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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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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 (DERs) 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 diversi�ed 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 �ow 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 tari�s which may not enhance

their �exibility and scalability given the increased installed capacity of consumers. The real-time

electricity tari�s and day-ahead electricity market prices continually �uctuate. Consumers are

mandated to shift higher-rated loads to o�-peak periods to smoothen the demand pro�le curve

and allow for peak load shaving. These approaches may limit the active participation of the
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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 �exibility 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 tari�s. 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 bene�cial 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

�exibility 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, �xed electricity tari�s, energy management strategies, and demand-side

management initiatives. The choice of moving towards low-carbon energy becomes bene�cial
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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 tari�s 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
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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 a�ect 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 re�ect 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 re�ected these households'

preference relations in their consumption over di�erent periods. The utility functions (Cobb-
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Douglasu(c1; 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

de�ned 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 re�ecting 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 �exibility

and energy balance in the agent's imports and exports within and outside the community/grid.

With regards to the utility functions which re�ect 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 insu�cient 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 de�ned over probability distribution functions representing a certain number of sce-

narios, RO models are de�ned 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 de�ned 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 de�ned 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-
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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 o�ering 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 speci�c 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 o�er 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 o�ering 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

o�ering curves for a producer who is a price taker participating in a pool with consideration

to price con�dence 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
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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:

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

optimization techniques.

ˆ Evaluate the e�ects of uncertainty on total traded costs in the CBEM against the best

and worst-case uncertainty scenarios generated by TOAT.

ˆ 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.

ˆ Investigate the role of CES and conventional generators in providing �exibility and balance

in periods of insu�ciency.

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

consideration to the agents' utility maximization.

ˆ Analyse the possibility of o�ering 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.

ˆ 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:
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Figure 1.1: Thesis structure and main contributions.
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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 di�erent 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 pro�ts/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.
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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:

ˆ 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, e�ciency, 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 �ow 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, �exible, and economical network [33]. According to

the SG ETP, smart grids are de�ned 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 e�ciently deliver sustainable, economic, and secure electricity supplies. This de�nition

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 bene�ts 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 �exible 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, e�ciency in energy management, show more

dependency on their energy consumption within the community market as compared to the main

grid [35, 36]. 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 di�erent aspects of energy trades that are covered in literature encompassing these areas are

shown in Figure 2.1

In this chapter energy trading resources and the di�erent 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 �ow 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 speci�ed 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.

13



The �exibility 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,

�ywheels, 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 �uctuating 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 �xed or non-shiftable loads

such as the lighting appliances, refrigerator which are satis�ed 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 satis�ed at a later speci�ed time when supply is higher than demand and electricity

prices are lower. The �xed loads or in�exible loads must be on supply when needed, while the

�exible/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 �exible and in�exible load demands are used within bounded intervals to participate

in the community-based market problem. The in�exible/�xed loads are taken as lower bounds

while the �exible loads in addition to twice the in�exible 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 �ow 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 �ow of

information is through large network cables and communication lines such as �ber 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 e�ciently 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 di�erent 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 e�ect 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. [50]

investigated the e�ect 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 �nite 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 �exibility 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 2.2 shows the centralised and decentralised structures of the market. Given

this basis, consumer-centric markets can be classi�ed into three structures: decentralised Peer-

to-Peer markets, centralised markets, and distributed markets [5].

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] classi�es 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 di�erentiation 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 di�erent

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 re�ects

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 bene�ts 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 e�ectively

to model the sharing, trading, or transportation of energy as the case may be. The de�nitions 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 speci�ed

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 pro�le 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 �exibility [17]. The robust solutions obtained are said to beimmune to data

uncertainty [17, 75, 76, 81] 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-noiseS=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.
[86]

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 (sm ). The OA is

replaced by the notation L as in L N (sm ) 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 de�ned mathematically assm test runs and the selected OA represents a fractionN=sm

of the possible combination of outcomes. TheL 4(23) and L 8(27) are two examples of OA with

4 and 8 test runs respectively, 2 levels each and3 and 7 factors respectively represented by

fractions of 4=23 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

de�ning 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 amin max problem, where the uncertain parameters are

maximised against the realisation of the worst uncertainty. Given the objective functiong(x; u),

SRO aims to minimize the objective function while maximising the uncertainty in realising an

optimal x � given the worst uncertainty parameter u. Mathematically:

min
x2 X

max
u2 U

g(x; u) (2.1)

where the vectorx 2 X represents the decision variables andu 2 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 o�ering

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 o�ering

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
x2 X

max
u2 U

min
y2 Y

g(x; y; u) (2.2)

The model of the planning stage is de�ned in the �rst level before any uncertainty considerations

and the aim is to minimize the objective function g(x; y; u) with decision variable vectorx 2 X .

The second level presents the uncertainty parameter within the uncertainty setu 2 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 de�nes a bounded and unknown distribution for each uncertain ele-

ment. Here, the uncertain parameters are not de�ned 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 bene�ts or social welfare within a given platform. They can

either be identi�ed 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 setX

of goodsn where x i represents the amount of each goodX (x i ; :::; xn ). The agent preferences

is re�ected in the choices between two goodsx and y where x � y; and y � x show their

preferences for each goodx 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 ifx � y ; y � z then x � z. The preferences are incomplete

and intransitive whereas the agent preferential relations become unclear and ambiguous [92].

Utilities are referred to as quanti�ers 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 x i 2 X denoted byu(x i ) 2 R. The utility function represents

the agents' choices of goods such thatu(x) � u(y) which is the same as whenx � 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, anindi�erence is asserted betweenx and y if u(x) � u(y).

Monotonicity

If for any two bundles of commoditiesx = ( x1; :::xn ) and y = ( y1; :::yn ), preferences as well as

utilities are monotonous if x i � yi for eachi and for somei , implies that x � y and u(x) � u(y).

This explains that indi�erence 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 wheneverx � y then rx + (1 �

r )y � y 8r 2 [0; 1]. As a result of the binary variable r , the agent preferences lie in the extremes,
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and given the agent's preferences for each ofx and y is indi�erent, then the agent prefers the

average ofrx + (1 � r )y � y to either xor y. Rewriting this to re�ect the utility gives:

u(rx + (1 � r )y) � u(y)8r 2 [0; 1] (2.3)

The utility function which satis�es (2.3) is referred to as quasi-concave.

In analysing the agent's utility maximization problem, both convexity and monotonicity

concerning the agent's �rst-order conditions are a solution to the agent's problem.

2.4.2 Indi�erence Curves

The indi�erence 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 indi�erence curves indicating the set of commodities that gives a constant level of

utility [92]. An agent may have indi�erent curves for di�erent levels of utility. Given that an

agent's utility function

u(x1; x2) = x1x2 (2.4)

If the utility function is replaced by a constant value k, then the indi�erence curve satis�es the

equation x1x2 = k. This results in the equation of a hyperbola. An indi�erence curve between

x1 and x2 is shown in �gure 2.4

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 indi�erence curve of the agent's utility is

called the marginal rate of substitution. Mathematically:

MRS (x1; x2) =
� dx1

dx2
(2.5)

MRS de�ned for the utility function of agents represents the marginal utility of each good over

the other. Mathematically given the utility function u(x1; x2), mathematically:

MRS (x1; x2) =
MUx1

MUx2

(2.6)
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Figure 2.4: Indi�erence curves with constant utility.

The marginal utility of x1 and x2 can be calculated through implicit partial di�erentiation as

follows:

MUx1 =
@u
@x1

; MUx2 =
@u
@x2

(2.7)

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

to the indi�erence curve of the agent. Given the costs ofc1 and c2 for goodsx1 and x2, the

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

MRS (x1; x2) =
c1

c2
(2.8)

MUx1

c1
=

MUx2

c2
(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 2.5 shows the MRS
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Figure 2.5: Marginal rate of substitution with budget constraint.

betweenx1 and x2

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 de�ned according to Cobb Douglas such that:

u(x1; x2) = xa
1xb

2 ; a > 0 b > 0 (2.10)

The marginal utilities are de�ned thus:

MUx1 = axa� 1
1 xb

2; MUx2 = bxa
1xb� 1

2 (2.11)
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The marginal rate of substitution becomes:

MRS =
MUx1

MUx2

=
ax2

bx1
(2.12)

Given an income budget constraint such that

c1x1 + c2x2 = I (2.13)

The maximizer must satisfy the equation (2.8) such that:

ax2

bx1
=

c1

c2
; ac2x2 = bc1x1 (2.14)

Perfect Complements

A perfect complement utility function representing an agent's preferences between two goods is

given below:

u(x1; x2) = min ax1; bx2 (2.15)

The goods are perfect complements of each other, if the preference for each good is in proportion

to the other good. The indi�erence curve is L-shaped and at the points where the lines meet

ax1 = bx2 as shown in �gure 2.6. The MRS at this point is not de�ned as a result of the

non-di�erentiable nature of the indi�erence curve.

Perfect Substitutes

The perfect substitute utility function of two goods x1 and x2 is represented in the form

u(x1; x2) = ax1 + bx2 (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:

MRS =
MUx1

MUx2

=
a
b

(2.17)
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Figure 2.6: Perfect complements indi�erence curve.

In perfect substitutes, the marginal utilities are not dependent on the number of goods consumed,

as a result, the indi�erence curves are straight lines as shown in �gure 2.7.

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 pro�le. 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

30



Figure 2.7: Perfect substitute indi�erence 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 pro�ts in AS markets. In [28,98,99] bidding strategies were developed for gencos in

maximizing their pro�ts 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 [28] 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. [95]. It is the application of automatic gen-

eration control in rapid response to the SO requests for up and down reserve thereby tracking

instantaneous �uctuations in demand for every minute in system load and subsequent resolution

for unplanned �uctuations 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 within10 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 o�ine 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 speci�ed 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 inde�nite

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 �nally 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 o�ered include reserve services, Frequency response services, demand �exibility services, etc.

The energy capacities and timescales required for these balancing services vary depending on

the type of service o�ered and the duration of service. Table 2.1 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

34



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 �le 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

con�rmed 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 bene�cial

exchange of energy betweenprosumers. 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 speci�ed

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 o�er novel designs for the restructuring of

current electricity markets with regards to prosumers trading their excess/de�cit energy with

other end-users. The bene�ts 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 �exibility and

preferences towards the type of DER to meet their load demands. Consumers are no longer

restricted to conventional generation, �xed electricity tari�s, 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 �nancial 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 di�erent 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 �uctuations 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 o�er possible

combinations to a given experimental design or analysis towards achieving the desired outcome.

The main bene�t of TOAT in comparison with Monte Carlo simulation is that TOAT is capable

of characterizing di�erent 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 di�erent 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 di�erent 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 �ow 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:

ˆ 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.

ˆ 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 3.1, the proposed scenario gen-

eration technique based on the notion of TOAT is presented. In Section 3.2, the mathematical

formulations are introduced. In Section 3.3, the proposed approaches are tested on three micro-

grids as a community. Finally, Section 3.4 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 parametersX (a1; :::; am ; ::::aM ) with M

entries. Given N likely future realizations of each uncertain parameteram for m = 1 ; :::; M ,

there are N M likely scenarios for future realizations of allM uncertain parameters belonging
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Table 3.1: Orthogonal Array L 4(23) with Four Scenarios and Three Uncertain Parameters

Number of Scenarios � 1 � 2 � 3

1 1 1 1
2 1 2 2
3 2 1 2
4 2 2 1

to the vector of uncertain parametersX . Needless to say, including all likely realizations of

uncertain parameters in a speci�c 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 formL T (N M ), where L represents Latin squares based on TOAT terminology andT

represents the number of reduced scenarios. For instance, suppose that there are three uncertain

parameters (i.e.,M = 3 , a1, a2, and a3) 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 areN M = 2 3 = 8 di�erent scenarios including all combinations of

likely future realizations. To reduce the number of scenarios, a basic OA withL T (N M ) = L 4(23)

can be used as depicted in Table 3.1. 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 3.1. Therefore, in thisL 4(23) array, realizations1 and 2 occur two times [108], [109], and in

general,T=NM times for a genericL T (N M ) OA. There are available libraries with di�erent OAs

to characterize the uncertainty spectrum through the TOAT approach. Note that a particular

OA may be modi�ed for a speci�c 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 3.1 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., ~pg
jn r t =

h
pg

jn r t + p̂g
jn r t ; pg

jn r t � p̂g
jn r t

i
, where pg

jn r t and p̂g
jn r t stand for expected value and

deviations of renewable DEr of prosumernr 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 prosumernr (i.e., ~pd
n r t =

�
pd

n r t � p̂d
n r t ; pd

n r t + p̂d
n r t

�
,

wherepd
n r t and p̂d

n r t stand for expected value and deviations of load demands at hourt ) represent

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

max
Ugr t 2 
 USgr t ;Udr t 2 
 USdr t

min
X n r t 2 
 X n r t ;Z t 2 
 Z t

0

@
NprX

n r =1

TX

t=1

' n r (X n r t ; Ugr t ; Udr t ) +
TX

t=1

g(Z t ; Ugr t ; Udr t )

1

A

(3.1)

where
 USgr t / 
 USdr t represents the set of uncertain parameters of the prosumer generation/consumption

resources at hour t,
 X n r t represents the feasible space of decision variables of prosumernr at

hour t, and 
 Z t represents the feasible space of continuous variables of the community manager

at hour t. The proposed min-max problem in (3.1) minimizes the total costs of prosumers, i.e.,

' n r (X n r t ; Ugr t ; Udr t ) where:

X n r t =
�

pg
n r t ; pd

n r t ; rn r t ; qn r t ; 
 n r t ; � n r t
	

, and the total costs of the community manager in im-

porting/exporting electricity inside/outside the community, i.e., g(Z t ; Ugr t ; Udr t ) where Z t =

f 
 impt ; � expt g, under the worst-case realization of uncertain parameters, i.e.,Ugr t ; Udr t = f ~pg
n r t ; ~pd

n r t g.

Needless to say, this problem cannot be solved for all realizations of uncertain parameters. To

obtain a tractable counterpart, �rst, 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 3.1, pg
n r tw =pd

n r tw ; pg
ng tw and pd

nd tw corresponds to the production/consumption of

a prosumer nr , a producer ng and a consumernd in the hour t and scenariow. The energy

trading within the community by all agents is modelled in qn r tw and rn r tw for the prosumer's

production and consumption resources,qng tw for the producer's resources andrnd tw for the

consumer's resources in the hourt and scenariow. The trades in the community are balanced

by the community manager such that qn r tw + qng tw � rn r tw � rnd tw = 0 at the hour t and

scenariow. Each agent can also trade energy with the outside community or the grid through

the community manager 
 n r tw =�n r tw , is the power imports/exports by the prosumer, 
 nd tw are

power imports by the consumers and� ng tw are power exports for the producers at each hourt

and scenariow. The sum of these trades is equal to the total imports
 imptw and exports � imptw

traded by the community manager in the hour t and scenariow and the import and export costs

s�impt and s�expt 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 di�erent agents

depending on the nature of their resources, and a transaction cost� com is set by the community
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manager for the energy trades within the community.

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

min � (pg
n r tw ; pd

n r tw ; rn r tw ; qn r tw ; 
 n r tw ; � n r tw ; 
 imptw ; � exptw ) (3.2a)

s.t. � �
RgX

j =1

TX

t=1

NprX

n r =1

' jn r (pg
jn r tw ) +

TX

t=1

NprX

n r =1

� nc (pd
n r tw )+

� com

TX

t=1

NprX

n r =1

rn r tw + � com

TX

t=1

NprX

n r =1

qn r tw +

s�impt

TX

t=1

NprX

n r =1


 n r tw +

s�expt

TX

t=1

NprX

n r =1

� n r tw +
TX

t=1

g(
 imptw ; � exptw ); 8w 2 W

(3.2b)

pg
n r tw � qn r tw � � n r tw = 0 8nr 2 Npr ; 8t; 8w (3.2c)

pd
n r tw � rn r tw � 
 n r tw = 0 8nr 2 Npr ; 8t; 8w (3.2d)

pn r tw � pg
n r tw + pd

n r tw = 0 8nr 2 Npr ; 8t; 8w (3.2e)

R jX

j =1

pg
jn r tw = pg

n r tw 8nr 2 Npr ; 8t; 8w (3.2f)

pn r tw + rn r tw � qn r tw + 
 n r tw � � n r tw = 0 8nr 2 Npr ; 8t; 8w (3.2g)

NprX

n r =1

qn r tw �
NprX

n r =1

rn r tw = 0 8t; 8w (3.2h)

NprX

n r =1


 n r tw = 
 imptw 8t; 8w (3.2i)

NprX

n r =1

� n r tw = � exptw 8t; 8w (3.2j)

pg
jn r tw

� pg
jn r tw � pg

jn r tw 8nr 2 Npr ; 8t; 8w (3.2k)

pd
n r tw

� pd
n r tw � pd

n r tw 8nr 2 Npr ; 8t; 8w (3.2l)


 n r tw � 0; � n r tw � 0; 8nr 2 Npr ; 8t; 8w (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 �nd 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 ' jn r = ajn r � pg
jn r tw 2 + bjn r � pg

jn r tw is considered

here. If the net production of the prosumer is from either renewable or non-renewable DERs,

ajn r = 0 , bjn r = 0 or ajn r > 0, bjn r > 0, respectively.

Constraint (3.2b) ensures that � is greater than or equal to the total costs of the worst

scenario. Constraint (3.2c)/(3.2d) expresses the energy balance for each prosumer's production

and consumption respectively. Constraint (3.2e) gives the sum of the production and consump-

tion of each prosumer at hourt and scenariow. Constraint (3.2f) is the net production from

all the generation assets of each prosumer at hourt and scenariow. Constraint (3.2g) repre-

sents the combined energy balance of each prosumer's production and consumption at hourt

and scenariow. Constraint (3.2h) represents the total energy traded between prosumers within

the community where its net value is equal zero. Also, constraint (3.2i)/(3.2j) stands for the

total energy imported/exported by the community manager inside/outside the community and

consumed/produced by di�erent prosumers. Constraint (3.2k)/(3.2l) limits the power produc-

tion/consumption of each prosumer resource where the lower-bound (i.e.,pg
jn r tw

, pd
n r tw

) and

upper-bound (i.e., pg
jn r tw , pd

n r tw ) parameters for each scenario are obtained from the TOAT ap-

proach. Also, constraint (3.2m) ensures the non-negativity of variables indicating imported and

exported energy by each prosumer. It is noteworthy to mention that the proposed model in

(3.2a)-(3.2m) can �nd 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 �nd

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 � (pg
ng tw ; pd

nd tw ; rnd tw ; qng tw ; 
 nd tw ; � ng tw ; 
 imptw ; � exptw ) (3.3a)

s.t. � �
RpX

l=1

TX

t=1

NpX

ng =1

' ln g (pg
ln g tw ) +

TX

t=1

N cX

nd =1

� nd (pd
nd tw )+

� com

TX

t=1

N cX

nd =1

rnd tw + � com

TX

t=1

NpX

ng =1

qng tw +

s�impt

TX

t=1

N cX

nd =1


 nd tw +

s�expt

TX

t=1

NpX

ng =1

� ng tw +
TX

t=1

g(
 imptw ; � exptw ); 8w 2 W

(3.3b)

pg
ng tw � qng tw � � ng tw = 0 8ng 2 Np; 8t; 8w (3.3c)

pd
nd tw � rnd tw � 
 nd tw = 0 8nd 2 Nc; 8t; 8w (3.3d)

RpX

l=1

pg
ln g tw = pg

ng tw 8ng 2 Np; 8t; 8w (3.3e)

NpX

ng =1

qng tw �
N cX

nd =1

rnd tw = 0 8t; 8w (3.3f)

N cX

nd =1


 nd tw = 
 imptw 8t; 8w (3.3g)

N cX

nd =1

� nd tw = � exptw 8t; 8w (3.3h)

pg
ln g tw

� pg
ln g tw � pg

ln g tw 8ng 2 Np; 8t; 8w (3.3i)

pd
nd tw

� pd
nd tw � pd

nd tw 8nd 2 Nc; 8t; 8w (3.3j)


 d
nd tw � 0; � g

ng tw � 0 8nd 2 Nc; 8ng 2 Np8t; 8w (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),(3.3e), 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:

min � (pg
n r tw ; pd

n r tw ; rn r tw ; qn r tw ; 
 n r tw ; � n r tw ; pg
ng tw ; pd

nd tw ; rnd tw ; qng tw ; 
 nd tw ; � ng tw ; 
 imptw ; � exptw )

(3.4a)

s.t. � �
RgX

j =1

TX

t=1

NprX

n r =1

' jn r (pg
jn r tw ) +

RpX

l=1

TX

t=1

NpX

ng =1

' ln g (pg
ln g tw ) +

TX

t=1

NprX

n r =1

� n r (pd
n r tw )+

TX

t=1

N cX

nd =1

� nd (pd
nd tw ) + � com

TX

t=1

NprX

n r =1

N cX

nd =1

(rn r tw + rnd tw ) + � com

TX

t=1

NprX

n r =1

NdX

ng =1

(qn r tw + qng tw )+

s�impt

TX

t=1

NprX

n r =1

N cX

nd =1

(
 n r tw + 
 nd tw )+

s�expt

TX

t=1

NprX

n r =1

N cX

nd =1

(� n r tw + � nd tw ) +
TX

t=1

g(
 imptw ; � exptw ); 8w 2 W

(3.4b)

(3.2c) � (3.2g) (3.4c)

NprX

n r =1

NpX

ng =1

(qn r tw + qng tw ) �
NprX

n r =1

N cX

nd =1

(rn r tw + rnd tw ) = 0 8t; 8w (3.4d)

NprX

n r =1


 n r tw +
N cX

nd =1


 nd tw = 
 imptw 8t; 8w (3.4e)

NprX

n r =1

� n r tw +
NpX

ng =1

� ng tw = � exptw 8t; 8w (3.4f)

pg
jn r tw

� pg
jn r tw � pg

jn r tw 8nr ; 8t; 8w (3.4g)

pd
n r tw

� pd
n r tw � pd

n r tw 8nc; 8t; 8w (3.4h)

pg
ln g tw

� pg
ln g tw � pg

ln g tw 8ng; 8t; 8w (3.4i)

pd
nd tw

� pd
nd tw � pd

nd tw 8nd; 8t; 8w (3.4j)


 n r tw � 0; 
 nd tw � 0; � n r tw � 0; � ng tw � 0 8n; 8t; 8w (3.4k)

where the objective function equation (3.4a) 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 (3.4b)/

(3.4c) and (3.2b)-(3.2g), (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 (3.4k) 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 byDCET t , RCET t ,

and BCET t , respectively. It is worthwhile to note that the robust model solves the problem

for di�erent realizations of the uncertain parameters and characterizes di�erent 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 di�erence 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 g 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 scenariow is presented according to [2], [5] as:

g(
 imptw ; � exptw ) = ( � m + � )
 imptw � (� m � � )� exptw (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(
 imptw ; � exptw ) = s�impt 
 imptw � s�expt � exptw (3.6)

where � m is the market price for importing energy from the main grid, and � 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.

s�impt = � m + � and s�expt = � � m + � . This represents the price the community pays for import
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Figure 3.2: Total PV production and load consumption Case 1.

Figure 3.3: Total PV production and load consumption Case 2.

which is positive for cost minimization and negative for export representing revenue pro�t.

3.3 Case Study

In this work, three di�erent 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 �rst case

study involves a community microgrid of 7 prosumers with each equipped with a PV resource,
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Figure 3.4: Total production and load consumption Case 3.

the second case study is a community microgrid with 7 producers and 8 consumers �nally 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 �rst and second case studies are obtained from the clean data

set of the Australian distribution network Ausgrid dataset [112] while the third case study was

obtained from an example case of the Cigre LV benchmark model [113]. Figures 3.5, 3.6, and 3.7

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 �rst case study, and 7 producers and 8

consumers for the second case study, obtained from theclean dataset of 54 customers in the

Ausgrid network aggregated load and generation data for summer and winter seasons [112].

The Ausgrid peak-tari� in 2019 [114] is considered as market prices (i.e.,� m = 23:5336c/kWh)

set by the market operator, and a price is set at� = 10 c/kWh for using the grid. The import

price becomes the market price plus the grid tari� (i.e., � m + � = 33:5336c/kWh) and the export

price is (i.e., � m � � = 13:5336 c/kWh). All agents' cost functions re�ect their preferences for

costs set for trading their resources. These values are obtained as normalised costs of energy
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Figure 3.5: Schematic representation of test Case 1.

Figure 3.6: Schematic representation of test Case 2.

prices A and scaling it to the capacity of agent resources as used in [2]. The transaction cost

of the community manager is �xed at 1 c/kWh. The total load consumption of prosumers and
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Figure 3.7: Schematic representation of test Case 3.

consumers and total PV production of prosumers and producers are illustrated in Fig. 3.2

and 3.3 respectively. The upper and lower bounds of agents' renewable production resources

are considered the same (i.e.pg
jn r tw

= pg
jn r tw ) according to [5]. The consumption resource is

a �xed/�exible load pro�le 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.

50



Table 3.2: The L 16(215) Orthogonal Array with 14 Uncertain Parameters

Number of Scenarios a1 a2 a3 a4 a5 a6 a7 a8 a9 a10 a11 a12 a13 a14 a15 �

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 tari� in 2021 [115] is considered as market prices (i.e.,� m = 21:92

c/kWh) set by the grid, while the price � is also considered as a grid tari�. Therefore the

import prices from the community manager becomes� m + � = 31:92 c/kWh while the export

price is � m � � = 11:92 c/kWh. All agents' cost functions also re�ect 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 �xed at 1 c/kWh. The marginal costs for

the PV and wind turbines are taken as zero (ajn r = bjn r = 0 ; aln g = bln g = 0 ). The total PV

production and load consumption of prosumers, total production of producers, and consumption

from consumers are illustrated in Fig. 3.4. 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 �xed/�exible load pro�le at lower

bound and an upper bound with an increase by10%. 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 L 16(215) Orthogonal Array

Number of Scenarios a1 a2 a3 a4 a5 a6 a7 a8 a9 a10 a11 a12 a13 a14 a15

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

Table 3.4: The L 32(231) Orthogonal Array

N/s a1 a2 a3 a4 a5 a6 a7 a8 a9 a10 a11 a12 a13 a14 a15 a16 a17 a18 a19 a20 a21 a22 a23 a24 a25 a26 a27 a28 a29 a30 a31

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

3 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2

4 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1

5 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2

6 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2 2 2 2 2 1 1 1 1 2 2 2 2 1 1 1 1

7 1 1 1 2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 1 1 1 1

8 1 1 1 2 2 2 2 2 2 2 2 1 1 1 1 2 2 2 2 1 1 1 1 1 1 1 1 2 2 2 2

9 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2

10 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1

11 1 2 2 1 1 2 2 2 2 1 1 2 2 1 1 1 1 2 2 1 1 2 2 2 2 1 1 2 2 1 1

12 1 2 2 1 1 2 2 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1 1 1 2 2 1 1 2 2

13 1 2 2 2 2 1 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2 1 1

14 1 2 2 2 2 1 1 1 1 2 2 2 2 1 1 2 2 1 1 1 1 2 2 2 2 1 1 1 1 2 2

15 1 2 2 2 2 1 1 2 2 1 1 1 1 2 2 1 1 2 2 2 2 1 1 2 2 1 1 1 1 2 2

16 1 2 2 2 2 1 1 2 2 1 1 1 1 2 2 2 2 1 1 1 1 2 2 1 1 2 2 2 2 1 1

17 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2

18 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1

19 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1

20 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 1 2 1 2 1 2 1 2

21 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1

22 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2 2 1 2 1 1 2 1 2

23 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2

24 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2 2 1 2 1 1 2 1 2 1 2 1 2 2 1 2 1

25 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1

26 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1 2

27 2 2 1 1 2 2 1 2 1 1 2 2 1 1 2 1 2 2 1 1 2 2 1 2 1 1 2 2 1 1 2

28 2 2 1 1 2 2 1 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1 2 1 2 2 1 1 2 2 1

29 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2

30 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2 2 1 1 2 1 2 2 1 2 1 1 2 1 2 2 1

31 2 2 1 2 1 1 2 2 1 1 2 1 2 2 1 1 2 2 1 2 1 1 2 2 1 1 2 1 2 2 1

31 2 2 1 2 1 1 2 2 1 1 2 1 2 2 1 2 1 1 2 1 2 2 1 1 2 2 1 2 1 1 2

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 t DCET t BCET t

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 (c)
Time Periods RCET t DCET t BCET t

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 t DCET t BCET t

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 areN M = 2 14 = 16384; 215 = 32768; 231 =

2; 147; 483; 648di�erent scenarios at each hour of the scheduling horizon in all three case studies.

Accordingly, the L 16(215) OA based on the TOAT approach is used to decrease the number of

scenarios from32768to 16 and generate appropriate best-case and worst-case scenarios for the

opportunistic and robust models, respectively for the �rst and second case studies as shown

in Tables 3.2 and 3.3. The two case studies use the same orthogonal array except the15th

uncertain parameter is removed for the �rst case study to generate scenarios for 14 uncertain

parameters. TheL 32(231) OA is used to reduce the number of scenarios from2; 147; 483; 648 to

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

3.4

53



3.3.3 Discussion

According to the generation and demand pro�les presented in Figures 3.2 and 3.3, 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 �gure 3.3 and that of prosumers remains

stable in �gure 3.2, 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 di�erent hours of the scheduling horizon are depicted in Figures 3.8 and 3.9 for the �rst

and second case studies respectively. The energy trading costs of 16 scenarios pertaining to the

robust model are also indicated byCETw in Figures 3.8 and 3.9. According to the third case

study in �gure 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 �attened PV

generation of prosumers.

The total energy imported/exported from the community and the grid are shown in Figures

3.11, 3.12, and 3.13. In the �rst 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

�rst 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 di�erent hours are illustrated in Tables 3.5,
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Figure 3.8: Total energy trading costs in the �rst community.

3.6, and 3.7.

According to Tables 3.5, 3.6 and 3.7, 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 3.5,

3.6 and 3.7. 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 3.9: Total energy trading costs in the second community.

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 signi�cantly a�ect consumer-centric energy trades, it is vital to appropriately

characterize di�erent 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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Figure 3.11: Total energy imported and exported in the �rst community.

Figure 3.12: Total energy imported and exported in the second community.

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

pro�cient decomposition approaches to reduce its computation time for a large number of agent

resources.
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Figure 3.13: Total energy imported and exported in the third community.

Figure 3.14: Cost of robustness in the �rst community.
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Figure 3.15: Cost of robustness in the second community.

Figure 3.16: Cost of robustness in the third community.
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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 ofprosumers. To

increase their �exibility and achieve their goals, prosumers and other agents (producers and con-

sumers) can participate in local energy trading through Community-Based Electricity Markets

(CBEMs) 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 re�ect the will of prosumers to have more autonomy from

the market and system operator

In reality, prosumers might have di�erent 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 indi�erence 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 a�ect the consumers'

di�ering 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 in�uence of other consumers, availability of goods, etc. The preferences

are usually expressed through their utility functions [22]. For example, in the speci�c 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 �exibility, 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 �rst 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 bycomplementing

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 speci�c

energy source is a�ected by the availability of that resource. This is particularly of interest

when the preference concerns Renewable Energy Sources (RESs). Thus, a trade-o� 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 �exibility

and the ability to satisfy the constraints in an inter-temporal manner. ESSs can o�er both

pro�t maximization capabilities and the support of ancillary services [118,119], thus maintaining

the reliability in supply and market pro�ts [120]. In CBEM, this is achieved by prosumers

storing energy in o�-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 a�ect 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 di�erent behaviors of appliances within a stochastic load scheduling

problem. Introducing intertemporal decisions is unavoidable when battery storage or �exible

loads are introduced. In [1], two utility functions were introduced to de�ne 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 �exibility

and balance between imports/exports within the community and the grid.

The main contributions of this chapter are outlined as follows:

ˆ 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.

ˆ The role of the community energy storage system in meeting the agent's desired preferences

is analysed.

ˆ 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 4.1. In Section 4.2, the proposed CBEM problem

is introduced. In Section 4.3, the contribution of community-owned generation resources is

analysed in the problem formulation. In Section 4.5, the test case studies are presented. Finally,

Section 4.6 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 re�ect [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 4.1 for two commodity model are

given as follow:

u(x1; x2) = x1 + x2 (Perfect Substitutes) (4.1)

u(x1; x2) = min( x1; x2) (Perfect Compliments) (4.2)

u(x1; x2) = xa
1xb

2 (Cobb-Douglas) (4.3)

The utility u(x1; x2) 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
x

U(x1; : : : ; xk )

s.t c1x1 + : : : + cnxk � I

x1 � 0; : : : ; xk � 0

(4.4)

where k represents a number of commodities in an economy,x i denotes the amount of

commodity i and U(x1; : : : ; xk ) represents the consumer's utility function which is a measure of

the consumer's satisfaction with commoditiesx = f x1; : : : ; xkg. ci is the price of commodity i

and I � 0 represents the income the consumer budgets to spend on thek 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 commoditiesx1; x2 is thus expressed:

U(x1; x2) = xa
1xb

2

s.t c1x1 + c2x2 = I
(4.5)

where a > 0 and b > 0 are positive parameters witha + b = 1 and re�ect 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:

axa� 1
1 xb

2

bxa
1xb� 1

2

=
c1

c2
(4.6)

From (4.6), c2x2 is expressed in terms ofc1x1 in the budget constraint of (4.5) and c1x1 is

expressed in terms ofc2x2 in the same budget constraint equation to give:

c1x1 +
bc1x1

a
= I;

ac2x2

b
+ c2x2 = I (4.7)

which gives the solution of the problem for each commodityx1, x2:

x1 =
aI
c1

; x2 =
bI
c2

; � =
aabb

ca
1cb

2
(4.8)

if c1= c2=1, it implies x1 = aI and x2 = bI . The multiplier � gives the sensitivity of the optimal

utility to changes in the budget constraint I .

Similarly, the perfect complements [22] measures the maximum utility obtainable in comple-

mentary goods. Preferences are perfect complements when represented by:

U(x1; x2) = min
x1 ;x2

f ax1; bx2g (4.9)

Given that x1 and x2 are perfect complements with �xed proportions (e.g., according to their

price), then ax1 = bx2. Substituting in the budget constraint (4.5) gives:

x1 =
bI

bc1 + ac2
; x2 =

aI
bc1 + ac2

(4.10)

If c1 = c2 = 1 , it implies x1 + x2 = I .
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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/de�cient 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 de�ne 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 (4.5) where x1 becomes the energy imported from the DERs within the

community, x2 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 complementsutility function in (4.9) where x1 becomes the energy exported

from the DERs within the community, x2 is the energy export from to conventional grid source,

a and b are positive coe�cients of x1 and x2 respectively that keep them in �xed proportions

equal to a generation budgetI . The total traded costs of agents are then minimized at the

community level including the prosumer, consumer, and producer preferences as constraints.

Figures 4.2 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 re�ects

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 re�ect more autonomy. The Cobb Douglas and Perfect's complements

utility function utilised to re�ect 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/de�cient energy from the agent's preferences and allow for inter-temporal

trading. Figures 4.3, 4.4, and 4.5 illustrate the schematic representation of consumer, producer,

and prosumer agent preferences as indi�erent 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 indi�erence 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.

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 re�ect their consumption and production utility functions
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(a) Schematic representation of consumption preferences of prosumer agents.

(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 consumernd values a certain share� nd t of consumption from within the community to

consumption � nd t from outside the community in period t 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
nd t for each consumernd at hour t can be expressed using: (B.1)

max
r n d tm ;
 n d tm

r
� n d t

nd tm 

� n d t

nd tm ; 8nd 2 Nc; 8t 2 T (4.11a)

rnd tm + 
 nd tm = pd
nd t ; 8nd 2 Nc; 8t 2 T (4.11b)

rnd tm � 0; 
 nd tm � 0; 8nd 2 Nc; 8t 2 T (4.11c)

where � nd t + � nd t = 1 8nd 2 Nc; 8t 2 T. (4.11a) maximizes the utility of consumers as a

function of their imports from within the community and the grid, (4.11b) ensures that at each

time t that the consumers budget is obeyed, and (4.11c) ensures the non-negativity of variables.

The marginal utility of the consumer is de�ned 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.

mur n d tm =
�u (rnd tm ; 
 nd tm )

� r n d tm

(4.12)

mu 
 n d tm =
�u (rnd tm ; 
 nd tm )

� 
 n d tm

(4.13)

The marginal rate of substitution (MRS) of each of the consumer preferences for the other

is de�ned as the rate at which rnd tm is traded for 
 nd tm . 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

indi�erence curve.

MRS (rnd tm ; 
 nd tm ) =

�u (r n d tm ;
 n d tm )
� r n d tm

�u (r n d tm ;
 n d tm )
� 
 n d tm

(4.14)

With MRS (rnd tm ; 
 nd tm ) = 1, The consumer's maximum utility variables rnd tm and 
 nd tm can

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

rnd tm = � nd t pd
nd t ; 
 nd tm = � nd t pd

nd t (4.15)

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 pg
ng t and maximises pro�t based on this budget and their preferences. Likewise,

the indirect utility is the minimum utility obtainable by producer ng for energy exported within

and outside the community which are proportional at each timet and can be expressed using

perfect complements:

min
qn g tm ;� n g tm

U(� nt qng tm ; � ng t � ng tm ); 8ng 2 Np; 8t 2 T (4.16a)

qng tm + � ng tm = pg
ng t ; 8ng 2 Np; 8t 2 T (4.16b)

� ng t qntm � � ng t � ng tm = 0 ; 8ng 2 Np; 8t 2 T (4.16c)

qng tm � 0; � ng tm � 0; 8ng 2 Np; 8t 2 T (4.16d)

where (4.16a) maximizes the utility of producers as a minimized function of their exports to

the community and to the grid, (4.16b) gives the energy balance of the producer, and (4.16c)

ensures that qng tm and � ng tm are in �xed proportions of the coe�cients which re�ects their

preferences. Finally, (4.16d) ensures the non-negativity of variables. The producers maximum

utility variables qng tm and � ng tm can be obtained directly by applying (4.10) (see Appendix B.2)

as follows :

qng tm =
� ng t p

g
ng t

� ng t + � ng t
; � ng tm =

� ng t p
g
ng t

� ng t + � ng t
(4.17)

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 timet the prosumer is either producing or consuming energy [104]. The pro-

sumer's utility functions are modeled separately for both consumption and production re�ecting

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 pd
n r t , and is

formulated according to (4.11) by replacing the consumer agentnd with the prosumer agent nr .

The prosumer's maximum utility from the import variables rn r tm and 
 n r tm from consumption

are obtained by applying (4.15)

rn r tm = � n r t pd
n r t ; 
 n r tm = � n r t pd

n r t (4.18)

The prosumer's maximum utility is obtainable with production budget pg
n r t , and is formulated

according to (4.16) by replacing the producer agentng with the prosumer agent nr . The pro-

sumer's maximum utility from the export variables qn r tm and � n r tm from production are obtained

by applying (4.17) as follows:

qn r tm =
� n r t p

g
n r t

� n r t + � n r t
; � n r tm =

� n r t p
g
n r t

� n r t + � n r t
(4.19)

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 satis�ed. In the event the generation budget

of the producers/prosumers (producing) is not su�cient to meet the consumer/prosumer (con-

suming) agents preferred consumption, the unserved energyRnd t =Gn r t 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:

min � (pg
n r t ; pd

n r t ; r c
n r tm ; qn r tm ; 
 n r tm ; Gn r t ; � n r tm ; 
 impt ; � expt ) (4.20a)

s.t. � �
RgX

j =1

TX

t=1

NprX

n r =1

' jn r (pg
jn r t ) +

TX

t=1

NprX

n r =1

� n r (pd
n r t )+

� com

TX

t=1

NprX

n r =1

r c
n r tm + � com

TX

t=1

NprX

n r =1

qn r tm +

s�impt

TX

t=1

NprX

n r =1

(
 n r tm + Gn r t )+

s�expt

TX

t=1

NprX

n r =1

� n r tm +
TX

t=1

g(
 impt ; � expt );

(4.20b)

pg
n r t � qn r tm � � n r tm = 0 ; 8nr 2 Npr ; 8t 2 T (4.20c)

pd
n r t � rn r tm � 
 n r tm = 0 ; 8nr 2 Npr ; 8t 2 T (4.20d)

rn r tm � r c
n r tm � Gn r t = 0 ; 8nr 2 Npr ; 8t 2 T (4.20e)

pn r t � pg
n r t + pd

n r t = 0 ; 8nr 2 Npr ; 8t 2 T (4.20f)

pn r t + rn r tm � qn r tm + 
 n r tm � � n r tm = 0 ; 8nr 2 Npr ; 8t 2 T (4.20g)

RgX

j =1

pg
jn r t = pg

n r t ; 8nr 2 Npr ; 8t 2 T (4.20h)

NprX

n=1

qn r tm �
NprX

n=1

r c
n r tm + pdt � pct = 0 ; 8t 2 T (4.20i)

et = et � 1 � 1=ndpdt + ncpct ; 8t 2 T (4.20j)

TX

t=1

(ncpct � 1=ndpdt ) = 0 ; (4.20k)

NprX

n r =1

(
 n r tm + Gn r t ) = 
 impt ; 8t 2 T (4.20l)

NprX

n r =1

� n r tm = � expt ; 8t 2 T (4.20m)

pg
jn r t

� pg
jn r t � pg

jn r t ; 8nr 2 Npr ; 8t 2 T (4.20n)

pd
n r t

� pd
n r t � pd

n r t ; 8nr 2 Npr ; 8t 2 T (4.20o)

emin � et � emax ; 8t 2 T (4.20p)

0 � Pct � Pmax
c ztc ; 8t 2 T (4.20q)

0 � Pdt � Pmax
d ztd ; 8t 2 T (4.20r)

ztc + ztd � 1; 8t 2 T (4.20s)


 n r tm � 0; � n r tm � 0; Gn r t � 0 8nr 2 Npr 8t 2 T (4.20t)

(4.18) & (4.19) (4.20u)
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whereX n r t =
�

pg
n r t ; qn r tm ; � n r tm

	
, Yn r t =

�
pd

n r t ; rn r tm ; 
 n r tm
	

, Z t = f 
 impt ; � expt g, and the total

costs of the community manager in importing/exporting electricity inside/outside the community

is g(Z t ). Constraint (4.20b) 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. (4.20c) and (4.20d) represent the energy balance for each prosumer's production

and consumption respectively, (4.20e) shows the energy balance of each prosumer consumption

within the community allowing for a "penalised" deviation Gn r t , (4.20f) sums the production

and consumption of each prosumer, (4.20g) represents the power balance from each prosumers'

production and consumption combined, and (4.20h) shows the combined energy balance of each

prosumer's production and consumption. In (4.20i) the community power balance includes the

charged/discharged energy of the CES.

Constraint (4.20j) gives the storage level at hourt based on past charging/discharging while

(4.20k) ensures the same stored energy at the beginning and end of the day. (4.20l)-(4.20m)

gives the relationship between the total imported/exported energy and the community man-

ager imports/exports. (4.20n)-(4.20o) give the boundary constraint for the power set point for

prosumers' production and consumption resources, respectively. (4.20p) de�nes the limits of

the stored energy in the CES. (4.20q)-(4.20r) give the limits of charging and discharging rates

with binary variable ztc , ztd showing that charging and discharging actions occur independently

according to (4.20s). (4.20t) ensures the non-negativity of variables which indicates the im-

ports and exports of agents. Finally, (4.20u) 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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min � (pg
ln g t ; pd

nd t ; r c
nd tm ; qng tm ; 
 nd tm ; Rnd t ; � ng tm ; 
 impt ; � expt ) (4.21a)

s.t. � �
RpX

l=1

TX

t=1

NpX

ng =1

' ln g (pg
ln g t ) +

TX

t=1

N cX

nd =1

� nd (pd
nd t )+

� com

TX

t=1

N cX

nd =1

r c
nd tm + � com

TX

t=1

NpX

ng =1

qng tm +

s�impt

TX

t=1

N cX

nd =1

(
 nd tm + Rnd t )+

s�expt

TX

t=1

NpX

ng =1

(� ng tm +
TX

t=1

g(
 imptw ; � exptw );

(4.21b)

pg
ng t � qng tm � � ng tm = 0 ; 8ng 2 Np; 8t 2 T (4.21c)

pd
nd t � rnd tm � 
 nd tm = 0 ; 8nd 2 Nc; 8t 2 T (4.21d)

rnd tm � r c
nd tm � Rnd t = 0 ; 8nd 2 Nc; 8t 2 T (4.21e)

RpX

l=1

pg
ln g t = pg

ng t ; 8ng 2 Np; 8t 2 T (4.21f)

NpX

ng =1

qng tm �
N cX

nd =1

r c
nd tm + pdt � pct = 0 ; 8t 2 T (4.21g)

(4.20j) & (4.20k) (4.21h)

N cX

nd =1

(
 nd tm + Rnd t ) = 
 impt ; 8t 2 T (4.21i)

NpX

n= g

� ng tm = � expt ; 8t 2 T (4.21j)

pg
ln r t

� pg
ln r t � pg

ln r t ; 8ng 2 Np; 8t 2 T (4.21k)

pd
nd t

� pd
nd t � pd

nd t ; 8nd 2 Nc; 8t 2 T (4.21l)

(4.20p) � (4.20s) (4.21m)


 nd tm � 0; � ng tm � 0; Rnd t � 0 8ng 2 Np; 8nd 2 Nc; 8t 2 T (4.21n)

(4.15) & (4.17) (4.21o)

where the objective equation (4.21a) 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 (4.21c)-(4.21e),(4.21f),(4.21g),

(4.21i)-(4.21l), and (4.21n) serve the same functions as (4.20c)-(4.20e), (4.20h),(4.20i), (4.20l)-

(4.20m), 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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min � (pg
n r t ; pd

n r t ; r c
n r tm ; qn r tm ; 
 n r tm ; Gn r t ; � n r tm ; pg

ln g t ; pd
nd t ; r c

nd tm ; qng tm ; 
 nd tm ; Rnd t ; � ng tm )

(4.22a)

s.t. � �
RgX

j =1

TX

t=1

NprX

n r =1

' jn r (pg
jn r t ) +

RpX

l=1

TX

t=1

NpX

ng =1

' ln g (pg
ln g t ) +

TX

t=1

NprX

n r =1

� n r (pd
n r t )+

TX

t=1

N cX

nd =1

� nd (pd
nd t ) + � com

TX

t=1

NprX

n r =1

N cX

nd =1

(rn r tm + rnd tm ) + � com

TX

t=1

NprX

n r =1

NdX

ng =1

(qn r tm + qng tm )+

s�impt

TX

t=1

NprX

n r =1

N cX

nd =1

(
 n r tm + 
 nd tm )+

s�expt

TX

t=1

NprX

n r =1

N cX

nd =1

(� n r tm + � ng tm ) +
TX

t=1

g(
 impt ; � expt );

(4.22b)

(4.20c)� (4.20h) (4.22c)

(4.21c)� (4.21f) (4.22d)

NprX

n r =1

NpX

ng =1

(qn r tm + qng tm ) �
NprX

n=1

N cX

n=1

(r c
n r tm + r c

nd tm ) + pdt � pct = 0 ; 8t 2 T (4.22e)

(4.20j)&(4.20k) (4.22f)

NprX

n r =1

(
 n r tm + Gn r t ) +
N cX

nd =1

(
 nd tm + Rnd t ) = 
 impt ; 8t 2 T (4.22g)

NprX

n r =1

� n r tm +
NpX

ng =1

� ng tm = � expt ; 8t 2 T (4.22h)

(4.20n)&(4.20o) (4.22i)

(4.21k)&(4.21l) (4.22j)

(4.20p) � (4.20s) (4.22k)


 n r tm � 0; � n r tm � 0; 
 nd tm � 0; � ng tm � 0;

Gn r t � 0 Rnd t � 0 8nr 2 Npr ; ng 2 Np; nd 2 Nc; 8t 2 T
(4.22l)

(4.18) & (4.19) (4.22m)

(4.15) & (4.17) (4.22n)

77



where the objective equation (4.22a) 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 (4.22e), (4.22g), (4.22h), and (4.22l)

serve the same function as (4.20i)/(4.21g), (4.20l)/(4.21i), (4.20m)/(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 insu�cient 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

ai pc2
it + bi pc

it of a conventional generation resource whereai > 0, and bi > 0, whereas with re-

gards to renewable energy sources of agentsai = bi = 0 . The proposed CBEM market problem

for prosumers' energy trades from equations (4.20a)-(4.20u) are reformulated to integrate the

community-owned generation resources as follows:
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min � (pg
n r t ; pd

n r t ; pc
it ; r c

n r tm ; qn r tm ; qc
it ; 
 n r tm ; Gn r t ; � n r tm ; � c

it ; 
 impt ; � expt ) (4.23a)

s.t. � �
RgX

j =1

TX

t=1

NprX

n r =1

' jn r (pg
jn r t ) +

TX

t=1

NprX

n r =1

� n r (pd
n r t ) +

CgX

i =1

TX

t=1

' i (pc
it )

� com

TX

t=1

NprX

n r =1

rn r tm + � com

TX

t=1

NprX

n r =1

qn r tm + � com

TX

t=1

CgX

i =1

qc
it +

s�impt

TX

t=1

NprX

n r =1

(
 n r tm + Gn r t )+

s�expt

TX

t=1

NprX

n r =1

CgX

i =1

(� n r tm + � c
it ) +

TX

t=1

g(
 impt ; � expt );

(4.23b)

(4.20c)&(4.20d); (4.20f) � (4.20h) (4.23c)

pc
t � qc

it � � c
it = 0 ; 8I 2 Cg; t 2 T; (4.23d)

CgX

i =1

pc
it = pc

t ; 8t 2 T (4.23e)

NprX

n=1

qn r tm +
CgX

i =1

qc
it �

NprX

n=1

rn r tm + pdt � pct = 0 ; 8t 2 T (4.23f)

(4.20j) � (4.20l) (4.23g)

NprX

n r =1

� n r tm +
CgX

i =1

� c
it = � expt ; 8t 2 T (4.23h)

(4.20n) � (4.20s) (4.23i)

pc
it

� pc
it � pc

it ; 8i 2 Cg; 8t 2 T (4.23j)


 n r tm � 0; � n r tm � 0; � c
it � 0 8nr 2 Npr ; 8t 2 T (4.23k)

(4.18) & (4.19) (4.23l)

In addition to the objective (4.20a), the objective of (4.23a) also minimizes the total traded costs

of community-owned resources in importing/exporting energy within/outside the community.

Constraint (4.23d) shows the energy balance of the community generation with exports within

and outside the community. (4.23e) sums the generation from all generation sources of the

community. (4.23f) represents the community power balance including community generation,

prosumer's generation/consumption, and charged/discharged energy of CES. (4.23h) shows the
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community manager's exports from both prosumers' and community-owned generation. (4.23j)

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 (4.21a)-(4.21o) is reformulated to integrate the community-owned generation resources as

follows:

min � (pg
ln g t ; pd

nd t ; pc
it ; r c

nd tm ; qng tm ; qc
it ; 
 nd tm ; Rnd t ; � ng tm ; � c

it ; 
 impt ; � expt ) (4.24a)

s.t. � �
RpX

l=1

TX

t=1

NpX

ng =1

' ln g (pg
ln g t ) +

TX

t=1

N cX

nd =1

� nd (pd
nd t ) +

CgX

i =1

TX

t=1

' i (pc
it )+

� com

TX

t=1

N cX

nd =1

rnd tm + � com

TX

t=1

NpX

ng =1

qng tm + � com

TX

t=1

CgX

i =1

qc
it +

s�impt

TX

t=1

N cX

nd =1

(
 nd tm + Rnd t )+

s�expt

TX

t=1

NpX

ng =1

CgX

i =1

(� ng tm + � c
it ) +

TX

t=1

g(
 impt ; � expt );

(4.24b)

(4.21c); (4.21d)&(4.21f) (4.24c)

(4.23c)&(4.23d) (4.24d)

NpX

ng =1

qng tm +
CgX

i =1

qc
it �

N cX

nd =1

rnd tm + pdt � pct = 0 ; 8t 2 T (4.24e)

(4.20j) & (4.20k) (4.24f)

(4.21g)&(4.21i) (4.24g)

NpX

ng =1

� ng tm +
CgX

i =1

� c
it = � expt ; 8t 2 T (4.24h)

(4.21k)&(4.21l) (4.24i)

(4.20p) � (4.20s) (4.24j)


 nd tm � 0; � ng tm � 0; � c
it � 0; 8ng 2 Np; 8nd 2 Nc; 8t 2 T (4.24k)

(4.15) & (4.17) (4.24l)
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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 (4.21a). Constraints (4.24e), (4.22h),

and (4.22k) serve the same function as (4.21g), (4.21k), 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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min � (pg
n r t ; pd

n r t ; pc
it ; r c

n r tm ; qn r tm ; 
 n r tm ; Gn r t ; � n r tm ; pg
ln g t ; pd

nd t ; r c
nd tm ; qng tm ; qc

it ; 
 nd tm ; Rnd t ; � ng tm ; � c
it )

(4.25a)

s.t. � �
RgX

j =1

TX

t=1

NprX

n r =1

' jn r (pg
jn r t ) +

TX

t=1

NprX

n r =1

� n r (pd
n r t ) +

RpX

l=1

TX

t=1

NpX

ng =1

' ln g (pg
ln g t )+

TX

t=1

N cX

nd =1

� nd (pd
nd t ) +

CgX

i =1

TX

t=1

' i (pc
it )+

� com

TX

t=1

NprX

n r =1

N cX

nd =1

(rn r tm + rnd tm ) + � com

TX

t=1

NprX

n r =1

NpX

ng =1

(qn r tm + qng tm )+

� com

TX

t=1

CgX

i =1

qc
it + s�impt

TX

t=1

NprX

n r =1

N cX

nd =1

(
 n r tm + 
 nd tm + Gn r t + Rnd t )+

s�expt

TX

t=1

NprX

n r =1

NpX

ng =1

CgX

i =1

(� n r tm + � ng tm + � c
it ) +

TX

t=1

g(
 impt ; � expt );

(4.25b)

(4.20c)&(4.20e); (4.20f) � (4.20h) (4.25c)

(4.21c); (4.21d)&(4.21f) (4.25d)

(4.23d)&(4.23e) (4.25e)

NprX

n r =1

qn r tm +
NpX

ng =1

qng tm +
CgX

i =1

qc
it �

NprX

n r =1

rn r tm �
N cX

nd =1

rnd tm + pdt � pct = 0 ; 8t 2 T (4.25f)

(4.20j)&(4.20k) (4.25g)

(4.22g) (4.25h)

NprX

n r =1

NpX

ng =1

CgX

i =1

(� n r tm + � ng tm + � c
it ) = � expt ; 8t 2 T (4.25i)

(4.20n) � (4.20s) (4.25j)

(4.21k) � (4.21l) (4.25k)

(4.23j) (4.25l)


 n r tm � 0; 
 nd tm � 0 � n r tm � 0; � ng tm � 0 � c
t � 0 8nr 2 Npr ; ng 2 Np; nc 2 Nc 8t 2 T

(4.25m)

(4.18) & (4.19) (4.25n)

(4.15) & (4.17) (4.25o)
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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), (4.25i), and

(4.25m) 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).

QoT =

P Npr
n r =1 qn r tm

P Npr
n r =1 pg

n r tm

; QoT =

P Npr
n r =1 rn r tm

P Npr
n r =1 pd

n r tm

8t 2 T (4.26)

The community energy trades are100%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:

QoC = 1 �
� �

� �max
(4.27)

Where � � is the standard deviations of the linear costs of agents for trading within the community

and � �max is the maximum price deviations of(s�impt � s�expt ). The QoC is used to re�ect 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 between0:01 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:

ImS =
min 
 n r tm

max 
 n r tm
(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 �rst microgrid consists of 7 prosumers equipped with PV resources, the second

microgrid consists of 7 producers and 8 consumers, and �nally, 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 �rst 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 4.1-4.5. In the �rst 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

manner such that � n r t , and � n r t for prosumers is presented thus: � n r t = s�impt
bjn r t + s�impt

and

� n r t = bjn r t
bjn r t + s�impt

while � nd t , and � nd t for consumers is presented thus:� nd t = s�impt
bn d t + s�impt

and � nd t =
bn d t

bn d t + s�impt
. In the case of prosumers (production) and producers with renewable

resources, the marginal costs are equal to 0, therefore the highest marginal costsbjn r t / bnd t

of prosumer/consumer resources are used to re�ect preferences for more exports within the

community as compared to outside the community as follows� n r t = s�expt
bjn r t + s�expt

and � n r t =

bjn r t
bjn r t + s�expt

for prosumers and � ng t = s�expt
bn d t + s�expt

and � ng t =
bn d t

bn d t + s�expt
for producers. The

producers with conventional generation are taken as community generation and the preferences

are only re�ected 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 signi�cantly 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 than1, in this case, the agents' preferences

indicate more willingness to be autonomous from the grid.

For prosumer (production) and producer agents, the proportional coe�cients � n r t and � n r t

for prosumers and� ng t and � ng t 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 �rst 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, re�ecting 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 �rst and second community microgrid case studies, A CES is considered withemax = 40

kWh, emin = 10 kWh, nd = nc = 0 :9, Pmax
c = Pmin

c = 20 kW, and e0 = 10 kWh. The Ausgrid

peak-tari� in 2019 [114] is considered (i.e.,23:5336c/kWh) in addition to a cost set at � = 10

c/kWh) is used for importing energy from outside the community while the export is obtained

by subtracting the cost from the peak tari�. The transaction cost of the community manager

is �xed at 1 c/kWh. The marginal costs of agents' resources are used to obtain the preference

parameters for all agents in the �rst 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� n r t

and � ng t 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, �xed for renewable producers and at lower

bounds for community generation is obtained and divided by the sum of the �xed 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 at5 kW each are considered in the

�rst case study, while 2 diesel generators rated at5 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 withemax = 50 kWh, emin = 10 kWh, nd = nc = 0 :9, Pmax
c = Pmin

c = 25 kW,

and e0 = 10 kWh. The European Commission (EC) import tari� in 2021 [115] in addition

to a grid tari� � =10 c/kWh is considered as import prices of all agents for importing energy

from outside the community while subtracting the grid tari� from the import tari� is used as the

export price. The transaction cost of the community manager is �xed at1 c/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 ( kW h ) 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 1am-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 �rst 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 rated20 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 ( kW h ) 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

Figure 4.6: Total production and consumption in the �rst community.

4.5.3 Discussion

The total production and consumption for each community microgrid is presented in Figures

4.6, 4.7, and 4.8. 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 �rst 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.

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 re�ect 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 �rst
community.

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 4.1- 4.5. The results show that the QoT index for the �rst 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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