where P,= Output generation of generator ¢, and a;, b;, and e; are generation cost coefficients.

The marginal cost of each generator i is calculated as:

_ o) _
A= "5t = 2Pt b (6.2)

This represents a linear function of its generation P;. In this work, a; is taken to be non-negative,
and b; can be changed.

In practice, an hourly non-decreasing price ¢;; and quantity pairs p;. for each unit ¢ and &
from (1,..., K) representing the number of blocks for each unit [99}/145|, is assumed as the bids
submitted for each unit. Genco submits each generator bid to the SOs using a piece-wise supply

curve as shown in Figure Each Genco will select their generation bid blocks for submission
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Figure 6.1: Generation bidding curve for a Unit 4.
[145]

to the SO according to the following linear supply function for each generator P;.

6C(Fi)
3P

= di(2aiPi + bz) (6.3)

C; = €5

where ¢; is the bidding price, e; is the bidding strategy (a real number), which is equal to one
for price takers and non-strategic bidders. The bid pairs for a generator ¢ and blocks K = 3
appear as follows: (p;1,¢i1), (pi2 — pi1, ci2) and (pis — pi2, ¢i3).

Gencos utilizing multi-blocks for their strategic bids have to deal with more complicated
models than compared to others that submit a single block for each generator. The case of
the multi-block requires more decision variables, a bidding strategy for the individual blocks,
and power for each block. For simplicity, an individual block is bid for by each community-
owned conventional unit. An initial energy block kg is proposed from community generation
that allows for community energy trading as shown in The generation for this block is
bounded between the minimum for the community asset 7 and a maximum corresponding to the
minimum generation for submitted bids for the first block £ = 1. The bid pairs for a community
generation asset i for blocks K = 3 appear as follows: (piim — Pio, ¢i1), (Piam — Diim, Ci2) and

(Pism — Piam, ¢i3). The maximum values of the blocks will be at p;1, pi2, and p;3 to the reference
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Figure 6.2: Proposed reserve bidding curve for unit ¢ with capacity for community energy trades.

value p;p. In the case of each of the community agents n equipped with renewable generation
as well as the CES, we assume a linear cost function for their bids in a single block where
a; = bi = 0. [28] The clear differences between the bidding strategies of traditional Genco’s and

that proposed for the community-based market are as follows:

e The Gencos are the only producers in which the market clearance models are handled
by the SO concerning constraints on generator and transmission line limits whereas the
community microgrid considers a joint market of ancillary and energy trades amongst

agents in the community.

e The supply-demand balance for Genco’s considers the generator units quantity, prices, and
the bids whereas that of the community will integrate community resources, DERs, and

CES in the formulation.

e In the case of a security-constrained problem, the community microgrid considers both
network and DER constraints for energy exchanges in its bidding, unlike Gencos which

considers the generator and transmission line constraints for its market clearance.
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6.4 Joint Market Model Formulation

The proposed model for the community-owned resources (conventional generator units, agents
renewable generators, and CES) for bidding in the joint market is presented. In addition to the
bid exchanges with the reserve market, it bids a part of its capacity to the regulation market (for
upward and downward) regulation based on expected /forecasted prices, as well as determining
the discharge and charge states of the CES. We assume the community resources, CES, and

agents’ resources are price takers/ non-strategic in their bidding.

6.4.1 Objective Function

The bidding problem of the community microgrid is to maximize the profits from both reserve
and regulation markets while minimizing the total traded costs of agents and the community
manager in trading their resources within/outside the community. In this objective considera-
tions are made towards the type of services offered in this case reserve and regulation markets
that offer remunerations on the type of regulation services offered. The objective function and
constraints for the joint market model for reserve and regulation within the community-based

market framework of prosumers are presented in ([6.4])

Cy N Cy o
max Profit™ = pf> " piee + pfippe + pff > 65, = > i) — > i)+
i=1 np=1 i=1 i=1

S ¢
Fspt D ai + FpitY ai + fepiplt + fepipd
=1 i=1

Ry Npr Npr Npr Npr (6.4)
- Z Z Pjny (p:?ny,t> - Z ®n, (pfm) — &com Z T%Ttm — &com Z dn,tm
j=1n,=1 ny=1 np=1 ny=1
Cy Npr
_Ecom Z qit — Shimpt Z (’antm - Gnrt) - Skexptfsf - g(’)’imptv 5empt) vt € T7 ke K
i=1 ny=1

The objective of the joint market model for other agents producers and consumers is realised by
replacing the prosumer agents’ DER and load resources with that of the producer and consumer
agents’ resources. Likewise, the objective for all agents prosumers producers, and consumers is

integrated by expanding the model of prosumers to include all agents.
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6.4.2 Constraints

The feasibility of engaging in energy exchanges within the community while offering bids for
the reserve and regulation market is considered. The DERs of agents are taken to be non-
dispatchable and some of its outputs are reserved for ancillary services as well as scheduled
to satisfy the energy demands of agents. The CES is used for energy balance, the offer for
upward /downward regulation, and energy reserve. The community-owned DG capacity is used
for both reserve bids, regulation, and the community energy market. The following constraints

concerning bids are stated thus:

Supply-Demand Balance Constraint

In the case of the reserve market, the power-balance constraints are considered to serve the
reserve bids from community-owned DG’s, agents’ DERs, and CES as shown in Figures
and for prosumers and both prosumers’ and producers’ DERs respectively. The power used
to offer regulation services for the reserve and regulation market is expressed in Figure while
the relationship between the power offered for reserve and for upwards and downward regulation

by the CES are presented in Figures and . The reserve and regulation bid limits are
presented in Figures (6.10]) and (6.11))

Cy Ny
SO+ o, 4o =P vte T ke K (6.5)
i=1 n=1
Cy Npr Np
DDA e Y o Py =P Vte T ke K (6.6)
i=1 n=1 ng=1
Cy Cy
Doal+ Y ai + v ol = P VteT, (6.7)
=1 =1
and;
pat + g < pg ™ —pat +pa VLET (6.8)
P < par — per — PV ET (6.9)
0< Pl <P vier (6.10)
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0<PY9<P,VteT (6.11)

The community power balance ensures supply /demand balance of agents’ resources, community-

owned DG’s capacity, and also the charging and discharging of the CES for prosumers (4.23f)),
producers and consumers (4.24¢)) and all agents (4.25f) are given in constraint ((6.12)).

(T238), (1.24d), (1.25) (6.12)

Agents’ DER Constraints

These constraints are considered for the joint market model and are decided such that part of
the agents’ preferences are utilised in reserve bids and the rest are used for energy exchanges
within/outside the community. Constraints (6.13)) and (6.14]) is the prosumer and producer

agent’s power balance allowing for DER, bids.

pglrt — dnytm — 5:5% =0Vn, € Npm teT (6.13)
P = tngtm — Oy = 0Vng € Ny, t €T (6.14)

(A20H) & ({201 (6.15)

(210 (E21H), (6.16)

Community-owned DG Constraints

These constraints are considered with reserve bid offers in the case of the reserve from equation

(6.17) and for both reserve and regulation markets from equation (6.19)-(6.20]).
Pi — D =0VieCy, teT, k (6.17)

Do — G5t — 05y =0VieCy, t €T (6.18)
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Pitk + it <Py Vi € Cg, t €T, Vk (6.19)

i — > 95, Vie Cy, t e T,k (6.20)
Py <P <Dy Vi€ Cy, t €T, VE (6.21)
P, < Py < 15, Vi € Gy, t € T,VE (6.22)
Py < Ditk < Piu Vi € Cg, t € T, Vk (6.23)
Py, < itk < Piy Vi€ Cy, t € T,Vk (6.24)
pe, <l <TG Vie Cy, teT,Vk (6.25)

The energy reserved from the community-owned generation for each unit ¢ at period ¢ is expressed

in (6.17). Constraint (6.18)) represents the energy balance from the community generation re-

served for energy trades. Constraints (6.19) and (6.20)) limits the energy reserved from bids and

the energy used for upward and downward regulation within bounds, with the lower bound as
the minimum of the first block & = 1 of unit ¢ to the upper bound as the maximum output of
community generation unit ¢. Constraint gives the bounds for community generation unit
1. Constraint gives the bounds of the proposed initial block kg reserved for community

energy trades. Constraint (6.23) gives the bounds for the reserve bids within the first block

k =1 of unit 4, while constraints (6.24) and (6.25]) gives the bounds for upward and downward

regulations within the £ = 1 block minimum to the maximum output of generator i.

Agents’ Demand Constraints

The agents’ demand constraints are taken as a constant load rather than a negative genera-

tion and are not utilized in the bidding process. The constraints are given for prosumers and

consumers in (6.26)-(6.29) (4.20)).

(#.20d) & (1.206) (6.26)
([T21d)& ([@.216) (6.27)

(T.200) & ([{-21]) (6.28)
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The power balance from each prosumer’s generation and consumption is given in

(4-20g) (6.29)

CES Constraints

The constraints considered for the CES are with the charging and discharging of the CES in
the energy balance of trades within the community. The power reserve is for the reserve market
which is considered on an hourly basis A and the regulation which is considered to be served
within a 15min interval A". The change in the state of charge of the CES is dependent on the

energy trades, power reserves, and regulation services offered. The models according to [147}/148|

are presented in ([6.30))-(6.34) where (6.30) and (6.31]) are the CES state of charge constraints

for reserve and regulation respectively.

er = e 1 — 1/n%pg; + nper — 1 /0P V€ T (6.30)

et =e—1—1/ ndpdt + npe — Bt/ ”dp% h'

—1/npjsh + Btn pl h" (6.31)

VteT
0<pg’ <pgaucVteT (6.32)
0<pg <pi*“2aVteT (6.33)
0<pf <pl™zeVteT (6.34)
([@-20p) — (E-205) (6.35)

Utility maximization Constraints

The constraints derived from the economic application of utility maximization for prosumers

(production and consumption) (6.36]) and producers and consumers (6.37)) are presented here as
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follows:

(#-18) & ([£.19) (6.36)

@E15) & [E17) (6.37)

Energy Imports/Exports Constraints

These constraints are considered concerning the relationship between the total energy im-
ported/exported outside the community and the community manager’s imports/exports from
outside the community. They are presented in (6.38)) for imports and (6.39) for exports for pro-

sumers only, producers and consumers, and all agents (prosumers, producers, and consumers.

([@.201), (*.21), & ([#.22g) (6.38)

([@20m), ([@21]), & (#.220) (6.39)

Non-negativity Constraints

These constraints ensure all imports/exports from outside the community are non-negative as

seen in (6.39)).

Yrptm = 05 Vngtm = 0, Ziim >0,0,%%, >0, ict >0, Rndt >0,Gp >0 VEET (640)

» Ungtm

6.5 Case Study

In this section, the proposed joint market model of ancillary and community-based energy trades
is tested on three community microgrids from chapter four. The first and second community
microgrids each have two community generation units of 20 kW and 40 kW that can offer ancillary
services. The third community microgrid has two community generation units of 50 kW and 60
kW that can also be used for ancillary services. For simplicity, a single block (k=1) is considered
for each of the units, where the block for the two generating units ranges from p?, =5 kW, 10
kW and p§,; = 15 kW, 30 kW for the first and second communities respectively and Bz?tk =20
kW, 30 kW and pf,,. = 50 kW, 60 kW for the third community. The generation used for energy

trades is bounded within a lower bound thko and a maximum equal to the minimum of the
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Table 6.1: Total Profits, Reserve, and Regulation Bids in the First Community

CBEM with Ancillary |Total Profits| Avr. Hourly Bids (kW) |Avr. Hourly D ev. (kW) |Percentage bidding (%)

Model Cases | Profits (3) |Reserve| Regulation |Reserve| Regulation |Reserve| Regulation
DCETM Case 1 -123.74 - - - - - -
Case 2 -114.63 - - - - - -

Case 3 -126.65 - - - - - -

RRG/CET My, |Case 1 68.43 33.20 67.59 2.39 22.36 7.20 33.08
Case 2 71.78 32.87 64.14 2.30 23.54 6.99 36.70
Case 3 62.10 32.98 72.50 1.16 19.84 3.51 27.36

Table 6.2: Total Profits, Reserve, and Regulation Bids in the Second Community

CBEM with Ancillary |Total Profits|Avr. Hourly Bids (kW) |Avr. Hourly Dev. (kW) |Percentage bidding (%)

Model Cases | Profits (3) |Reserve| Regulation |Reserve| Regulation |Reserve| Regulation
DCETM Case 1 -200.90 - - - - - -
Case 2 -182.97 - - - - - -
Case 3 -220.09 - - - - - -

RRG/CET Mpg.|Case 1 146.93 33.62 75.11 3.20 14.05 9.51 18.70
Case 2 135.68 32.91 73.87 2.60 14.88 7.89 20.14
Case 3 175.83 32.98 80.83 0.83 4.08 2.51 5.05

first block P this is assumed as the initial block ky. The case study is analysed using the
European reserve market prices of 1st July 2021 [154] and the regulation prices are obtained as
a smoothing factor fs = 0.9 ( for the DGs) and a regulation performance/capacity factor f. =1
(for CES) of these reserve prices. A CES is considered with €™ = 100 kWh, e™" = 10 kWh,
nd =n¢ = 0.9, P = pmin = 50 kW, and ep = 10 kWh and 8t = 0.13 is obtained from [148].
Energy prices for trading by agents within the community are set as normalised costs of the
Ausgrid peak tariff of 2019 [114]. Here also, the three cases from chapter four are analysed to
test the sensitivity of the proposed model with the preferences on the renewable energy exports
of agents used as part of the energy reserve bids. For the case of energy reserve, an hourly reserve
of h = 1 was considered for the offer of ancillary while for the reserve and regulation, a periodic
offer h™ = 15min was considered for the first four hours from ¢ = 1,2, 3,4, and the hourly h = 1
for the rest of the day. The three case studies analysed in chapter four are considered here for
each community microgrid including 10% of agents’ DEr outputs towards reserve bids. The total
energy traded costs of the community including imports and exports with and without the offer
of ancillary services for the case studies analysed in the three communities are shown in Tables

with the respective cost savings.
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Table 6.3: Total Profits, Reserve and Regulation Bids in the Third Community

CBEM with Ancillary |Total Profits|Avr. Hourly Bids (kW) |Avr. Hourly Dev. (kW) |Percentage bidding (%)

Model Cases | Profits ($) |Reserve| Regulation |Reserve| Regulation |Reserve| Regulation
DCETM Case 1 -512.59 - - - - - -
Case 2 -497.43 - - - - - -
Case 3| -556.14 - - - - - -

RRG/CETMp,pg.c|Case 1 351.57 48.28 90.42 12.44 2.04 25.78 2.26
Case 2 334.09 47.62 90.42 13.85 2.04 29.08 2.26
Case 3 385.73 47.23 90.42 1.60 2.04 3.39 2.26

Table 6.4: Total Profits from the Total Traded Costs from the Community, and Revenues from
Reserve and Regulation Markets in the First Community

CBEM with Ancillary Trading Model Total Profits Breakdown ($) Percentage (%)
Model Cases Community Costs | Reserve Revenue | Regulation Revenue | Community % | Reserve % | Regulation %
RRG/CETMyp, Case 1 -70.45 47.45 91.44 -102.95 69.33 133.62
Case 2 -61.56 46.92 86.42 -85.76 65.36 120.39
Case 3 -84.05 47.12 99.03 -135.35 75.88 159.47

Table 6.5: Total Profits from the Total Traded Costs from the Community, and Revenues from
Reserve, and Regulation Markets in the Second Community

CBEM with Ancillary Trading Model Total Profits Breakdown ($) Percentage (%)
Model Cases Community Costs | Reserve Revenue | Regulation Revenue | Community % | Reserve % | Regulation %
RRG/CETMP&C Case 1 -3.04 47.98 102.00 -2.07 32.65 69.42
Case 2 -11.30 46.88 100.11 -8.33 34.55 73.78
Case 3 17.79 47.10 110.94 10.12 26.79 63.10

Table 6.6: Total Profits from the Total Traded Costs from the Community, and Revenues from
Reserve, and Regulation Markets in the Third Community

CBEM with Ancillary Trading Model Total Profits Breakdown ($) Percentage (%)
Model Cases Community Costs | Reserve Revenue | Regulation Revenue | Community % | Reserve % | Regulation %
RRG’/C’ETI\/IPTP&C Case 1 158.84 69.49 123.24 45.18 19.77 35.05
Case 2 142.53 68.23 123.24 42.66 20.45 36.89
Case 3 194.12 67.52 123.24 50.44 17.54 32.02

6.5.1 Discussion

The results of the proposed joint market model are presented in Figures [6.3]6.6] showing the
total production and consumption of agents, total energy imported, total energy exported, and
the total daily profits under reserve and regulation ancillary in the first community respectively,
presented in Figures[6.9H6.12|for the second community respectively, and Figures[6.1546.18]for the
third community respectively. The results show that in the three communities, the community
agents’ preference relations for imports/ exports of energy in the community and the grid are

satisfied thereby maximizing their utility from the agents’ DER resources, initial block kg of
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the community generation units and the CES. The total production and consumption satisfying
the agents’ preference relations reflect the variability of the community generation units and the
energy balancing of the CES in meeting these preferences.

The results of the total daily profits ($) in the community with and without ancillary, the
average hourly bids, and average hourly deviations of the reserve and regulation bids with
percentages are summarised in Tables [6.1}{6.3] for the three communities respectively. From these
tables for the three communities, the total daily profits for the three cases analysed without the
offer of ancillary services are —$123.74, —$114.63, —$126.65, and $68.43, $71.78, and $62.10
with the offering of ancillary services for the first community, —$200.90, —$182.97, —$220.09,
and $146.93, $135.68, and $175.83 with and without ancillary for the second community, and
—$512.59, —$497.43, —$556.14, and $351.57, $334.09, and $385.73 with and without ancillary
for the third community. The negative values of the profits are a result of the cost minimization
for the community energy trades, while the positive values are a result of the profits from the
offer of ancillary services. The average hourly bids and deviations for the reserve and regulation
bids are an indication that more energy is offered in the regulation market as compared to the
reserve market for all three communities. The percentage bids are obtained in expressing the
average hourly deviations of the regulation and reserve markets as a percentage of their average
hourly bid values, the results show that in the first and second communities, the reserve market
bids are closer in value giving reduced hourly deviations as compared to the regulation markets,
while in the third community, the regulation market bids are closer in value as compared to the
reserve market bids.

The breakdown of the total daily profits resulting from the total energy traded costs from the
community energy market, and the revenues realised from the reserve, and regulation markets,
in addition to the percentage costs are shown in Tables [6.4}6.6] From these tables for the first
and second communities, the regulation market has the highest percentage of the revenue as
compared to the reserve and the community market costs while for the third community, energy
was traded more within the community as compared to the reserve and regulation markets. This
shows that it is more profitable to purchase from the regulation markets as compared to the
reserve markets in balancing the energy trades within the community in the first and second

communities when compared to the third community.
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Figure 6.3: Total production and consumption under reserve and regulation ancillary services
in the first community.

The reserve and regulation bids from all sources of Community generation, agents’ DERs, and
CES in all communities, as well as energy exports from agents’ DErs and Community generation,
are presented in Figures and The results give the amounts of regulation, reserve,
and energy exports for each hour. The regulation bids have the highest capacity for all three
cases, which explains that more energy is purchased from the grid to balance energy loss during
the provision of regulation ancillary on the spot market.

The reserve and regulation bids as well as charged energy for community trades and overall
battery energy are shown in Figures [6.8 and [6.14] [6.20] The results show that most of the

battery energy is utilised for regulation as compared to reserve markets.

6.6 Summary

The chapter presents a proposed joint market model of a community of agents offering ancillary
services of reserve and regulation from their DER and community resources including generation
units and CES while maximising their utility from community energy trading. The results for the
three cases analysed for the community microgrids show that from the proposed bidding strategy
the community agents’ preference relations for energy imports and exports were satisfied from
agents DER resources, an initial block kg allocated for community generation, and the CES while

offering reserve and regulation ancillary services. The results show that the community agents

144



=®=Total Energy Imported from the Community Case 1
= ©- Total Energy Imported from the Grid Case 1
Total Energy Imported from the Community Case 2
Total Energy Imported from the Grid Case 2
Total Energy Imported from the Community Case 3
Total Energy Imported from the Grid Case 3

, /f’ N i ‘
P Sg—g— _,/ o800 - %
/ oA S F oA )

e .-o.,." {
MO, oy . o, e
g e oL - of AL T T T e A 4

I | I I | 1 I | I ol T NP o I | I I | I | I
2 3 45 6 7 8 9 10 11 12 13 14 1516 17 18 19 20 21 22 23 24
Hour (h)

Total Energy Imported (kWh)
; s & S

Figure 6.4: Total energy imported under reserve and regulation ancillary services in the first
community.
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Figure 6.5: Total energy exported under reserve and regulation ancillary services in the first
community.

maximise their profits and utility while participating in ancillary services as well as community
energy trades as compared to cost minimization of their total energy traded costs when not

participating in ancillary markets.
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Figure 6.6: Total daily profits with reserve and regulation ancillary services in the first commu-
nity.

2
5

[EMRegutation bid [IReserve bid IMEnergy from DG [T7IDER Energy o bid [_IReserve bid IEnergy from DG [[IDER Energy\
120 — 1 1 120 |
Zo0 H el ‘ ‘ ‘
= < 80
Z 807 1 z
.E 'E 60 |
o 60 o
] S
> 40 | H >
g B
o w ww aw | 5 H}w}l i‘i
R EEEEER | 20
w11 ARILILIIRLLL, o
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour (h) Hour (h)
(a) Energy reserve and regulation bids, and energy (b) Energy reserve and regulation bids, and energy
exported in the first community for Case 1. exported in the first community for Case 2.
B Regulation bid [ |Reserve bid llllEnergy from Community DG [["7]DEr Energy
MW T T T T T
120 1
=100
H
X 80
z
[ 60
§ 40|
? 20
o, N REREE LE N BN |
-20
wo LT

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour (h)

(c) Energy reserve and regulation bids, and energy
exported in the first community for Case 3.

Figure 6.7: Energy reserve and regulation bids, and energy exported for all cases in the first
community.
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Figure 6.8: Energy reserve and regulation bids, and energy charged from CES for all cases in
the first community.
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Figure 6.9: Total production and consumption under reserve and regulation ancillary services
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Figure 6.16: Total energy imported under reserve and regulation ancillary services in the third
community.
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Chapter 7

A Robust Approach to Ancillary
Services Offer in Community-based

Markets under Uncertainty

In recent times, entities such as Gencos, LV and MV distribution, community microgrids, and
virtual power plants have experienced a large integration of distributed energy resources (DERs),
Distributed generation systems (DGs), flexible loads (HVAcs and CHPs), and Battery Energy
Storage Systems (BESS) in the energy mix. This has resulted in the contribution of a share
of the resources to the provision of ancillary services, peak load shaving, and demand response
programs.

With a focus on ancillary services offer in reserve markets [28}[29,]99,142] and regulation
markets [144,(147,/148], it becomes imperative that the availability of some of these resources
such as DERs, and actual predictions from forecasts in load demand and prices are impacted due
to their stochastic and intermittent nature. Deterministic approaches [28,|142}/145] may not be
adequate in realising the inherent technical, and financial constraints needed in the modelling of
reserve and regulation markets offered by these entities as a result of the uncertainties in price,
demand, generation bidding strategies. Non-deterministic approaches such as probabilistic [138,
152 and stochastic models have been explored in literature [29,97.(99}[1441/147,/148| in countering
these inherent uncertainties. In [152] uncertainties in wind power are analysed and a DC security-

constrained optimal power flow model subject to some probabilistic constraints is proposed. The
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impact of uncertainty on generation is studied in |138] through a chance-constrained optimal
power flow problem for the analysis of active distribution grids offering ancillary services in
grid-connected as well as islanded mode using tightened probabilistic constraints. [97] analyses
the use of stochastic modelling technique in the determination of reserve and regulation market
price behaviours. The uncertainties in prices are modelled [29| through the development of
scenarios using the residual demand curves of other competitors to maximize the profit of a
company considering a day-ahead opportunity cost for the reserve cost curve. Reference |144]
develops a novel non-linear stochastic approach that enables an aggregator to optimize a high
concentration of PV systems for the provision of up and down regulation in ancillary markets.
Uncertainties associated with the bidding strategies, wind generation, and load demand were
modelled in [155] through a bilevel stochastic optimization model for generating optimal bidding
strategies for wind power producers as price makers. The work in [156] proposes a stochastic
optimization model to obtain an optimal hourly schedule of a group of hydropower plants n
realising the operation within the week that maximises the expected profit from a joint energy
and regulation reserves market. In [157] the joint day-ahead energy, regulation, and reserve
market are analysed to model the stochastic uncertainties in prices and the robust solar energy
uncertainties of concentrating solar power (CSP) plant.

Robust optimization [17}26,|76l/77] approaches are a class of non-deterministic models that
offer more tractable and less conservative solutions in the optimization of deterministic prob-
lems with data uncertainties. Besides the application of robust techniques in distribution [158],
transmission [88),(108,/134], generation planning [90,|159] problems, unit commitment problems
[18/129,/130], they have found wide implementation in energy and ancillary services markets to
mitigate against uncertainties arising from energy prices, load, generation, and bidding uncer-
tainties. Reference [25] proposes an adaptive robust optimization model in day-ahead energy
and reserve market to minimize the overall system cost while accounting for redispatch decisions
in the real-time market in the event of the worst-case uncertain production within the predefined
uncertainty-set. The robust approach resulted in an improved solution to risk when compared to
the stochastic counterpart. The work in [30] proposes a single-stage robust mixed integer linear
programming approach in developing hourly offering curves for a producer who is a price-taker.

In [31] a two-stage electricity market utilising a robust supply function bidding with incomplete
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information about other producers is presented, to determine the day-ahead market clearing
prices and energy commitments by each producer while trying to meet the energy commitment
bids from the day-ahead market in the real-time market.

Based on the work carried out in [30}81},88|, this work proposes a single-stage robust mixed
linear integer programming to model the inherent uncertainties associated with price uncer-
tainties, agents’ DERs, and load demands in a joint day-ahead market for reserve, regulation
and community-based market trades with consideration to maximizing the utility with regards
the preference relations of agents under uncertainty of their differing resources. The impact of
uncertainty on their desired preferences is analysed as the stochastic nature of generation and
demand resources may result in deviations reflecting changes in consumption and generation

patterns given the consumption and generation budgets of agents.

e A single-stage robust mixed linear integer program formulation of a joint day-ahead re-
serve, regulation ancillary within a community-based market framework is proposed, which
maximizes the economic utility of agents in which all uncertainty in energy balance prices,

agents DERs, and load demands are represented within a polyhedral uncertainty set.
e A comparative analysis of proposed robust solutions to the deterministic counterparts.

The rest of this paper is organized as follows: The description of the proposed approach is
presented in Section [7.I] In Section [7.2] the robust joint market model is analysed as well as
the stochastic counterpart. In Section the test case study on a community microgrid is

presented. Finally, Section concludes the chapter.

7.1 Problem Description

Given the joint market model framework under consideration, the impacts of uncertainty are
inherent concerning the uncertain parameters to be analysed. The day-ahead market structure
ensures that the day-ahead reserve/ regulation bids are accounted for in advance and as a result
of the stochastic nature of DERs which serve as part of these bids and the load demands that are
supplied by DERs and community-owned conventional generating units, there is uncertainty in
the real-time market prices scheduled to pay-off these bids. In this work, 24-hour reserve market

prices and agents’ generation and load demand profiles are modeled using polyhedral uncertainty
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sets. The robust approach in [81,88] is employed in defining the elements of the polyhedral set
which is aimed at making the robust optimal solution against the worst-case realisation of
uncertain parameters, less conservative. A protection function is likewise modelled to provide

an ante instead of ex-ante protection against risks from data uncertainties. In addition, control

g

g
parameters I', anT/Flng,

and Ffllr /rd , modelled with the protection function to control the
conservation level of the uncertain parameters in energy balance prices for reserve/regulation,

production of prosumers/producers and load demand of prosumers/consumers.

7.2 Robust Joint Market Model Formulation

With regards to the RO approach whose aim is to realise an optimal solution against the worst-
case realisations of uncertain parameters under study, a robust mixed linear integer program
is proposed for the solution to the joint market model of reserve and regulation within the
community-based market framework. A control parameter I'y, (m = 0,1,...M) [88] is em-
ployed as a varying number taking several values within the set [0, |.J,,|] to control the level
of conservation of the robust solution with uncertain parameters. Where J,, represents a set
of uncertain parameters of either the objective function (m = 0) Jy = [j|¢; > 0] or the m!"
constraint (m =1,..M) J,, = [j|adm; > 0]. Given the inherent uncertainties in the community-
based market model under study, the control range for the reserve market prices becomes
Jp = [pft > 0], Jgr = [0, > 0]/ Jy = [pn,¢e > 0] for prosumer/producer agents’ DERs and
Jar = [, > 0]/Jq = [pe , > 0] for prosumer/consumer agents load demands. Given that
not all values in the respective ranges of uncertain parameters can change at the same time,
we employ according to [81[88] that up to the value |I'y|, |T'gr]/|y] and [Ty, |/|Tq] can vary
within their respective ranges. The uncertainty parameter pf, ﬁfm ﬁigt, ﬁ‘fm ﬁfll 4t € R for vector
ﬁf,ﬁflrt ﬁ%gt,ﬁgdt e, € QUSSP QUSgre OUSg: and QUSIre QUSA: regpectively is expressed within

their respective ranges in bounded intervals as follows:

QUSP — [pR — pR < pR <4 pf) VieT (7.1)
FD&E) (7.2)
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(5-3)& (5.4)

(7.3)

These ranges can vary within a more truncated set as not all parameters can change simultane-

ously as follows:

US — . ~ _ R
Q7 = [pgnrt - (F?nr - Lrgnr )p?nrt < p?nrt < p?nrt + (P;]nr - Lrgnrj)p?nrt]

Vj € Rgn, € Ny, VE €T

USgt _ 59 g g A ~9 =9 g g Y
QF=9r = [plngt B (Flng B lrlngJ)plngt = Dingt = Dingt + (Flng B LrlngJ)plngt]

Vi€ Ryng € Np,VteT

QUSH = [pf = (Car — [Tar )6, < B0 < Po + (Car — [Dar )]

Vn, € Np,Vt €T

QUSt = [pl | — (Ty— [Ta))pe s < B2, <L+ (Ca— [Ta))p? ]

Vng € N.,Vt €T

7.2.1 Formulation of Robust Problem

(7.4)

(7.5)

(7.6)

(7.8)

With consideration to the community resources, CES, and prosumer /producer agents being price

takers, the general formulation for the profit maximization model for reserve and regulation

ancillary are given in equation (|7.9))
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max min
R W, Y,
UthGQUSth,Ud,rtEQUSdrt,UthQUSgt,UdtGQUSdt,UptGQUSp§%7Urt€QUSPt g XnTtGQX"rt,antEQ "gtYnthQ ndt Z,eQ%t

Rg Npr T Rp Np T

—or(PE,Up) — ¢ry(P[,Uny) + DD o (Xt Ut Ugot) £ > > g Wyt Ugt)+

j=1n,=1t=1 1=1 ng=1t=1
N.

T T
DD bna Yo, Uat) + > 9(Zt, Uyt Uat, Ugt, Uar)
ng=1t=1 t=1

(7.9)

A general formulation of the joint market model for reserve and regulation provided by the
community-based market is presented in equation given that the reserve/regulation prices
are expected /forecasted values. However given that these prices are uncertain parameters and
can take on random variables |30L/88|, then the objective function is substituted by a function
that represents all profit distributions for reserve and regulation prices. A compact form of the

problem of equation ([7.9)) can be rewritten as a MILP problem as follows:

J
i T 1
min ) ¢z (7.10)
7j=1
8.t
J
> amiz; <bp m=1,2...M (7.11)
J=1
Z; <z;<7Z; 7=12..J (7.12)
z;€{0,1} j=1,2...0 (7.13)

An RMILP problem is formulated from equations (7.10) to (7.13|) for the objective function
coefficients ¢; being within bounded intervals. The coefficients ¢; and a,,; of the objective
function and constraint are uncertain elements and can be represented using the nominal value

and range as follows:

¢ = [¢j — &5, + ¢] (7.14)
Unj = [@mj = Gmgs @mj + Qmj] (7.15)

In formulating the RMILP problem, it is important to define the control parameters I'g and
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I',, to control the conservative level of the objective function and m!* constraint respectively
with uncertainties. According to |88| elements that amount to |I';, | can take values within their
respective ranges as given in (7.14]) and (7.15) and the remaining uncertain element can take

values within a truncated range as follows:

Cto = [éto - (PO - LPOJ)étmEto + (PO - LFOJ)éto]

(7.16)
5150 eJyom=0
dmtm = [amtm - (Fm - LFmJ)&mtmaamtm + (Fm - erj)dmtm] (7 17)
amt,, € Jm m=1,2,.... M
Therefore the robust form of (7.10|) can be rewritten as follows:
J
irjuvn 2 Cjxi+
(7.18)
Al T 1T e
{SoUtoSOQJmIg;\iXLFoJﬂfoeJo\So} Z Glegl Lo = Lol )éroloro)
j€So
8.t
J
Zﬁmjxj-f-
=1
’ (7.19)

Y amjleil + T = (L )ame,, |26,]) | < b

max
{SmUthngM7|Sm|:l_FmJ7tm6Jm\Sm} .
JESm

& (7.20)

The RMILP of (7.18]) is rewritten in more linear terms by applying the duality theorem as

follows:
J J
i T r ; 7.21
;?’bl}zcjfU]‘f‘ZO O+Zp0j (7.21)
7=1 7j=1
s.t
J J
> amiry + 2l + Y pmj Sbmom=1,2,.., M (7.22)
j=1 i=1
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20 + poj > ¢y;Vj € J (7.23)

Zm + Pmj = myy; V9 € J, m=1,2,.... M (7.24)
— Yy < €5 < Yj j = 1,2J (725)

poj = 0; pmj = 0Vj€J (7.26)

yj >0VvjeJ (7.27)

20>0; 2z, >0VjeJ (7.28)

Given the bounded intervals of the uncertain parameter defined in equation , the solution
of equation is optimal for a given set of values of the control parameters I'g and I';;,. The
variables 29, poj, Zm, pm; are dual variables arising from the robust problem of — and
yj is an auxiliary variable associated with the uncertain parameter [160]. With regards to the
general robust formulation discussed, the reformulation of the robust form of the joint market

model for reserve and regulation within the CBM market platform with inherent uncertainty

within bounded intervals in equations (7.1])-(7.3) is presented thus:

Npr

Cy Cy Cy
: R res R, res R res c d
min = —p; Zpitk — Pt Pat — Pt Z netm 1 Z Vi(p) + Z Vi (Pi)—
Pit,20,p0; 1 o1 np—=1 i=1 i=1

c, Cy
d d
Fspt > di = fopf > al — fepfioi — feprtpl
=1 =1

Ry Npr Ny Npr Npr
+ Z Z Pjny (p?nrtw) + Z ¢nc (pgwtw) + gcom Z rfzrtm + §com Z An,tm (7-29)
j=1n,=1 nyr=1 nyr=1 nyr=1
Cy Npr
+§com Z qit — S)\impt Z (’antm - Gnrt) + Skexptéf + g(’Yimpt; 5eccpt)+
=1 nr=1
Ry
ZoFoJerojt ViteT, ke K
j=1
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Additional Constraints

In addition to the constraints associated with the deterministic formulation of the joint market
model offering ancillary services of reserve and regulation and agent utility maximization within
the CBM market framework, already defined in equations — , the following robust

constraints with regards the uncertain elements in agents DERs and load demands are presented:

Dt — Pt zp L9, + 05 <0 Vi€ Ry, Vn, € Ny Yt €T (7.30)
— P F D0 Az Th oy SO Ve € N VEET (7.31)
ﬁzqngt _Blgngt + z Fln + plt <0 Vle R,,Vng € N,,VteT (7.32)
— 0+ Q ozt Th 4+ pf <0 Vnge N, VteT (7.33)
20+ por > piy,p V€T (7.34)
25+ p]t > pjnrtypn Vn, € Np,,t €T (7.35)
d d < ad
Zngy T Prt 2 Dy Ypd Vn, € Ny, t €T (7.36)
2y + Pl Z PhgYps,, g € Np,t €T (7.37)
d d < ~d
Zn, T PE > PrigcYps Vng € Ne,t €T (7.38)
por > 0; pg>0pg >0VteT (7.39)
Ypor = 0; Yps, | > 0; Ypd > 0; Yol , > 0; Upd , >0VneNy,neN,teT (7.40)
20> 0; 2§ > 0; zg” > O;z,%g > 0; zzd >0 Vn, € Npr,ng € Np,ng € N, (7.41)
(6.6) — (6.10); (6.12 — 6.40) (7.42)
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Constraints - ) to (7.33) provides ante protection against the worst case realisation of the
uncertain parameters of agents’ resources through the dual variables zj ,, zgrt,zgg, and sz
modelled in the protection function by duality theorem. Constraints (|7.34)) to ( - ) limits the
respective range for agents’ uncertain parameters to within the bounds provided by protection

variables and control parameters. Constraints ([7.39)-(7.41)) are non-negative constraints of all

variables under consideration.

7.3 Case Study

The proposed robust joint community-based market model with an integrated ancillary market
is tested on three community microgrids from Chapter 6. The three cases implemented for
analysing the varying impacts of the joint markets are also implemented on the joint robust
model. The uncertain parameters of the agents’ resources are expected to impact the robust

joint market model when compared to the deterministic counterpart. Therefore the uncertain

generation and demand of agents’ resources are within bounded intervals such as p%f Ztn =(1-
ao) p4, ;i Pt = (1+ao) p, ,and P = (1—ag) pt s pimaT = (14 ap) ngt for prosumers

gmin gmazx dmin dmax

respectively, and Plngt = (1—a0) plnqt’ Pngt = = (14+ap) pln cand ppit = (1-ayp) p 5 Pt =
(1+ ao) , for producers’ generation and consumers’ consumption.

The parameter values used from the deterministic joint market model are implemented in
addition to a symmetric deviation of cg = 0.1. The uncertain reserve market prices can assume
values from 0 to 10 for the first and second communities and 0 to 9 for the third community (This
represents the number of generation resources contributing to the reserve). The actual energy
balance prices and price bounds set within 10% deviation used as reserve prices are shown in
I’?n ,Td Flgn , and T'¢ , can take different values from 0 to 1 to control the robustness of the
optimal solution relating to the uncertainty of agent’s generation and consumption resources.
The control parameter for the uncertain reserve market prices is assumed as I', = 10/2 = 5 for
the first and second community, and I', = 9/2 = 4.5 for the third community. The results are

simulated when the control parameter for the robustness of agents generation and consumption

g _1d —_19 _1d _—
resources I, =17 = Flng =Iy, =1
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7.3.1 Discussion

The results of the RMILP model of the joint market framework of the community offering ancil-
lary services in comparison with the deterministic solution for all cases for the three community
microgrids are presented in figure for Case 1 in the first community, figure [7.4] for Case 2 in
the second community, and [7.6] for Case 3

in the third community respectively.

For the three cases implemented in the three community microgrids, the figures show the
total production and consumption under reserve and regulation ancillary, in figure for Case
1 in the first community, figure[7.4a] for Case 2 in the second community, and figure [7.6a] for Case
3 in the third community. The results show that for the robust case, in the three communities,
the agents’ generation resources are within the lower bounds of the uncertainty generation sets,
while their consumption resources are within the upper bounds of the uncertainty demand set
and the deterministic case are the expected values of agents’ resources. This justifies that
community agents will trade their energy resources in the worst-case realisations of uncertain
parameters of the resources to produce a robust solution to their energy market problems.

The figures for the total energy imported under reserve and regulation ancillary are shown
in figure [7:2D] for Case 1 in the first community, figure [7.45] for Case 2 in the second community,
and figure for Case 3 in the third community. The results show that the agents maximize
their utility from energy imports/exports from the community and the grid for their preference
relations. The total energy imported /exported to the community is lower for the robust scenario
as compared to the deterministic scenario. The total energy imported from the grid is higher
for the robust scenario compared to the deterministic scenarios while the total energy exported
to the grid is higher for the robust scenario compared to the deterministic scenarios.

The figures for the total daily profits with reserve and regulation ancillary services are shown
in figure for Case 1 in the first community, figure for Case 2, in the second community,
and figure for Cases 3 in the third community. The results of the total daily profits in the
community for the robust and deterministic scenarios with ancillary services, the average hourly
bids, and the average hourly deviations of the reserve and regulation bids with percentages are
summarised in tables for the three communities respectively. The results show that the

total daily profits for the three cases analysed for each community with the offer of ancillary

164



services for the robust scenarios are $77.29, $80.12, $65.92 for the first community, $184.00,
—$170.95, —$220.20, for the second community, and $146.93, $135.68, $175.83, for the third
community. This shows a higher daily profit is realised when compared to the deterministic
scenarios, and therefore results in the following costs of robustness in profits $8.86, $8.34, $3.82
for the first community, $37.07, $35.27, $44.37 for the second community, and $44.44, $50.17,
$54.94 for the third community. In the robust and deterministic scenarios, the average hourly
bids and deviations for the reserve and regulation bids show that more energy is offered in the
regulation market as compared to the reserve market for all three communities. The results
of the percentage bids for the robust and deterministic scenarios show that in the first and
second communities, the reserve market bids are closer in value giving a reduced average hourly
deviation as compared to the regulation markets, while in the third community, the regulation
market bids are closer in value as compared to the reserve market bids.

The breakdown of the total daily profits resulting from the total traded costs from community
trades, and the revenues realised from the reserve and regulation markets, in addition to the
percentage costs for both robust and deterministic scenarios is shown in Tables [7.4}7.6] The
results show the contributions of each of the market frameworks analysed, i.e., the community
market, the reserve, and the regulation markets, to the total daily profits of the joint market
model. The results show that in the first community, the regulation market contributed mostly
to the robust profit, while for the second community, both community markets and regulation
markets contributed the most. In the third market the community market, contributed the
most to the robust profit. In the robust and deterministic scenarios for the first and second
communities, the regulation market has the highest percentage of the total profit as compared
to the reserve and the community market, while for the third community, energy was traded
more within the community as compared to the reserve and regulation markets.

The figures for the reserve and regulation bid, the charged energy for the community trades,

and the battery profile from the CES are shown in Figures|[7.3al, [7.3b] and [7.3d|for Cases 1, 2, and

3 in the first community, [7.5a] [7.5b], and [7.5d] for Cases 1, 2, and 3 in the second community, and

7.7a, [7.7D], and [7.7d for Cases 1, 2, and 3 in the third community. The results show that in both

the robust and deterministic scenarios most of the battery energy is utilised in the regulation

market as compared to the reserve and community markets.
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Table 7.1: Robust Total Profits, Reserve and Regulation Bids in the First Community

Robust CBEM with Ancillary | Total Profits| Avr. Hourly Bids (kW) |Avr. Hourly Dev. (kW h) |Percentage bidding (%) | COR($)
Model Cases Profits ($) |Reserve| Regulation |Reserve Regulation Reserve| Regulation

RRG/RCET Mp, Case 1 77.29 33.22 73.25 2.07 18.45 6.24 25.18 8.86
Case 2 80.12 32.15 69.84 1.78 20.81 5.48 29.79 8.34
Case 3 65.92 32.20 80.83 1.54 4.08 4.77 4.05 3.82

RRG/DCET My, Case 1 68.43 33.20 67.59 2.39 22.36 7.20 33.08 -
Case 2 71.78 32.87 64.14 2.30 23.54 6.99 36.70 -
Case 3 62.10 32.98 72.50 1.16 19.84 3.51 27.36 -

Table 7.2: Robust Total Profits, Reserve and Regulation Bids in the Second Community

Robust CBEM with Ancillary | Total Profits| Avr. Hourly Bids (kW) | Avr. Hourly Dev. (kW) |Percentage bidding (%) | COR(S)
Model Cases Profits ($) |Reserve| Regulation |Reserve| Regulation |Reserve| Regulation

RRG/RCETMyg.| Casel 184.00 33.11 80.83 2.49 4.08 7.52 5.05 37.07
Case 2 170.95 32.21 80.83 2.13 4.08 6.61 5.05 35.27
Case 3 220.20 32.91 80.83 0.81 4.08 2.46 5.05 44.37

RRG/DCET Mpg.| Casel 146.93 33.62 75.11 3.20 14.05 9.51 18.70 -
Case 2 135.68 32.91 73.87 2.60 14.88 7.89 20.14 -
Case 3 175.83 32.98 80.83 0.83 4.08 2.51 5.05 -

Table 7.3: Robust Total Profits, Reserve and Regulation Bids in the Third Community

Robust CBEM with Ancillary | Total Profits| Avr. Hourly Bids (kW) |Avr. Hourly Dev. (kW) |Percentage bidding (%) |COR ($
Model Cases | Profits ($) |Reserve| Regulation |Reserve| Regulation |Reserve| Regulation

RRG/RCETMpypg.c | Case 1 396.01 48.68 90.42 10.61 2.04 21.79 2.26 44.44
Case 2 384.26 46.89 90.42 11.35 2.04 24.20 2.26 50.17
Case 3 440.67 46.35 90.42 12.37 2.04 26.69 2.26 54.94

RRG/DCETMpypg. | Case 1 351.57 48.28 90.42 12.44 2.04 25.78 2.26 -
Case 2 334.09 47.62 90.42 13.85 2.04 29.08 2.26 -
Case 3 385.73 47.23 90.42 1.60 2.04 3.39 2.26 -

The figures for the reserve and regulation bid from the community generation sources, the

agents’ DERs, and CES are shown in Figures [7.3a], [7.3b] and [7.3d] for Cases 1, 2, and 3 in the

first community, Figures[7.5a], [7.5b] and [7.5¢| for Cases 1, 2, and 3 in the second community, and

Figures[7.7a] [7.7D], and [7.7c| for Cases 1, 2, and 3 in the third community. The results show that

in the robust and deterministic scenarios, more energy is utilised from the grid in balancing the

provision for regulation as compared to the reserve and community markets.
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Table 7.4: Robust Total Profits from the Total Traded Costs in the Community, and Revenues
from Reserve and Regulation Markets in the First Community

Robust CBEM with Ancillary Trading Model

Total Profit Breakdown ($)

Percentage Costs (%)

Model Cases Community Costs | Reserve Revenues | Regulation Revenues | Community % | Reserve % | Regulation %
RRG/RCET Mp, Case 1 -69.98 47.45 99.82 -90.55 61.39 129.15
Case 2 -61.15 46.39 94.88 -76.32 57.90 118.42
Case 3 -90.96 45.94 110.94 -137.98 69.69 168.28
RRG/DCET My, Case 1 -70.45 47.45 91.44 -102.95 69.33 133.62
Case 2 -61.56 46.92 86.42 -85.76 65.36 120.39
Case 3 -84.05 47.12 99.03 -135.35 75.88 159.47

Table 7.5: Robust Total Profits from the Total Traded Costs in the Community, and Revenues
from Reserve and Regulation Markets in the Second Community

Robust CBEM with Ancillary Trading Model

Total Profit Breakdown ($)

Percentage Costs (%)

Model Cases Community Costs | Reserve Revenues | Regulation Revenues | Community % | Reserve % | Regulation %
RRG/RCETMP&c Case 1 25.79 47.26 110.94 14.02 25.69 60.30
Case 2 14.02 45.99 110.94 8.20 26.90 64.90
Case 3 62.25 47.01 110.94 28.27 21.35 50.38
RRG/DC‘ETJMP&C Case 1 -3.04 47.98 102.00 -2.07 32.65 69.42
Case 2 -11.30 46.88 100.11 -8.33 34.55 73.78
Case 3 17.79 47.10 110.94 10.12 26.79 63.10

Table 7.6: Robust Total Profits from the Total Traded Costs in the Community, and Revenues
from Reserve and Regulation Markets in the Third Community

Robust CBEM with Ancillary Trading Model

Total Profit Breakdown ($)

Percentage Costs (%)

Model Cases Community Costs | Reserve Revenues | Regulation Revenues | Community % | Reserve % | Regulation %
RRG/RCET]WP”,&c Case 1 203.05 69.73 123.24 51.27 17.61 31.12
Case 2 194.05 66.97 123.24 50.50 17.43 32.07
Case 3 251.06 66.38 123.24 56.97 15.06 27.97
RRG/DCETMp,pgc Case 1 158.84 69.49 123.24 45.18 19.77 35.05
Case 2 142.53 68.23 123.24 42.66 20.45 36.89
Case 3 194.12 67.52 123.24 50.44 17.54 32.02

7.4 Summary

In this chapter, a robust approach to the joint market model of a community of agents trad-

ing their DER resources, maximising their utility from their DERs and community resources

including generation units and CES while offering ancillary services of reserve and regulation

is proposed. The results show that in the three case studies analysed for the three community

microgrids, the robust solution resulted in higher optimal traded profits when compared to the

deterministic scenario and associated costs of robustness. In all three communities, more energy

was utilised in the regulation market than in the reserve and community markets.

Also, in

comparing the contributions of each of the markets analysed to the total profits for the robust

solutions, the regulation market contributed the most in the first community, the community
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Figure 7.1: Actual energy balance prices and price bounds.

market and regulation market contributed more in the second community while the community

market contributed the most in the third community.
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Chapter 8

Conclusion

With the recognition of the emerging consumer-centric markets, this research work proposes
robust approaches to a community-based market platform of agents engaging in energy trading of
their excess/deficit resources with their neighbours in a community microgrid under uncertainty.
These forms of markets are centralised with a community manager playing a supervisory role in
the control of energy trades between the agents in optimising the total traded costs and profits.
The robust solution is realised against the worst-case scenario of uncertain parameters of agents’
resources resulting in the highest traded costs, and an impact of uncertainty measured by the cost
of robustness. The scenarios are generated by selecting an appropriate OA for the community-
based market problem from the array selector. The TOAT array selector was used instead of
the Monte Carlo simulation because of its ability in characterising uncertain parameters towards
producing the worst and best case scenarios for robust optimization problems, while the Monte
Carlo simulation is used to generate scenarios for more deterministic and stochastic problems
in producing near-optimal solutions. The robust solutions obtained through TOAT are more
conservative, hence control parameters are introduced in the robust CBEM to control the level
of conservatives.

The work further proposes a community-based market model that integrates the economic
utility of the agents’ preference relations on imports/exports within and outside the community
which is subject to constraints relating to the consumer’s/prosumer’s consumption budget and
the producer’s/prosumer’s generation budget. Individual utility functions reflecting the agent’s

desired preferences are modeled as indifference curves within their energy consumption and
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generation spaces. Case studies for different community microgrids of agents were analysed and
compared based on the perceived prices of agents, weather variability, and resource availability.
The comparison extends to the use of fairness indicators in the analysis of the market results
of community-based markets with and without economic utility maximation across all case
studies. The results show that for each case study analysed in the community microgrid, the
community-based market problem is solved to provide optimal trading costs from the preference
relations of the agents, which changes as a result of the limited generation of agents, in the
absence of a community-owned generation resource. With the integration of the community-
owned generation resource and CES which can be scaled in capacity depending on agents’
preference relations, the economic utility of agents is maximised. This additional capacity can
provide more supply and storage for the increased demands of community agents’ in assuming
more autonomy from the grid. This improves the benefit of community-based market problems
towards more locally traded energy in the community, compared to the peer-to-peer market
which has no connection to the grid, and no supervisory control, and involves a negotiation
process of available supply until convergence.

Furthermore, the provision of ancillary services by the community microgrid in the form
of energy reserve and regulation is analysed in a joint market model which aims to offer these
services while maximising the utility of agents. Given the proposed community-based market
model is unable to supply the required capacity enough to participate in ancillary services as
published by National grid |103|, the community is assumed to be in a set of aggregated commu-
nities IV, which can provide the necessary capacity needed for the provision of AS by calculating
the total capacities from all the aggregated communities. The impact of uncertainty on this
market is investigated to determine the cost of robustness as compared with the deterministic
counterpart which provides comparisons with and without the offer of ancillary services while
maximising the community agent’s utility levels using robust optimisation. The results realised
reflect the profits of the community when trading AS in comparison to not trading AS. The cost
breakdown shows the revenues and percentage compositions realised from trading ancillary as
well as CBEM trading costs. The robust solutions reflect the highest trading profits as more

energy is purchased from the grid to balance the energy during the AS offering.
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8.1 Future Work

In the future, many flexible energy market models that will enhance the reliability of the grid
will be rolled out, therefore it is important to ensure seamless connectivity and communication
when interfaced with the proposed community market structure. This may require information
exchanges such as imports/exports from the community to the grid for the flexible markets to
analyse accurately the imports/exports amounts in and out of the grid. This will involve eco-
nomic and technical applications at the grid level in ensuring generation continuously balances
demand. Therefore for future work, this thesis will be extended to integrate into flexible en-
ergy markets to enable energy import and export levels to be monitored towards ensuring grid
reliability and resilience.

Another relevant aspect is in the parallel convergence of the negotiation process through
distributed optimisation for the markets at community and grid levels. This may be impacted
greatly by the scalability of the market, and integrating a large number of community agents
may slow down the process of convergence. Therefore a move to reduce information exchanges
between agent nodes will enhance the negotiation process. In the future, it is recommended
to apply more distributed optimisation for community agents to solve their problems while
improving the negotiation algorithm towards convergence.

Finally, the proposed community-based market will face more strategic behaviours from mar-
ket participants and therefore it is important to utilise approaches within the market mechanism
that enhances fairness amongst agents and ensures the grid constraints are within permissible
limits. Sanctions in the form of penalties can be incurred by agents who do not follow the mar-
ket rules at the community level, as well the grid may incur network access costs on maximum
imports/exports in and out of the grid to ensure the flexibility and reliability of the network.
In the future, the proposed models will be extended to penalise community agents’ behaviours
towards the community-based market problem and to monitor how this will improve community

fairness.
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Appendix A

Normalised Costs for Agents’

Preferential Cost Curves

In this work, the Ausgrid peak tariff 2019 is considered as market prices for imports. Small
deviations are applied to this tariff to realise a mean pps and standard deviation op; around
which community agents set their preferred cost curves for energy trades within the community.

A normalised cost function is proposed according to [2| to model a price ¢jp,, Cp,., Cn,, Clng
community agents (prosumers, producers, consumers) are willing to pay or be paid for their
consumption and production resources and an increase or decrease in the price of dj,, ,d,,,
dny, din, corresponding to the minimum and maximum values of assets. This is expressed for

each community agent as follows:

Cjiny %N(/’LM70-M)?djnr %N(O,OM) Vj € Rg ny € Npr (A1>
Cp, ~ N(MM,UM),CZ”T %N(O,UM) Vn, € Npr (AQ)
Cng = N (par,on ), dny = N(0,007) Vg € Ne (A.3)
Cpy, ~ N(/LM,UM>,dlng ~ N(O,UM) Vng € Np <A4)

For agents equipped with conventional generators and community-owned Dgs, the costs are
scaled also to the market prices. Given an agent’s conventional resource or community-owned

generation unit, the willingness to be paid for the agent is represented as c¢;jy,, for prosumers,
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Ciln, for producers, and the community set cost for its generation unit is ¢;, the normalised costs

is represented thus:

Cijn, ~ N(,UM, O’M), dz’jnr ~ N(O, JM) Vn, € NpTVi S Cg (A5)
Citng = N (ar; 0nr), ditny = N(0,007)Vng € Ny (A.6)
Ci%N(/LM,O'M),dZ' %./\/’<0,UM)VZ' S Cg (A?)

The mathematical expression for the Normalised costs for each agent resource becomes:

Nej, = W Ny, = HUM Vj € Ry n, € Ny, (A.8)
Ne,, = %,N’dnr = MJM V n. € Ny, (A.9)
N,cnd B cndU*MMM/\/dnd = JWZ:/;ZUM V ng € N, (A.10)
N, = W’Nqu - ma Y ng € N, (A.11)

where M,, represents the market price in each period t following the small deviations applied.

For the community agents and the community’s conventional resources:

Cin, M M, — pr .
Cing = % /\/'me ﬁp M, om Vi ng € Ny, (A.12)
Cilng — MM M, — ppg .
Negs, = b Ny, = ﬁm Vi n, € Ny (A.13)
p P

Therefore from the normalised costs of the prices community agents are willing to pay, the
marginal costs for their resources ajy, ,an, , an,, Aings and bjn,., by, bng, bin, and aip,., ain,, a;,

and bip,., bin,, b; are modelled as follows:
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N . ﬁjnr - B
jn, = 2——""— bjn, = Ny, + (Nay,, =) Vj € Ry ny € Ny (A.14)
p,]nr B,]nr p]”r B]nr
N, Dn, — D
n, = 2= b, =N, + Ny, ———") ¥ 0, € N, (A.15)
pn”'_BTLT Ty _Bn,r
N, Pny — P
g = 2= by, = No, + Ny, ———"2) ¥ g € Ne (A.16)
pnd - Bnd ng Bnd
n Ping =P
Uy = 2—— by = Ny + Ny, ———"2) VI € R, ny € N, (A.17)
—_ g g —_
plng Elng plng Blng

The agents’ conventional resource and community generation unit, is expressed thus:

N, Din, — P,
iny = 2= b = New + (N, =) i 1, € Ny (A.18)
Pin, — er Pin, — Binr
N, Pin, — P,
Qing = 22— b = N+ (N, ———29) Vi ng, € N, (A.19)
. — g a9 m. —
pzng Bing Mg Eing
N, pi—p;. .
a; =2——"— b = Ne; + Ny ———) Vi € C (A.20)
bi — D bi — D

The renewable generation resources of community agents have marginal costs ajy,., ai,, = 0 and
bjn,,bin, = 0 as a result of their lower and upper bounds being equal, so their generation outputs

must be dispatchable.
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Appendix B

Utility Maximization Formulation for

Community Agents

B.1 Cobb Douglas

In this section, the economic model for prosumers’ and consumers’ consumption from within

and outside the community is presented.

Qn gt Bndt
max 7y, fnYngims Vd € Ne, VE €T
Tngtm,Yn tm

Tngtm T Yngtm = pgdt, Vng € N.,Vt €T

Tngtm = 0, Yngtm = 0, Vng € N.,Vt € T

Using Lagrangian multiplier A

Qngt Pyt d
ndfm’yndfm + A(Pndt = Tngtm — rYndtm) Vng € Ne,Vt €T
5U(Tndtm77ndtm) andt_l Bndt
5 = QngtTh im  Tngtm — A Vnd € Ne, Vi €T
Tngtm

5U(Tndtma ’Yndtm)

0

’Yndtm

ongt Pnat=l _\ vy e NoVEE T

= Bndtrndtm ngtm
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Equations (B.3]) and (B.4) are equal being both equal to A. Dividing (B.3)) by (B.4) gives the

MRS

Qnatnatm _ 1 v, e NVt €T

Bndtrndtm

OngtVngtm = 5ndt7'ndtm Vng € Ne,Vt €T

From equation (B.1b]), representing each of ry, 4y, and 7y m explicitly gives:

Tngtm = pzdt — Tngtm> vnd € NC7Vt eT

Tngtm = pidt — T'ngtm, vnd S Ncth eT

solving each of equations (B.7) and (B.§]) simultaneously with gives:
st gt = Pt (B0 = Angtm) g € No, ¥t € T

7ndtm(andt + Bndt) = Bndtpgdt Vng € Ne,Vt €T

Bndt d
Yngtm = —————5—Py + Yng € Ne,Vt €T
i andt + /Bndt i ’
Likewise solving for ry, 1, gives
CQngt d
Tntm = —————p%  ¥ng € N,Vt €T
fatm andt + /Bndt ndt “

Since Qn gt + /Bndt = 1,

_ d . _ d
rndtm — andtpndp 'Yndtm - /Bndtpndt

(B.5)

(B.6)

(B.7)

(B.8)

(B.9)

(B.10)

(B.11)

(B.12)

(B.13)

These same models are used for prosumer consumption preferences by replacing a consumer ng

with the prosumer n,..
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B.2 Perfect Complements

In this section, the economic model for prosumers’ and producers’ production from within and

outside the community is presented.

min U(pmqngtm, angténgtm),Vng S Np,Vt eT

Qngt’m,yéngtm
Gngtm + 6ngtm = ngt, Vng S Np,Vt erT
Pntdngtm — Ungt(sngtm =0, vng S Np,Vt eT

Angtm >0, 5n9tm >0, Vng S Np,Vt eT

From (B-114

Oyt 0.
Antm = U ngtm7 Vng € Np,Vt €T
Pngt
5ngtm = pinthngtm’ Vng S Np,Vt eT
Ongt

Substituting each of equations (B.15)) and (B.16)) in (B.14b)) gives:

on, t6
O St = DY Vg € Ny VEET
Pngt 7

Multiply through by pp ¢

OngtOngtm + PrgtOngtm = pngtpfbgt, Vng € Np,Vt €T

(Sngtm(o’ngt + pngt) = pngtpglgt, Vng S Np,Vt eT

Pngt
1) =2 pf  Vn,eE N, VteT
ngtm Ungt+pngtpngt g p
Likewise solving for dp,,¢m gives
Ungt g
=—7 , Vng € N,,VteT
Gngtm Tnot + pngtpngt g p

(B.14a)

(B.14b)

(B.14c¢)

(B.14d)

(B.15)

(B.16)

(B.17)

(B.18)

(B.19)

(B.20)

(B.21)

These same models are used for prosumer consumption preferences by replacing a consumer n,

with the prosumer n,..
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g
Angtm= pfgt In,tm =py, ¢

Gn,tm In,tm

g
O, em Onpem = Pt

Figure B.1: Schematic representation of production preferences of producer agents: perfect

substitute

B.3 Perfect Substitutes

In the second and third case studies for analysing weather variation and resource availability

from Chapter 4, the producer and prosumer preferences are assumed, to export all the energy

produced from their resources to the community allowing for zero export to the grid. This can

be modeled using the perfect substitute utility function as follows:

, m%x PrtGngtm + OngtOngtm, Vng € Np, Vt € T (B.22a)
ngtm,;9ngtm
Prtdngtm + Ungt(sngtm = pflgt, Vng € Np,Vt eT (B22b)
Angtm >0, 5ngtm >0, Vng S Np,Vt eT (B22C)
Equation (B.22b) is expressed explicitly to give the equation of a line as follows:
OngtOngtm = pflgt — Pntngtm, Yng € Np,Vt €T (B.23)
jod t p
5’ﬂgtm = Mgt _ 7nt qngtm, Vng S Np,Vt € T (B24)
Ongt  Ongt
The slope at any point of the indifference curve should be equal to ap—”tt = —1 for (B.14hb) to
ng

hold. The producer agent is indifferent and can decide to forgo all exports to the grid, and only

export within the community and store the excess energy in the CES.
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