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“The Earth is 4.6 billion years old. Let’s scale that down to 46 years.
We've been here for 4 hours.

Our industrial revolution began 1 minute ago.

In that time, we’ve destroyed more than 50% of the world’s rain forests.
(Greenpeace)

This isn’t sustainable.

Let us make a difference. We believe sustainability isn’t just a trend. It should not be a job left to the
next generation. We see it as our mission. Now and in the future.

(SunContract)
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Abstract

The notions of Collaborative Energy Ecosystem (CEE) and Cognitive Household Digital
Twins (CHDTs) are proposed as two complementary and prospective concepts that could
contribute to the efficient organization and management of emerging Renewable Energy
Communities (RECs). The CEE concept was derived from the merger of principles and
concepts from the disciplines of Collaborative Networks and Virtual Power Plants and is
proposed as a representation of a REC, where members approach energy conservation
(generation and consumption) from a collaborative point of view. The notion of CHDTs is
also proposed as a digital twin representation of the constituent households of a CEE. It is
further suggested that CHDTSs could have the form of software agents within the cyber space
and could be designed to possess some autonomous and cognitive capabilities which could
enable them to play complimentary roles as decision-making agents within the corresponding
physical households. The decisions of these agents are expected to promote collaborative
behaviours that could increase the survivability and sustainability of the CEE. In this thesis,
we use software simulation to demonstrate the feasibility of the CEE and CHDT concepts. We
further show that through the cognitive capabilities of CHDTs, behaviours such as
collaborative generation and consumption of energy could be achieved. Other behaviours,
such as mutual influence and the ability to adopt some form of social innovation, are also
shown. We adopted the Design Science Research Method by developing a software model (an
artifact) of the CEE and its constituent CHDTs using a multi-paradigm simulation technique
that involves the integration of System Dynamics, Agent-Based, and Discrete Event
simulation techniques on a single platform. The thesis's outcome suggests that these concepts
could be useful for managing the sustainability of CEEs or RECs.

Keywords: Collaborative Networks, Digital twins, Cognitive agents, Cognitive intelligence,
Sustainable energy consumption, Renewable Energy communities.
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Resumo

As nogoes de Ecossistema Colaborativo de Energia (CEE) e Gémeos Digitais Cognitivos
de Habita¢des (CHDTs) sdo propostas como dois conceitos complementares e
prospectivos que podem contribuir para a organizacio e gestdo eficientes de
Comunidades emergentes de Energia Renovével (RECs). O conceito CEE é derivado da
fusdo de principios e conceitos das disciplinas de Redes Colaborativas e Plantas Virtuais
de Energia e é proposto como uma representacio de uma REC, onde os membros
abordam a conservagdo de energia (geragdo e consumo) de um ponto de vista
colaborativo. A no¢do de CHDT também é proposta como uma representacdo Gémeo
Digital dos domicilios constituintes de um CEE. E ainda sugerido que os CHDTs podem
ter a forma de agentes de software dentro do espago cibernético e podem ser projetados
para possuir algumas capacidades auténomas e cognitivas que os capacitariam a
desempenhar papéis complementares como agentes de tomada de decisdo dentro dos
domicilios fisicos correspondentes. Espera-se que as decisfes desses agentes promovam
comportamentos colaborativos que possam aumentar a capacidade de sobrevivéncia e
sustentabilidade do CEE. Nesta tese usamos simulacado por software para demonstrar a
viabilidade dos conceitos CEE e CHDT. Mostramos ainda que, por meio das capacidades
cognitivas dos CHDTs, comportamentos como geracdo e consumo colaborativos de
energia podem ser alcangados. Outros comportamentos como a influéncia mitua e a
capacidade de adotar alguma forma de inovacdo social também sdo mostrados.
Adotamos o "Design Science Research Method" desenvolvendo um modelo de software
(um artefato) do CEE usando uma técnica de simulagdo multiparadigma que envolve a
integragdo de técnicas de simulagdo de "System Dynamics”, "Agent-Based" e "Discrete
Event" numa mesma plataforma. O resultado da tese sugere que estes conceitos podem
ser uteis para a gestdo da sustentabilidade de CEEs ou RECs.

Palavas chave: Redes Colaborativas, Gémeos Digitais, Agentes Cognitivos, Inteligéncia
Cognitiva, Consumo de Energia Sustentdvel, Comunidades de Energia Renovavel.
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INTRODUCTION

This section provides background information about the topic of the thesis and further
outlines the major trends that motivated this work. The research questions that guided
the research work and the related hypotheses are introduced. The adopted research

method is also presented in the section. The aimed contribution of the thesis as well as
a detailed workplan are presented. The alignment of this work with the sustainable
development goals of the United Nations is also highlighted at the end of the section.

1.1 Background

Electrical energy is crucial nowadays, and without it, contemporary societies cannot function
adequately. This claim stems from the fact that critical sectors of modern society, which
include industries, housing, communication, transportation infrastructure, education,
health, and the financial sectors, depend largely on electrical energy. However, unlike past
societies, the modern society has heavily been dependent on fossil fuels energy sources. As
stated in “our world in data” (Ritchie et al., 2020), fossil fuels have been the fundamental
driver or enabler of the technological, social, economic and developmental progress of the
current Industrial Revolution. In (Rapier, 2020), Forbes claims that fossil fuels still account
for 84% of global energy use, although this conventional energy source is known for its
limited availability (Martins et al., 2019) and adverse impact on the environment (Guo et al.,
2022), human health (Kotcher et al., 2019), and economic activities (Neves & Marques, 2021).
Moreover, the literature suggests that severe exploitation of the Earth's resources to satisfy
society’s growing demands for energy is troubling (United Nations, 2023), and has
contributed to the ongoing climate change catastrophe (Intergovernmental Panel on climate
change, 2023), which poses a ruinous risk to the sustainability of the planet (Lee et al., 2021).
Due to the many environmental concerns that are associated with fossil fuels, the need for
safer, greener and more sustainable energy sources is imminent (IRENA, 2021).

Currently, researchers and policymakers have realized the potential benefits of
transitioning from fossil fuel sources to renewable sources (Nathaniel et al., 2020). This is
because, unlike fossil fuels, renewable energy is known to be inexhaustible (Nyasapoh et al.,
2022) and can replenish itself in a relatively short period, thus helping to overcome the finite-
supply problem associated with fossil fuels. In addition, renewable energy sources are
cleaner, self-replenishing, environmentally friendly, and less harmful to human existence on
planet Earth.



Regarding the transition from fossil fuels to renewable sources, the word economic forum
in (Astarloa et al., 2017) asserted that the future of energy would be cleaner, mobile,
intelligent, and smarter as it would be dominated by renewable sources. Evidence of this
claim is becoming visible in the form of novel and widespread renewable energy-related
technologies and services that are currently emerging at the peripheries of the power grid.
The expectation is that these advances could be the technological drivers or enablers of the
transition agenda, which aims to transform the current power grid towards a "digitized,"
"decentralized," "decarbonized," "democratized" and “smart” power network (Harrison et
al., 2018). The projections of the ongoing energy transition initiatives are also affirmed by
other researchers, such as (Danish & Senjyu, 2023), (Camarinha-Matos, 2016), and (Farhangi,
2010), regarding the future of energy. Some of the advances pointed out in the literature
include (a) widespread integration of distributed generation (Nadeem et al., 2023), (b) peer-
to-peer energy trading (Das et al., 2023), (c) renewable energy communities (Adu-Kankam &
Camarinha-Matos, 2022), and many more. Besides these ones, several cutting-edge,
innovative, and complementary technologies, such as (i) artificial intelligence, (ii) cloud
computing, (iii) the internet of things, (iv) cyber-physical systems, (v) blockchain, and (vi)
digital twins are also emerging within the energy domain. The integration of these diverse,
innovative and complementary technologies into the renewable energy landscape is paving
the way for new types of organizations, relationships, partnerships, business models, and
services that are beginning to show within the energy space (Adu-Kankam & Camarinha-
Matos, 2018), (Camarinha-Matos et al., 2017), (Camarinha-Matos, 2016). Other aspects of the
transition, as mentioned by Gartner in (Harrison et al., 2018), involve new roles that are
played by autonomous actors, such as asset owners, system operators, and other economic
entities, who have also evolved to become active participants and key players in the
transition.

Among the plethora of approaches that have been suggested to help increase the
penetration of renewable energy sources in support of the transition is the notion of
Renewable Energy Communities (RECs) or energy exchange/sharing ecosystems. A
summary of these ecosystems is presented in a survey conducted by (Adu-Kankam &
Camarinha-Matos, 2018). These ecosystems are gradually becoming an integral part of the
grid system due to their potential benefits (Karunathilake et al., 2019). According to the
European Parliament and the Council of the European Union (The European Union, 2018) a
REC is constituted of a group of citizens and stakeholders who are motivated by a common
objective or goal, such as creating and sharing renewable energy locally, cost-effective green
energy management, the control of energy waste, helping to increased citizen participation
in renewable energy projects (Algarvio, 2021), decongest the power grid, decrease the
contribution of greenhouse gas emissions (Barbiroglio, 2022), and address energy injustice
by empowering citizens and communities in the ongoing transition.

According to the European Parliament and the Council of the European Union (European
Parliament, 2018), REC membership is supposed to be open and voluntary. RECs are
supposed to be autonomous and governed by their owners or stakeholders. One key attribute
of RECs is that members can produce their own energy, which can be used locally, stored,
sold, or shared with others in the community. According to the European Commission



(European Commission, 2021), in 2021 at least 2 million people in the European Union were
involved in more than 7700 RECs. By this time, these RECs have contributed nearly 7% of
the Union's installed capacity, with an estimated total renewable capacity of no less than 6.3
GW. In terms of financial investment, some 2.6 billion euros have been invested in RECs until
2021. Similarly, in the United Kingdom, there have been over 5000 RECs until 2015 (Gov.uk,
2015). In terms of financial investment, a total of 105 million pounds has been invested so far.
This investment is comprised of 10 million pounds as the rural community energy fund, 15
million as the urban community energy fund, and 80 million as the green deal community
scheme. As a result, it was expected that RECs involving local communities in the UK could
supply enough electricity for 1 million homes.

This notwithstanding the number, types, composition, and characteristics of members
who are found to participate in these REC ecosystems have changed in recent years.
Membership to these RECs is currently found to be constituted of several, diverse,
autonomous and heterogeneous entities that can participate in the exchange of energy-
related goods and services either “for-profit" or "non-profit" within this energy landscape.
Usually, these members are driven by a common interest or some objective that is compatible
or common to all the involved members. Membership to these RECs may constitute (a)
prosumer and consumer households, (b) research and academic institutions, (c) public
authorities, (d) financial institutions, (e) distribution service operators, (f) social
entrepreneurs, (g) various energy service providers, etc. According to (Platt et al., 2014),
when all of these autonomous and heterogenous entities work together in the context of a
community, they could help uncover new ways to generate value, such as earning revenue
that could help participants mitigate the rising cost of energy in these ecosystems, as well as
promote investment in renewable energy. Hence, this idea of "communalization," or
developing communities around energy infrastructure, could be a useful approach to
facilitating the transition agenda in several ways. These may include: encouraging flexible
participation and empowerment of citizens and communities in the ongoing transition
(Interreg Europe, 2022), delivering energy justice (Hanke et al., 2021), enabling efficient use
of energy, increasing the penetration of renewable sources (Pontes Luz & Amaro e Silva,
2021), decongesting the power grid (Algarvio, 2021), decentralizing energy generation, and
enhancing the reliability and resilience of the power grid.

1.2 Problem Introduction

The current power grid, particularly the grid infrastructure in regions such as the United
States or the European Union, is over a century old because it was built during the first
industrial revolution (Lo & Ansari, 2012). As a result of aging, there is a growing concern
about its sustainability, resilience, and reliability, due to the dominance of legacy systems
(Lo & Ansari, 2012). Therefore, a major upgrade to the grid is needed to reliably incorporate
new technologies as well as governance structures such as digitalization and intelligence into
the grid system (Bose & Overbye, 2021).

Furthermore, the introduction of Renewable Energy Communities (RECs) into the grid
ecosystem is one of the many pathways that have been suggested by experts as a sustainable



approach. RECs have the potential to increase the penetration of renewable sources in the
power grid, help reduce the heavy dependence on fossil fuels sources and increase citizens
participation in renewable energy projects. However, it is suggested that by forming
communities around the energy infrastructure (communalization of energy), it may be
possible to introduce another layer of complexity to the grid infrastructure which is already
in distress. The reasons are that first, each REC is likely to have a different set of objectives,
different kinds of energy resources, different resource ownership, different governance
system, and different geographic location. Second, each constituent actor may be
autonomous and may therefore have the right to take autonomous decisions. Besides their
autonomy, the involved actors may also have heterogeneous characteristics that could make
them also behave differently. These issues suggest that organizing and managing RECs could
be problematic, and therefore, a flexible and yet effective approach is urgently needed to
manage the diversity of community attributes.

Nonetheless, a community can be said to be a social unit or socio-cultural system (Axon,
2020) that share some characteristics, such as common interests (Louisiana Community
Network, 2004), common norms (UNICEF, 2021), common belief systems (Us6-Doménech &
Nescolarde-Selva, 2016), common value systems (Nowack & Schoderer, 2020), shared
resources (Harbo et al., 2016), common identity as well as shared risks, among other things
(Cobigo et al., 2016). These community attributes play a very essential role in the
community’s dynamics such as its membership fluidity and degree of cohesion (Nowack &
Schoderer, 2020). Membership fluidity refers to the turnover of members in a given time
(Park & Shin, 2015) and level of cohesion is a measure of the social relationships within a
community. These are key attributes or determinants that affect the stability and
survivability of a community. However, a measure of the degree of commitment and
contribution of each actor to these community attributes could vary from one member to
another. This is because the involved members may have different levels of interest, diverse
needs, varying preferences, different priorities, different levels of expectations, and a
different spectrum of objectives to either contribute to or receive from the community. These
community dynamics further emphasize the claim that a “one size fits all” kind of approach
may fall short in managing these complexities. Therefore, it is foreseen that the
communization of energy could further exacerbate or aggravate the complexity of an already
stressed energy ecosystem due to the diversity and dynamic nature of the elements that
characterise a community s stability.

Additionally, one key aspect of RECs as described by the Union (The European Union,
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2018) is that they are supposed to enhance citizens’ “participation” in renewable energy
endeavours. Participation in this context can take several forms. For example, participation
in decision-making or participation in pro-sustainable energy consumption and/or
generation activities. The limitation is that most works in this area focus on the development
of systems that are mostly in line with home automation, which provides limited room for
users to flexibly make input based on their preferences, which oftentimes are dynamic. These
systems are often invasive, inflexible, and imposing. Hence, the literature reports that they
usually have a slow rate of diffusion (Gross et al., 2020). Therefore, they could potentially

limit user participation instead of enhancing it, particularly in the current situation where



each member is different and has different needs, preferences, priorities, and expectations.
In the case of RECs, users would like to participate in all endeavours in a flexible way without
having to compromise their needs. The need for a solution that enhances the flexible
participation of members in RECs is therefore imminent.
Given that:
1. The current power grid is dominated by legacy systems;
2. The need for grid transformation, requiring digitalization and intelligence;
3. The stochastic attributes of the grid due to the increasing integration of renewable
energy sources;
4. The communization of energy, resulting in the diversity of members with different
measures of interest and commitment to community goals:
5. The need for a solution or approach that enhances flexible participation from each
member of the REC.

It can be argued that such a problem cannot be addressed using knowledge and concepts
from a single discipline. This is because the problem is multifaceted and has several
dimensions, namely the social dimension, the management dimension, the behavioural
dimension, and the technological dimension. Therefore, it can be averred that a novel
approach that is also multifaceted in nature and incorporates a multi-disciplinary and inter-
disciplinary dimension may be a plausible approach to consider, as far as the effective
organization, stability, survivability, and resilience of these emerging energy ecosystems are
concerned.

On these grounds, contributions are sought from different scientific domains to help
address different aspects of the problem in a common environment. In this regard, this thesis
proposes a solution that borrows and merges knowledge, concepts, and mechanisms from
four key knowledge areas. These are (a) the domain of collaborative networks to address
aspects of flexible contribution, diversity, and sustainable participation of members; (b) the
domain of virtual power plants to address the organizational aspect of the community and
energy aggregation aspect; (c) the domain of renewable energy communities to address the
environmental suitability aspects; and finally (d) the domain of digital twin technology to
address the intelligent and digitalization aspects.

In the context of this work, the primary actors of the considered RECs are mainly limited
to prosumer and consumer households. This is because according to (Aversa et al., 2016)
buildings utilize nearly 40% of global energy, 25% of global water, 40% of global resources,
and contribute nearly 72% of global greenhouse gas (GHG) emissions (Hertwich & Peters,
2009). From the perspective of the European Commission, buildings are responsible for
approximately 40% of the EU's energy consumption and 36% of CO, emissions in Europe
(European Commission, 2019). Consequently, buildings have been declared the single largest
energy consumer in Europe. These empirical data reveal the significant role that buildings
play towards global emissions, resource utilization, and energy demand. Other studies have
also reiterated that due to population and economic growth (Pasten & Santamarina, 2012),
urbanization and industrialization (Rehman et al., 2022), and technological advances (Jin et
al.,, 2018), energy demand in contemporary societies has increased substantially. This



increase results from the need to meet the energy needs of people who live in these
households.

Again, until recently, the integration of Photovoltaic (PV) sources from households into
the traditional grid system was negligible (Alam et al., 2020). However, several changing
factors such as declining prices of solar panels (Feldman et al., 2021), favourable public
opinion towards the energy transition (Thomas et al, 2022), coupled with sound
governmental policies (Dobravec et al., 2021), are changing the narrative. For instance,
currently in Europe, the number of households with installed PV systems is rising steadily
(IRENA, 2019). Concurrently, battery storage technology is also maturing rapidly (Figgener
et al., 2021). This opens the opportunity for individual dwellings as well as communities to
incorporate energy storage into their PV systems. A Community Energy Storage System
(Géahrs & Knoefel, 2020) is an energy storage technology that enables energy sharing between
members of a community.

In a nutshell, the Paris Agreement (United Nations, 2016) and other initiatives (Delbeke &
Vis, 2019) have acknowledged the magnitude of the sustainability problem, particularly the
role of households, and have shown that there is the urgent need to adopt pragmatic
measures towards the mitigation of the problem by all stakeholders, most importantly, by
the households, which are a major cause of the problem.

1.3 Research Question and Hypothesis

Considering the enumerated challenges that currently confront the power grid, the following
research question and hypotheses are therefore adopted for this research:

Research Question

How can the application of collaborative networks principles and mechanisms
enhance the response of renewable energy communities (RECs)?

In this context, we focus on response to demand and supply dynamics using collaborative
energy consumption behaviours, and response to challenges in stakeholders” satisfaction and
tlexible participation in RECs.

Hypothesis

The performance of RECs can be enhanced if collaborative network
principles and mechanisms are integrated into its organization and
operations, using the necessary soft modelling characteristics, to structure
and operate RECs, thereby being capable of providing a more agile and
flexible response to demand and supply dynamics, while ensuring



compliance to governance and organizational principles, and also
improving stakeholders’ satisfaction and flexible participation in RECs.

1.4 Research Method

The methodological approach taken in this work follows the Design Science Research (DSR)
method illustrated in Figure 1.1. According to (Johannesson & Perjons, 2014), DSR is
described as “the scientific study and creation of artifacts as they are developed and used by people
with the goal of solving practical problems of general interest.” These authors also suggest that
empirical research usually describes, explains, and predicts the world. For instance,
Newton’s laws expound on the motion of planets, the trajectories of missiles, and help
explain the tides. Similarly, meteorology predicts rainfall, storms, and other weather
phenomena. However, Johannesson and Perjons claimed that DSR is not limited to just
describing, explaining, and predicting. Rather, it seeks to change the world or improve it
through the creation of new worlds in the form of artifacts that can help researchers fulfil the
identified needs, overcome the problems, and grasp new opportunities. Thus, DSR not only
creates novel artifacts but also knowledge about the artifacts, their uses, and their
environments.

In an effort to solve engineering problems, the use of DSR becomes a relevant approach,
because, according to (Vaishnavi & Kuechler, 2007), DSR is considered suitable for solving
ICT-related problems like the one being addressed in this thesis. The reason is that human-
computer information-producing and processing systems are, by their nature, complex and
grounded in multiple disciplines. Hence, exploring with the DSR method excels in the
outcome (Peffers et al., 2007). By adopting DSR, a prototype model of the real world can be
created and used to experiment with or study the real world, as such systems are difficult or
sometimes impracticable to conduct experiments on due to the cost, complexity, disruptions,
and time involved.
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Figure 1 1—The DSR steps adopted from (Peffers et al., 2007)

In relation to this thesis, the following stages of the DSR are adopted:

1. Problem identification stage (activity 1) — This step involves the identification of the
research problem(s) and justifying the value of a potential solution(s). As discussed in



Sections 1.2 and 1.3, this work faces some main challenges, such as the complexity of the
subject matter and the unstructured, inconsistent, and incoherent information sources in
the literature concerning the various aspects of RECs. Therefore, this step contributes to
identifying: (a) the main stakeholders, organizations, and characteristics of RECs; (b)
the behavioural attributes of RECs; (c) the operational and
management behaviours/ processes that can be enhanced through collaborations; and (d)
the appropriate collaborative principles and mechanisms from the domain of CNs that
can be applied to RECs to enhance flexible operation, management,
and behavioural processes. These steps are shown in Chapters 1 and 2 of the thesis.
Definition of the objectives for a solution (activity 2) - The goals of a solution may be
deduced once the problem has been identified and a description of what is doable and
conceivable has also been provided. As discussed in the approach and contribution
section, this work attempts to highlight the significance of supporting the
implementation, operation, and management of RECs using collaborative techniques.
For a better understanding and synthesis of the existing research, debates, and ideas
around this body of knowledge, we conducted a literature review on two key knowledge
areas that are central to this work. The review involved (a) identifying points of
convergence between the domain of collaborative networks and virtual power plants and
(b) identifying points of convergence between the domain of collaborative networks and
renewable energy communities. These reviews helped us provide a foundation of general
and specialized knowledge on the topic. These steps are reflected in Chapter 2.

Design and development (activity 3) - During the design and development phases, an
artifact is created. In the context of this work, the created artifact is a model of a REC that
can be used to solve the problems that have already been identified. To help address the
identified problems and the related research questions, we propose two complementary
concepts, namely the collaborative energy ecosystem (CEE) and cognitive household
digital twins (CHDTs). These concepts are discussed in detail in Chapter 3. The
framework for the proposed concepts emanated from the background knowledge and
experiences in combination with some relevant solutions reported in the literature and
summarized in Chapter 2.

Demonstration and Evaluation (activities 4 and 5) - During the demonstration and
evaluation phases, DSR suggests that the artifact is utilized and tested to assist in the
resolution of one or more facets of the problem. This may entail using the artifact in an
experiment, simulation, case study, proof, or any other activity that is relevant. In the
context of this work, the artifact is first demonstrated using different simulation scenarios
and cases. Furthermore, the artifact is evaluated through a validation process that
allowed experts from differs domains (focus group) particularly from the area of energy
to assess the model and subsequently offer their opinions concerning the acceptability,
capability, and effectiveness of the artifact. These activities and results are presented in
Chapters 4 and 5.

Communication (activity 6)- Finally, the inputs and outputs of this work are shared with
others through some publications. The outcome of the work is shared within three
different research communities. These included (a) the collaborative networks



community, (b) the energy community, and (c) the community of cyber-physical systems.
Details of the published papers are presented in Chapter 5.

1.5 Approach and Contributions

This thesis is approached from a collaboration point of view. The notion of collaboration is
suggested as one of the community values by which resources such as energy are flexibly
managed. Collaboration is a process by which entities share information, resources, and
responsibilities to jointly plan, implement, and evaluate a program of activities aimed at
achieving some specific goals. It can be viewed as a process of shared creation, in which a
group of entities improve each other's capabilities. It implies sharing risks, resources,
responsibilities, and rewards, which can also give an outside observer the image of a
collective identity if desired by the group. Collaboration involves the mutual engagement of
participants in solving a problem together, which implies mutual trust and therefore requires
time, effort, and dedication.

Furthermore, we propose the complementary notions of Collaborative Energy
Ecosystem (CEE) and Cognitive Household Digital Twins (CHDTs). The CEE idea results
from merging collaborative concepts, principles, and mechanisms from the domain of
Collaborative Networks (CNs) and the area of Virtual Power Plants (VPP). This synergy
results in the representation of the REC in a virtual form, having its members adopt
collaborative principles and mechanisms in its operations to ensure flexible and sustainable
energy consumption/ exchanges, while also exhibiting characteristics of a VPP, such as
having the capability to reduce dependence on the grid during peak periods or aggregate
surplus energy from the community and export or sell it to the grid when needed.

Digital twin concepts are adopted in the virtualization of the physical community and
the involved households. As such, the digital twin of the involved households is called
“Cognitive Household Digital Twins (CHDTs).” CHDTs are designed to interact with each
other within the CEE environment. They are suggested to be endowed with cognitive
intelligence, thereby having the capability to make rational and autonomous decisions based
on some input received from their physical household. These inputs may correspond to the
value system of the physical household. Based on that input, they can make some basic,
autonomous, and rational energy use decisions on behalf of the household owner. In the
context of CNs the proposed CEE and CHDTs can be organized to function like a virtual
organization breeding environment (VBE) where members are always ready in preparedness
for an opportunity to collaborate and achieve some common goals.

We also introduce the notion of a household's “value system” to help address the aspect
of flexible participation in community goals or opportunities. The values system of a
household is used to represent the values of the that household in terms of levels of interest,
needs, preferences, priorities, expectations, and objectives. A household's contribution to
community goals will predominantly be based on its value system. The value system is thus
the basis to enable households to flexibly contribute to community goals without having to
compromise their needs, expectations, or quality of service.



Additionally, we introduce the notions of “delegation” and “delegated autonomy.”
Delegation, in this sense, represents the permissions that a household owner can give to its
CHDT. When a CHDT is delegated, it means it has the permission of the household owner
to participate in community endeavours or goals on his/her behalf. In this case, the CHDT
can make some basic and rational decisions on behalf of the household. On the contrary, an
undelegated CHDT is not permitted to participate in community endeavours and cannot
make decisions for the household. The level of permission granted to a CHDT is determined
by its “delegated autonomy:” Delegated autonomy is the specific instruction that is given to
a CHDT by the physical household (owner) regarding the degree of delegation and thus,
how and when its value system should be implemented or carried out. Under the concept of
delegated autonomy, and for illustration purposes, we consider three appliances whose use
can be deferred to a later time without affecting the quality of service the appliance provides
to the user. The considered appliances include (a) washing machine, (b) dishwasher, and (c)
tumble dryer. The concepts of delegation, delegated autonomy, and value systems are
discussed in detail in Chapter 3.

1.6 Alignment with the Sustainable Development Goals

In September of 2015, countries across the world came together to embrace a series of goals
called the Sustainable Development Goals (United Nations, 2022). As a result of their
acceptance, environmental degradation, sustainability, climate change, and water security
are now receiving significant attention on a global scale. These goals aim to eliminate
poverty, safeguard the environment, and promote prosperity and a more sustainable future
for all.

Due to the relevance of the SDGs, it is important to mention that the principal objective of
this study is aligned with the 7th goal of the SDG. Despite the fact that energy is the engine
of civilization, access to sufficient and affordable sources is not yet distributed equitably
around the globe (Cuenca et al., 2023). Its presence is tied to economic and social
development and as a result, poorer nations have the weakest energy services, resulting in
hunger, poor living conditions, and limited access to education and employment.

According to the European Union, energy poverty is defined as a condition commonly
understood as the inability of a household to secure socially and materially-necessitated
levels of energy in the home (Committee on Industry Research and Energy (ITRE), 2017).
Another quote by the EU is “household's lack of access to essential energy services that
underpin a decent standard of living and health, including adequate warmth, cooling,
lighting, and energy to power appliances, in the relevant national context, existing social
policy and other relevant policies” (Widuto, 2022). In a general sense, Energy poverty is any
circumstances that results in the lack of appropriate, cheap, dependable, quality, safe, and
environmentally responsible energy services to promote growth.

Again, the current rise in energy prices have been a major factor affecting the lives of many
people worldwide. They have also threatened the efforts to address climate change, which is
a critical global challenge. In 2022, the situation in Europe became worse due to the
disruption of natural gas supplies from Russia. Due to the Russia-Ukraine conflict, the price
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of energy in the EU reached record levels in 2022 (European Council of the European Union,
2023). This energy crunch has affected not only the European population but also small
business owners, farmers, and big corporations (energy companies) who require a lot of
energy to get up and running. Payment of electricity bills has been a burden for most
households in Europe (Bloomberg, 2022). In response to the energy crisis, many countries
have started implementing voluntary measures to reduce their power consumption. The
European Union also discussed the possibility of implementing measures such as caps on
the prices of electricity and mandatory limits on power usage.

It is in line with these escalating energy crises that this research becomes relevant to the
contemporary context. This work has the potential to contribute to addressing this crisis by
providing capacity and flexibility for households and the general citizenry to engage and
participate in renewable energy programs without having to compromise their expected
quality of service. The concepts described in this thesis could also be adopted by city councils,
emergency response teams, the police service, policy makers and other governmental
agencies that seek to protect and contribute to the welfare of communities and the citizenry.
This is also in line with SDG 11 (United Nations Development Programme, 2016) which
concerns sustainable cities and communities. This SDG ensures that cities and human
settlements are inclusive, safe, resilient, and sustainable.

1.7 Description of the Thesis Structure

This thesis is organized into six chapters and three supporting annexes. In the succeeding
paragraphs, a brief abstract of each chapter is presented to give an overview of this work.
The structure of the thesis involves:

Chapter 1: Introduction: This chapter introduces the research theme and provides the
background for the thesis. The chapter involves a description of the problem and its
justification. The problem description section is followed by the research questions and their
accompanying hypotheses. The chapter proceeds to discuss the research method, the
research contribution, the scope of the study, and finally concludes by aligning the aimed
objectives of this research work with the United Nations Sustainable Development Goals.

Chapter 2: Background Literature Review: This section is organised in two main parts. The
first part discusses the background concepts of the thesis which involves a brief description
of the domains of collaborative networks, virtual power plants and digital twin technology.
The second part is dedicated to the literature review of the thesis. The second part is also sub-
divided in two sections. The first section is comprised of a review of areas of convergence
between virtual power plants and collaborative networks. The second section begins with a
brief review of the scientific concepts underlying the notion of RECs. It is followed by a study
of thirty-four emerging online renewable energy communities. Both sections conclude with
a brief summary of the outcomes of the reviews.
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Chapter 3: The CEE Modelling Framework. This chapter presents the architectural
framework of the proposed CEE and CHDT concepts. First, the concepts and knowledge that
support the CEE and CHDT notions are introduced. Then, the simulation modelling
approach used in the development of both components, namely the CEE and CHDTs
architectures, is presented.

Chapter 4: The CEE Simulation Modelling: This chapter presents a simulation
implementation that demonstrates how the artifact/prototype models of the CEE
environment is presented. Furthermore, the mechanisms through which CHDTs can engage
in collaborative endeavours that result in sustainable energy consumption within the CEE
environment is also shown. The chapter describes the roles of the CEE manager, and the
various collaborative behaviours of CHDTs in collaborative endeavours. The notion of
Virtual Organizations formation is also described in this section. The adopted simulation
method is also disused.

Chapter 5: Validation: The chapter discusses the validation of the artifact/ prototype and its
underlying concepts. The validation process is disused in three sections. These include: (a)
validation of the model through simulation outcomes for some selected scenarios, (b)
validation by potential users and professional interest groups, and finally, (c) validation by
the research community.

Chapter 6: Conclusion and Future Work: This chapter presents the concluding remarks on
the original contributions of this research and discusses a number of outstanding issues that
have been identified as research opportunities for future works.
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LITERATURE REVIEW

In this section, a literature review covering two key knowledge areas is presented:
(a) the domain of virtual power plants (VPP) and (b) renewable energy
communities. The rationale for conducting a review in these two knowledge areas
stems from the fact that the concept of collaborative energy ecosystem is a
derivative of the synergy of principles and concepts from these two knowledge
areas. Therefore, the review seeks to investigate the presence of CN principles and
mechanisms in current developments in these areas. The first part of the review
attempts to find areas of convergence between the collaborative networks discipline
and the virtual power plant concepts. In this case, certain key CN attributes such
as CN principles, CN organizational forms, and the kinds of technological enablers
that support cooperative or collaborative mechanisms in the VPP domain are
investigated. The second part covers the domain of renewable energy communities.
Similar to the first part, this section investigates the presence of some CN attributes
such as cooperative or collaborative relationships between members of the selected
ecosystems, technological enablers and trends, and finally, how the characteristics
of these communities compare to those of virtual power pants. This part of the
review is preceded by a brief review of the scientific concepts, models and trends in
the domain of RECs. In all the reviews conducted, the methodology adopted is the
systematic literature review. This methodology is explained briefly in the
succeeding paragraphs. Since collaborative networks play a key role in this work,
the chapter starts with a brief overview of this area.

2.1 Brief Overview of Collaborative Networks

The literature in the domain of collaborative networks (CN) shows that its knowledge base

has expanded significantly during the last 20 years (Camarinha-Matos & Afsarmanesh,

2021a). The rapid growth in this scientific domain has arisen from the numerous challenges

that today’s society is facing as it pursues the “digital transformation” agenda, which is

expected to transition our current society to a digitalized society, namely, Society 5.0

(Camarinha-Matos et al., 2022). This agenda pursues the introduction of intelligence into all

facets of technology, as well as promoting the hyperconnectivity of millions of organizations,

people, and things. Additionally, the blurring of physical and virtual spaces in the context of

cyber-physical systems and IoT is likely to lead to future scenarios where billions and billions
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of networked actors, smart devices, intelligent systems, and ecosystems can coexist and
cooperate with each other. For such a synergy to be effective, advantageous, and reliable, the
participating parties must learn to work together (collaborate) in a trustful manner that
brings benefits to all the involved parties. The scientific area of CN focuses on developing
concepts, mechanisms, and models that can facilitate understanding and support these
challenges in a collaborative environment. According to (Camarinha-Matos et al., 2009),
collaboration is known to bring benefits to the involved parties, which forms the basis and
motivation to pursue collaboration in a digitalized and hyperconnected society.

As claimed by (Camarinha-Matos et al., 2009), collaboration is a process by which a set
of entities strengthen their mutual capabilities. The process entails the participants' mutual
cooperation in jointly addressing a problem using a collective approach. Collaboration also
helps to improve an organization's ability to compete with other similar organizations or
groupings. Additionally, it can improve the ability of the involved entities to survive
turbulent times. At their current level of development, models, mechanisms, and tools from
the CN area have been proposed as promising enablers, and have subsequently been used to
address challenges in various domains such as the smart grid (Camarinha-Matos, 2016),
industry 4.0 (Camarinha-Matos, et al., 2017), energy 4.0 (Mourtzis et al., 2021), society 5.0
(Camarinha-Matos et al., 2022), digital twin technology (Calvo-Bascones et al., 2022), artificial
intelligence (Schleiger et al., 2023), the internet of things (Adu-Kankam & Camarinha-Matos,
2022a), cyber-physical systems (Nazarenko & Camarinha-Matos, 2020), (Adu-Kankam &
Camarinha-Matos, 2022b), etc. Although there are several types of CNs, some key types that
are relevant to this study are discussed in the subsequent paragraphs.

Types of Collaborative Networks: Generally, there are several types of CNs. A taxonomy of
CN types is shown in Figure 2.1. Some selected ones that are relevant to this thesis are briefly
described in the subsequent paragraphs.

Collaborative

Networks
Collaborative Adhoc
Network Collaborative
Organizations Networks

Long term Strategic Goal Oriented Informal

Networks Networks Networks
Professional Grasping . Flash Mob

VO Breeding Virtual Opportunity Production brven
Environment Community Driven Network Networks
Mass
Collaboration
Networks
Industry Industry Business Virtual Teams Virtual Virtual su Chain Virtual

Clusters District Ecosystem Enterprise Organization PRy Government One-to-one

Informal

Collaboration
Extended
: Dynamic Dynamic C C
Innovative Virtual Virtual Transportatio Smart Grid
Networks Enterprise Organization n Network mart 6

Figure 2 1—Collaborative Network Taxonomy. Adapted from (Camarinha-Matos & Afsarmanesh, 2021b)

According to (Camarinha-Matos, 2009) and (Camarinha-Matos, Afsarmanesh, 2021), a
Collaborative network is defined as:
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“Constituted by a variety of entities (e.g., organizations and people) that are largely autonomous,

geographically distributed, and heterogeneous in terms of their: operating environment, culture, social

“capital, and goals. Nevertheless, these entities collaborate to better achieve common or compatible

goals, and whose interactions are supported by computer networks.

This definition presupposes that a number of pre-existing enterprises or organizations that

share common goals, culture, social capital, etc. can merge virtually to form a virtual

organization (VO) that acts as a single virtual entity (Camarinha-Matos & Afsarmanesh,

2005). CNs have seen significant progress in terms of conceptual frameworks, models, tools,

and infrastructures for collaboration. Technically, there are two main classes of CNs. These

are:

1.

Ad-hoc collaboration: It is a spontaneous form of collaboration without a precise

structure or predefined organization.

A collaborative networked organization: It is a CN involving some kind of

organization that has control over the activities of its constituents. The organizational

structure helps identify roles for each participant using some forms of governance

rules. Collaborative networked organizations can be further divided into two

subcategories:

a.

Long-term strategic network: A strategic alliance established with the purpose
of having its members prepared for participation in collaboration opportunities,
and in fact, not only collaboration but cooperation is practiced among its
members. Under long-term strategic networks, these are some of the main
subcategories:

i. A Virtual organizations Breeding Environment (VBE): A VBE can be

perceived as a business ecosystem where members have some form of
binding agreement to work together. It is a concept that represents a long-
term association (sometimes known as a cluster) of organizations and their
supporting institutions that have both the ability and the desire to
cooperate through the establishment of a long-term "base cooperation
agreement” and the adoption of a common or interoperable infrastructure.
When one member, usually the community manager acting as a broker,
identifies a business opportunity, some members of the VBE whose
interests are in line with that opportunity can come together to form a
coalition, i.e., a virtual enterprise or a virtual organization, to respond to
that opportunity. A VBE can be seen as a long-term association of entities
that are ready to cooperate anytime an opportunity comes, in order to meet
their agreed needs. In such a business arrangement, it is vital for members
to be prepared and willing to join in the collaboration process since there
may be critical situations where the window of opportunity is limited and
calls for a prompt reaction, particularly when the timeframe for a joint
reaction is constrained. “Being ready” entails building a foundation of
mutual trust between the participants, compatible operating methods, and
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collaboration agreements. This strategy can be used to ensure preparedness
and speed up the development of collaborative networks. In a similar
manner, the grid is a very sensitive infrastructure that requires a quick
response time in order to avoid catastrophic failures like a system collapse.
In this context, RECs can be organized as a kind of VBE where the
participating households form an agreement to cooperate and jointly
pursue some common or compatible goals relating to the sustainable
generation and consumption of energy. In this sense, the proposed CEE can
be organized in the form of VBE so that the involved members can be better
equipped and prepared to take advantage of any energy-related
opportunities that may arise. Examples of such opportunities include:

* Grid management services like demand response,

* Selling energy to the grid, and

* Disaster management services.

Roles of Actors involved in a VBE: These roles are being introduced here to
serve as a reference since some of the roles discussed here are adopted by
some actors in the CEE.

* VBE manager/administrator role: This role is performed by the
organization responsible for the VBE's operation and evolution,
promotion of cooperation among VBE members, filling skills or
competency gaps in the VBE by searching for and recruiting or
inviting new organizations into the VBE, and daily management
of the VBE's general processes, including the assignment or
reassignment of rights to different actors in the VBE based on their
responsibilities, conflict resolution, and preparation of a shared
bag of assets.

» VBE Opportunity broker role: This position is played by a VBE
member, which may be an organization or a person representing
the VBE. By selling VBE capabilities and assets and negotiating
with clients, brokers find and gain new partnership prospects.
There is also the potential for an external firm to do this brokerage
role as a service to the VBE. In the proposed energy ecosystem, the
CEE manager is responsible for this role.

* VO planner: This role is played by a VBE actor whenever a new
opportunity for collaboration arises. The planner is responsible for
identifying the required capabilities and competencies, selecting a
suitable group of partners (VBE members and even outsiders if the
VBE lacks the relevant competencies and/or capacities), and
structuring the new VO. In many instances, the same actor plays
both the roles of opportunity broker and VO planner. In the
proposed ecosystem, the CEE manager is responsible for this role.

ii. Professional virtual community: A long-term alliance of professional
individuals that provides an environment to facilitate the agile and
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iii.

fluid formation of virtual teams, similar to what VBE aims to provide
in the case of virtual organizations.

Business Ecosystem: is a class of collaborative network that falls
under the sub-class of long-term strategic networks, more specifically
a type of VBE. It is defined in (Camarinha-Matos & Afsarmanesh,
2008) (Graga & Camarinha-Matos, 2021) as “a long-term strategic
collaborative network similar to a cluster or industry district.” A
business ecosystem draws inspiration from the mechanisms of
biological ecosystems. This type of ecosystem fosters collaboration
among diverse entities and promotes synergistic relationships among
different sectors to drive economic growth and development. Through
the lens of CN, the organization of a REC can be viewed as a form of
business ecosystem. The REC may involve several stakeholders within
a specific geographical region. The analysis of the REC as a business
ecosystem helps identify opportunities for economic growth and the
establishment of sustainable energy practices within the community.

b. Goal-oriented network: A CN in which intense collaboration is practiced

among its partners towards a common goal or a set of compatible goals. Under

goal-oriented networks, two main subclasses can be seen:

i.

Grasping opportunity-driven network: A CN driven by the aim of

addressing a single collaboration opportunity and which is dissolved

after the goal is accomplished. Some examples of this type of network
include:

* Virtual enterprises: These are temporary alliances of enterprises
that come together to achieve a specific goal and are typically
formed within the context of a VBE. The collaboration
preparedness characteristics acquired by VBE members facilitate
the rapid formation of a virtual enterprise when a new business
opportunity is identified.

*  Virtual teams: These are similar to a virtual enterprise but are
formed by humans, not organizations. A virtual team is a
temporary group of professionals that work together towards a
common goal, such as realizing a consulting job, a joint project,
etc., and that use computer networks as their main interaction
environment.

*  Virtual organizations (VO): According to (Camarinha-Matos &
Afsarmanesh, 2021b) a VO is sub-class of grasping opportunity
driven network that is established quickly in response to a short-
term business opportunity. This VO can be dissolved when the
short-term objective or goal has been achieved. In the context of
the CEE, the formation of VOs is proposed to occur in a dynamic
manner. This means that the creation of a VO becomes necessary
only when a viable business opportunity arises. These
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opportunities may have varying lifecycles and response times,
necessitating an agile and adaptable approach. The capability of
CEE members to dynamically form VOs to pursue opportunities
and have them dissolve when the opportunity is achieved is key
to the CEE concept.

A VO is a temporary organization that can be formed out of a
VBE to take advantage of a business opportunity. VOs are a class
of collaborative networks that have received a lot of attention and
raised expectations across a range of application areas (Adu-
Kankam & Camarinha-Matos, 2018). One way to stay adaptable
and survive market volatility is to be able to swiftly form VOs in
response to business opportunities and have them tailored to the
needs of each particular opportunity. This notion is not just useful
in the business world but also in non-business settings such as
incident management and disaster management processes, where
multiple entities need to work together in a swift, decisive, and
efficient manner. Agility is best exemplified by the notion of
groups of organizations quickly transforming into a collaborative
form focused on a mission or objective.

A VO can be formed in the context of a CEE in order to
strategically take advantage of business opportunities like selling
renewable energy to the grid or utilizing the strength of collective
actions by aggregating resources found in the CEE, like deferrable
loads, and using them to swiftly respond to demands on the grid
In Figure 2.2, we illustrate a scenario of three VOs, namely VOI,
VO2, and VO3, which are formed from a CEE to take advantage
of grid opportunities 1, 2, and 3.
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Figure 2 2— CEE as a VBE, forming VOs 1, 2 and 3 to take advantage of grid opportunity 1, 2 and 3.

* Extended enterprises: A concept typically applied to an
organizational form in which a dominant enterprise ““extends” its
boundaries to all or some of its suppliers. An extended enterprise
can be seen as a particular case of a virtual enterprise.

ii. Continuous production driven network: A CN driven by or oriented

to continuous production or service provision activities. One example

is a supply chain.

2.2 The notion of Renewable Energy Communities (RECs)

A REC is a collective entity that is autonomous, operates in line with the applicable national
laws, is based on open and voluntary participation, and is effectively governed by
shareholders or members who participate in these communities. The establishment and
operation of RECs are supported by legal frameworks such as the European Union Directive
2018/2001 (The European Union, 2018).
European Union to ensure that final customers, especially household customers, are allowed

This directive mandates member states of the

to participate in a REC while upholding their rights and obligations as final customers and
without being subjected to unjustified or discriminatory conditions or procedures that would
prevent their participation, provided that their participation does not constitute their
primary commercial or profit motive.

RECs can contribute to the alleviation of fossil fuel dominance in the current grid in
several ways. For example, they can contribute to energy justice by promoting more equitable
access to renewable energy resources and reducing the disproportionate impacts of energy
production and consumption on marginalized communities (Sovacool et al., 2017). One of
the main avenues for RECs to promote energy justice is to make renewable energy more
accessible and affordable to more people. By pooling resources and sharing the costs and
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benefits of renewable energy systems, communities can make it possible for more people to
access clean and sustainable energy sources. RECs can also help to address the unequal
impacts of energy production and consumption on marginalized communities and genders.
For example, many low-income and minority communities are disproportionately impacted
by pollution and other negative effects of fossil fuel energy production (Donaghy & Jiang,
2021). By supporting the transition to renewable energy sources, communities can reduce
these impacts and create a more just and sustainable energy system. In addition, renewable
energy communities can promote energy democracy by giving people a greater say in how
their energy is produced and consumed. By working together, community members can
create a more participatory and democratic energy system that benefits everyone, not just a
few powerful stakeholders but also to include marginalized genders such as women. Overall,
renewable energy communities can play an important role in promoting energy justice by
making renewable energy more accessible, reducing the negative impacts of energy
production and consumption on marginalized communities, and promoting greater
democratic participation in the energy system. Renewable energy communities can
contribute to increasing citizens' participation in renewable energy as well.

2.3 Review Methodology

For the analysis of the state of the art, we followed the systematic literature review (SLR)
method. The motivation for adopting this approach is that it helps to provide a balanced and
objective summary of the state-of-the-art in a specific knowledge area by collecting,
identifying, and critically analysing the available literature on the subject matter from
sources such as articles, conference proceedings, books, and dissertations using a systematic
procedure. In fact, SLR is widely used (Carrera-Rivera et al., 2022) because it provides a
rigorous and systematic method of literature review, assisting in the generation of robust and
empirically derived answers to the focused research questions (Mallett et al., 2012). Instead
of summarizing a collection of publications, the method suggests formulating some research
questions which are used to guide the entire review process (Chigbu et al., 2023). In this
section, a brief description of the various steps that are taken to identify and select materials
for the review process is provided. Two separate reviews are conducted. The first review
involves the analysis of 86 published articles from the area of virtual power plants. The
second review involves (a) A brief/ panoramic review of renewable energy communities and
(b) an analysis of 34 cases from the area of renewable energy communities. The inclusion and
exclusion criteria that is used for the selection of both the articles and cases for the review are
also presented. Figure 2.3 illustrates the various steps that are followed in the selection of the
articles/cases. The articles/cases that are considered in the review are published between
the years 2010 and 2023, inclusive. The various stages used in the selection processes are as
follows:

1. Article/case search and identification: The first stage of the review process involves
searching for articles/ cases that are deemed relevant to the subject matter, in this case,
the proposed research question(s). At this stage, the articles/cases are identified
based on their titles only. The search is conducted from known databases of academic
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literature. The databases consulted included Scopus, Web of Science, IEEE Xplore,
Google Scholar, Google Search, JSTOR, and Science Direct. Additional information is
also gleaned from other sources, such as books and YouTube. Articles/cases are
selected from the search using the selection criteria described below, which consisted
of a set of keywords that is used in several different combinations. For instance, the
keywords that are used to identify renewable energy cases in the second review are
shown in Table 2.1.
Article/case selection: At this stage, the articles/cases that are identified in the
previous stage are collected into a folder for further review. At this stage, the articles
are reviewed based on the abstract only. For the cases, they are reviewed based on
the case introduction.
Article [case screening: At this stage, the articles/ cases are reviewed thoroughly using
the defined inclusion and exclusion criteria. Articles/cases that passed the inclusion
criteria are retained for further analysis, and the others are excluded.

» Inclusion criteria: Each one of the reviews had a different inclusion criterion.

These criteria are discussed in subsequent paragraphs.
* Exclusion criteria: Each one of the reviews had a different exclusion criterion.
These criteria are discussed in subsequent paragraphs.

Articles/cases eligibility stage: Eligible articles/cases are those that passed (a) the
search and identification stage, (b) the articles/cases selection stage, and (c) the
articles/ cases screening stage. These are the articles/ cases that are finally included in
the review. Ineligible articles/cases are those that did not meet the eligible criteria
mentioned above.
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Figure 2 3 — The flow of the systematic literature review process
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2.4 Part-1: Areas of Convergence Between Virtual Power Plants and
Collaborative Networks

2.4.1 Introduction

The energy transition and ongoing digitalization in the energy sector have played a
significant role in the current evolution of electric power systems (Cao et al., 2023). This trend
is characterized by the increasing penetration of distributed energy resources (DERs) in the
power grid (MIT Technology Review insights, 2022). Due to the immense potential of these
energy resources, the use of the virtual power plant (VPP) concept is gaining ground as one
of the plausible ways to harness their potential. Through the process of aggregation, these
distributed resources can be integrated into the power grid. According to the literature, the
concept of VPP is relatively new (Mao et al., 2020), therefore, publications in this area are still
dispersed in terms of content, context, and organization (Zhang, 2022). Furthermore, a
unified definition for the concept is currently unavailable (Rouzbahani et al., 2021).

Some selected definitions from the literature include (Saboori et al., 2011), who defines
a VPP as a collection of distributed generating units, variable loads, and storage systems that
have been combined to function as a single power plant. The generators can run on fossil
fuels or clean energy. An energy management system, the brain of a VPP, controls the power
flows coming from the generators, controllable loads, and storages. Due to the two-way
nature of the communication, the VPP is able to send signals to control the DERs as well as
receive information about each unit's present status. In (Nikonowicz & Milewski, 2012) and
(El Bakari et al., 2009) a VPP is said to be a modularly constructed entity based on software
communication technologies that effectively organizes, manages, and merges decentralized
generation, storage, and consumption through an intelligent energy management system.
Combining the different views, (Adu-Kankam & Camarinha-Matos, 2018) suggest that a VPP
is a virtual entity involving multiple stakeholders and comprising decentralized multi-site
heterogeneous technologies, formed by aggregating dispatchable and non-dispatchable
distributed energy sources and energy storage systems, including electric vehicles and
controllable loads. It is supported by information and communication technology to form the
equivalent of a single virtual power plant with the capacity to manage and coordinate its
operations, ensuring power and information flow among its stakeholders, in order to
minimize generation costs, maximize profits, and enhance participation in demand response
programs as well as trade within the electricity market.

Among the plethora of existing definitions, some common themes that run through
suggest that a VPP can be considered as an aggregation of DER units, using software
technology to establish the equivalent of a single power plant that has the capability to serve
similar purposes as traditional power plants. The VPP concept enables the control of the
aggregated units and helps manage the electrical energy flow between these units in order

to obtain some economic or commercial value at the end.
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The rationale for this part of the literature review is to attempt to establish a correlation
between the two disciplines, i.e., the domains of CNs and VPPs. To help identify current
synergy and a better synthesis of these areas, three guiding questions are used to help define
the scope of the review, namely:

PT1-RQ1: Which collaborative principles are currently being applied in the domain of VPPs?
[Collaborative Network principles].

PT1-RQ2: Which collaborative organisations are emerging in the domain of VPPs?
[Organizational forms].

PT1-RQ3: Which technological enablers support collaboration in VPPs?

[Technological enablers].

2.4.2 Article Search, Identification, Screening and Selection Processes

This section describes the various stages through which the articles for this part of the review
are selected.

1. Article search and identification stage: At this stage of the review, the following
search terms/words are used to search and select prospective articles. In the Table
2.1, each keyword from column 1 is used in combination with the keywords from
subsequent columns such as columns 2, column 3, and column 4 to search for
prospective articles.

Table 2.1—Terms used in the articles search and selection process

Column-1 Column-2 Column-3 Columns-4
Keywords describing REyworels c}escribing Keywt(l)ll;:d:y;l)zsg;lblng tllf:ywo: c(l; g:s:ﬁﬁgf
the VPP the type of virtual entity interaction typ ¥
Sharing
Power Collaboration Plant
Bt Cooperation Ecosystem
Virtual Distrébuted Coordination Platform
Cyber RlUL R Network Portal
Cyber-physical Encrgy Partnership Energy market
Aggregated LA E Joint Electricity market
Microgrid RlEecH Co-evolution Balancing markets
LGS Coalition Carbon market
T Clusters Day ahead market

Balancing groups

Results from the search revealed some interesting trends. All articles obtained from
the search showed that the term ‘collaboration or collaborative’” was relatively
uncommon in this area. However, terms like Virtual, Players, Producers, Multi-agent,
Micro-grids, Aggregation, Aggregators, Energy Market, and DERs are used quite
frequent in most articles found. The search conducted with these search terms
yielded a total of 205 articles.
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2. Article selection stage: At this stage 149 articles are selected, and 56 articles are
rejected. The selection of articles at this stage is based on their titles only. The rejected
articles are due to duplication and out of scope titles.

3. Article screening stage: At this stage 55 articles are screened out and 94 articles are
retained for further scrutiny.

a. The inclusion criteria: The following are the inclusion criteria for a paper to
be included in the survey: (a) The article must be published between the years
2010 and 2023, inclusive. The reason for selecting this time window (13 years)
is to help gather sufficient evidence regarding the evolutional trend of these
concepts over time; (b) The article must discuss any form of collaborative,
cooperative, collective, or aggregation mechanism or relationship within the
energy domain; (c) These cooperative or collaborative relationships must be a
result of the aggregation of DERs, demand response programs, energy storage
systems, combined heat and power, controllable loads or a combination of any
of them; (d) The aggregation must result in the equivalent of single virtual
entity; and (e) The aggregated unit must have the capability to provide some
commercial value.
b. Exclusion criteria: All articles that failed to meet the inclusion criteria are
automatically excluded.
Using the inclusion and exclusion criteria, the selected/screened articles are
narrowed down from 94 to 86. The first part of review is therefore conducted using
these 86 cases.

2.4.3 Focus Areas

According to (Next Kraftwerke, 2021) the term "Virtual Power Plant" (VPP) refers to a
network of flexible power consumers, storage devices, and decentralized, medium-scale
power generating units. VPPs are capable of a wide variety of functions, depending on the
specific market scenario. Generally speaking, the goal is to connect distributed energy
resources, such as wind farms, solar parks, and Combined Heat and Electricity (CHP) units,
in order to monitor, forecast, optimize, and exchange their power. By varying the power
generation and consumption of controllable units, fluctuations in the production of
renewable energy can be balanced (Yu et al., 2022). The VPP does, however, contribute to
more than just grid stabilization. Additionally, it sets up the conditions necessary for the
market integration of renewable energy sources. Most of the time, small plants cannot offer
their flexibility on the power exchanges or balance services. They either do not satisfy the
minimum bid size of the marketplaces or their generation profile exhibits too much variation.
A VPP can provide the same service and redundancy by combining the power of numerous
units and can then trade on the same markets as big central power plants or commercial
clients. From this background, the review discusses 2 key areas: (a) VPP operation and
control, and (b) VPP security.

2.4.3.1 VPP Operation and Control
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The increasing integration of DERs in the grid has created operational and control challenges
that require coordinated techniques for efficient management (Roozbehani et al., 2022). In
this regard, the following areas are discussed:

2.4.3.1.1 VPP Aggregation or Clustering

VPP aggregation is the process of bringing diverse DERs together to create a composite unit
whose capability is equivalent to that of a conventional power plant. Currently, there are
several techniques that are used in the aggregation process. The objective of this section of
the review is to ascertain if collaborative network principles and techniques are adopted in
the aggregation of DERs.

To avoid further grid volatility, (Wang et al., 2022) claimed that it is crucial for VPPs to
engage in power grid balance adjustments by offering stable available capacity. By relying
on just one or a few types of adjustable resource clusters, it may be difficult to meet this need.
As a result, to address the output fluctuation, a dynamic aggregate response model based on
the “state priority queue” is proposed. The approach by (Wang et al.,, 2022) suggests a
dynamic aggregation technique that divides a cluster of electric vehicles and electrical loads
(thermostatically controlled loads) in the VPP into subclusters based on each unit's
characteristics (operational state). This helps to creates a "response priority queue" within the
subcluster of the VPP in accordance with a “response capability indicator” of the various
resources. When a resource cannot participate in the response due to some special reasons,
the VPP can set up new response resources from the various clusters of the VPP based on
their status in the priority queue to participate in the grid balancing activity. This technique
appears similar to invitations to participate in coalition formation in the context of CNs.
Again, in (Bao et al., 2021) a multi-objective VPP member selection model is presented. The
two key optimization objectives mentioned include the maximization of VPP economic
benefits and the voltage deviation of the distribution network. Based on these optimization
goals, a VPP member is selected. This member selection process is similar to CN partner
search and selection process as well as the alignment of member competencies. In (Dethlefs
etal., 2015) an aggregation method which uses a common active registry system is proposed.
The registry system provides a common platform for the exchange of “energy services and
information.” This system has two key actors. The first actor is the resource provider, who
manages the DER resources and provides an energy service to the second actor, who is the
aggregator. The roles of these actors are as follows: (a) the registry system allows a resource
provider to register and de-register Its DER(s) resources; (b) The resource provider has the
ability to add, modify, and remove energy services offered in the registry system. The role of
the aggregator, on the other hand, is that it can search the database for accessible energy
services. The aggregator establishes the search and filter criteria for the search use case. The
aggregator will subsequently receive a result list detailing all eligible DERs. Furthermore, the
aggregator can reserve an energy service by determining whether all requirements, such as
availability, the aggregator's right to reserve, etc., are satisfied. The DER is then informed
that the aggregator is permitted to control it within the parameters of the energy service. This
approach appears similar to the grasping opportunity kind of collaboration in CNs. This
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method enables aggregators to dynamically adjust the composition of their VPPs to meet the
specific needs of the market (a facet of agility) and to quickly reconfigure the VPP in the face
of a challenge.

Another interesting aggregation technique is proposed by (Botsis et al., 2015) and
(Rinaldi et al., 2016). These authors proposed a virtual DER cluster (VDC). This cluster is
composed of several DERs that are united in the form of coalitions. Each member of the
coalition can participate in the market as a single entity. Furthermore, each cluster may have
a goal. To achieve these goals, an efficient clustering algorithm is proposed. The clustering
algorithm is based on a minimum and maximum optimization policy. The algorithm helps
to dynamically derive the cluster that best satisfies the coalition’s goals. Several VDCs can be
connected to a web-based platform through a gateway, which leads to a virtual DER
clustering aggregator (VDCA). The VDCA serves as an intermediary for the VDCs to work
together. The utilities (market operators) and VDCAs help facilitate energy trade among
different VDCs. The VDCA builds a directory of DERs from which dynamic VDCs can easily
be formed. Cluster formation or aggregation is dynamic, thus on an hourly interval or day
ahead since energy demand and supply are also dynamic processes. The dynamic
aggregation processes described are similar to the dynamic formation of virtual
organizations in the context of a virtual organizations breeding environment. Again, a
similar aggregation technique is discussed in (Cai et al., 2022), (Huang, 2015), and (Bahloul
et al,, 2022). In these examples, the focus is placed on “smart grid social networks.” Their
motivation is based on shared geographical location and shared values such as sustainability,
social cohesion, or energy sharing. Members engage each other through a “smart grid social
network” portal to achieve these compatible goals. This type of organization is also similar
to that of a VBE in the context of a CN, where members agree to work together based on
some common interests and agreed-upon governing principles.

In (Biswas et al., 2014) a VPP aggregation is as an optimal combinatorial auction
problem. In their model, a VPP planner acts as market broker which collaborates with
multiple DER supplier agents and consumers by aggregating the energy produced by those
DERs and making it available to consumers through the grid in real time. Similar to this case,
(Siebert et al., 2013) proposed a flexibility aggregation system comprising an “aggregator
solution” entity which interacts with several prosumers and systems. The proposed
approach was deployed in the “Reflexe pilot project.” In this project, meter and sensor
information as well as forecast of expected load, production, and flexibility from
participating DERs are sent to the “Aggregator Solution.” The “Aggregator Solution” entity
processes these data which are available in its database to determine the status of power
supply, demand and flexibility available in the system. This knowledge is used to build
proposals for market bids based on traders defined energy specifications which they make
available in the “Aggregator Solution.” From the perspective of CNs the “aggregator
solution” acts like a market broker who seeks business opportunities in the market and works
with its members (prosumers) to take advantage of each opportunity.

Typically, the types of energy resources that are often aggregated to form a VPP in the
literature involve: (a) battery storage systems (Krishna & Hemamalini, 2022), (b) electric
vehicles (Ravikumar et al.,, 2022), (c) wind turbines (Baeyens et al., 2011), and (d) solar
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photovoltaic systems (Bannavikarn & Hoonchareon, 2021). One area that is gradually
gaining attention in the literature is the aggregation of energy resources in smart homes or
smart buildings into a VPP. In this regard, several examples can be seen. For instance, in
(Behi et al., 2021), 67 dwellings with assorted DERs are aggregated into a VPP. Another
example is discussed in (Zhang, 2022) where the aggregation of air-conditioner loads are
used to control a VPP. In another example, a building VPP architecture that aggregates
building-side energy resources is presented in (Luo et al., 2022), and finally a smart buildings
VPP which can participate jointly in the energy and regulation markets is also addressed in
(Zhu et al., 2022).

Discussion: In terms of CN forms, this part of the review has shown evidence that suggests
the use of certain CN principles and organizational forms that are similar to some traditional
CN forms. Some novel organizational forms are also seen. Although the current
organizational forms bear some semblance to traditional CN organizational forms, they
appear not to be fully matured methods to be adopted for efficient DER aggregation. It can
therefore be inferred that there is opportunity for improvement and that more efficient
aggregation methods could be sought. Adopting a more efficient and mature approach from
the domain CNs could be helpful in this sense. Based on the set of cases discussed, the
following traditional CN organization forms, roles and principles are found, although not
necessarily in an explicit way:

1. Virtual Organizations Breeding Environment: Cases such as (Dethlefs et al., 2015)
and (Botsis et al., 2015) resemble VBEs as per their characteristics, formation, and
mode of operation. However, upon critical scrutiny, it is observed that these systems
do not incorporate mechanisms that can facilitate the aggregation process in a way
that makes it similar to VO creation as in CNs. It is however relevant to mention that
the key essence of a VBE is to improve the preparedness of its members for efficient
VO creation. Preparedness includes defining core competences, harmonizing
procedures, creating and sharing common knowledge, managing performance,
reliability, trustworthiness, and general competencies, which are critical components
to consider in such dynamic VBEs. The cases identified in this review still do not
incorporate mechanisms to ensure preparedness. Therefore, these limitations will
adversely impact the sustainability and agility of the VPP. Thus, although these cases
bear some semblance to VBEs, it is noteworthy to mention that the full concept of
VBEs and their support functionalities are not yet endogenous in this area.

2. VBE broker role: The role of a broker in a CN is primarily to seek business
opportunities (Camarinha-Matos & Afsarmanesh, 2021a), (Camarinha-Matos &
Afsarmanesh, 2008). A broker may function as part of a VBE or may function outside
of a VBE. When a broker finds an opportunity, other players, such as the VO planner,
the VO coordinator, etc., take over and facilitate the formation of the VO and the
alignment of the VO’s competences and assets with the opportunity. Some of the core
functions of these players include negotiation, partner search and selection, VO
creation, operation, and dissolution. Other functions include the alignment of the VO
competences to the opportunity (Camarinha-Matos et al., 2005).
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3.

O

2.4.3.1.2

However, in the cases that are considered in this survey, e.g., (Botsis et al., 2015) and
(Rinaldi et al., 2016), the proposed systems incorporate some of these functions into
a single system. For instance, in (Rinaldi et al., 2016) all the participating DERs
register in the “Aggregator Solution” to form a kind of VBE. The functions of this VBE
(aggregator solution) include:

a. “Aggregator Solution” processes received information from DERs, and
weather forecast to determine availability of flexibility - Identification of
opportunity.

b. “Aggregator Solution” searches its database and aggregates flexibilities-
partner search or selection and VO creation.

c. “Aggregator Solution” prepares market bid proposals for the market -
Negotiation.

d. Trader accepts the bid proposals and subsequently energy is dispatched to
trader - VO alignment with opportunity and operation.

Although the proposed systems in (Botsis et al., 2015) and (Rinaldi et al., 2016) have
good potential for such dynamic environments, they do not possess the mechanisms
that can assess members’ competences, address trust issues, identify value systems,
or assess members” performance. For these reasons, it can be inferred that the
reviewed cases do not have the full functionalities to support the proposed concepts
adequately as compared to similar roles that are played by corresponding entities in
the context of CNs.

Grasping Opportunity Networks: In most of the cases considered, the ultimate
objective for aggregation was inclined towards grasping a particular market
opportunity. The opportunity may usually include participation in the energy market
(Ullah, 2022) or to provide some ancillary services to the grid (Wang et al., 2022). To
grasp these opportunities, different methods are used to aggregate capacities of DERs
to pursue these opportunities. The cases considered above satisfy these criteria and
can therefore be considered as Grasping opportunity networks.

On the other hand, certain other organizational forms were also observed which did
not conform to the traditional CN organizational forms. These can be considered as
emerging organizational forms because they are new and composed mostly of a
hybrid between two of the known traditional forms. For instance, a hybrid mix of
VBE and Goal Oriented Network was found in cases such as (Siebert et al., 2013),
(Biswas et al., 2014), (Botsis et al., 2015), (Dethlefs et al., 2015), and (Zhao et al., 2022).

VPP Organization or Architecture

This section addresses articles that make contributions to the organization of VPPs.

Generally, VPPs are organized into three main categories (Nikonowicz & Milewski, 2012).

These categorizations are as follows:

1.

A centralized controlled architecture: In this arrangement, the VPP is responsible for
all control logic, and the DER is kept separate from all market and production
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planning knowledge. The benefit of this design is that it provides the VPP with a
straightforward method of utilizing DERs to satisfy market demand.

2. A hierarchically distributed controlled architecture: This type of VPP establishes a
hierarchical model by outlining VPPs at various levels. While assigning some
decisions to a higher level VPP, a local VPP supervises and organizes a small number
of DERs. Individual VPP responsibilities and communication may be made easier by
this design.

3. Fully distributed controlled architecture: Each DER functions as an autonomous,
intelligent agent that engages with and responds to the market and power system
volatility. This idea is promising as it provides the DERs with some flexibility in terms
of their contribution to the power system.

Besides these three general categories, it is again found that VPPs are often constructed of
several interdependent components. These components could be in a modular form (IANOS,
2020), in a layered structure (Jiang et al., 2021), or in a hierarchical order (Rédle et al., 2021).
Some VPPs are scalable (Bianchi et al., 2021), and others are not. However, the components
of VPPs are usually integrated into a composite unit, a platform, or a software system. A
common attribute that runs through all the different architectural frameworks is that there is
some synergy or coordination between the various components, that enables them to talk to
one another or work together in a cooperative manner. For instance, reviewing the work of
(Song et al., 2021), a “VPP with centralized control platform” architecture is presented. The
system is comprised of (a) business architecture, (b) technical framework, and (c) application
architecture. These three blocks of the architecture provide a multi-source big data platform
that enables multiple data sources to be integrated into a unified data management platform
for the VPP. The big data sources include data from: (a) systems data such as scheduling,
automation, distribution network automation, power management, smart meters,
geographic information systems, etc, (b) Equipment data, including energy terminal
acquisition equipment data, gas network data, thermal networks, including energy storage,
microgas turbines, air source heat pumps, solar thermal, biomass energy, electric vehicle
Charging piles, and other sources, (c) macroeconomic policies such as environmental and
climate data, (d) data from energy terminal acquisition equipment. In this example, all three
components are integrated, and they talk to each other.

In another example, (Ma et al., 2020) present the architecture of the transaction
management system of a VPP that is based on blockchain technology. In this example, the
blockchain is used to manage all the power transactions of the VPP. The architecture is
comprised of distributed energy source nodes, VPP aggregators, and smart meters. The case
of a double-layered architecture is also proposed in (Wang et al., 2021). In this case, the upper
layer is a commercial VPP that participates in energy market transactions, while the lower
layer is a technical VPP. Similarly, in (El Bakari & Kling, 2011) and (El Bakari & Kling, 2012),
a VPP architecture that is claimed to be hierarchical, modular, and scalable at the same time
is presented. The architecture consists of three layers. The first one is the local layer that
constitutes the local VPPs (LVPPs), which is intended to coordinate the DERs that are located
within a local community and small neighbourhood level. The second is the regional layer
of the architecture, which is an aggregation of LVPPs from the local level to form a regional
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VPP (RVPP) that also cooperates at the district level. The third layer is an aggregation of
RVPPs to form a large-scale VPP framework that serves the transmission system operator.
This enables a power system architecture that integrates a high number of DERs that can be
managed at all three levels in a hierarchical order, helping to maintain system stability and
increase the reliability of the power supply. Again, (Rinaldi et al., 2016) proposed a four-layer
hierarchical architecture for a distributed monitoring system. The architecture includes: (a)
Bottom layer which constitutes a network of distributed generation, distributed storage, and
all devices installed in the local grid; (b) The middle level of the architecture is composed of
a central power plant controller, which coordinates, and aggregates data provided by
distributed generation and distributed storage systems at the bottom layer of the
architecture; (c) The third layer is made up of a VPP monitor that is responsible for the
virtualization of the plants under its control. The final layer, (d) which is the distributed
monitoring system is the topmost layer of the framework. Jointly, they form a single (virtual)
plant with a hierarchical relationship between the various layers. This enables bottom-up
and top-down relationships to be established at all levels of the system.

In terms of organization and architectural framework, VPPs are found to be organized
in a similar manner as is the case for collaborative network systems. They are made up of a
variety of discrete entities that are geographically dispersed, however, they are integrated to
form a complex system. The components "talk" to each other in order to achieve some
common objectives. Furthermore, these interactions are supported by computer networks.
Nevertheless, it can be inferred that the use of CN principles in this area is very negligible
and still emerging.

2.4.3.1.3 VPP Operation and Support Technologies

In this aspect of the work, we review the various technological enablers that are found to
help the advancement of the VPP notion. As shown in Table 2.2, the following technological
domains were identified as the key technological enablers in this area: (a) information and
communication technology (ICT) such as artificial intelligence, cyber-physical systems,
agent-based technology, blockchain technology, electrical vehicle technology, and
distributed generation technology. The key areas where these technological enablers are
mostly applied include (a) VPP forecasting, (b) VPP optimization, (c) VPP transactions, (d)
VPP dispatch and scheduling, (e) VPP aggregation and clustering, (f) VPP management and
control, (g) VPP security, and (h) VPP market/bidding. It is also observed that the idea of
system-of-systems technology is extensively used to enable seamless systems integration.
This also helps to achieve decentralized and hierarchical control of energy resources.
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Table 2.2. Technological enablers and areas of application within the VPP concepts

Areas of application
: :
& £ g = i 5 | e
g 8 5|z |3 g £ | 2
Technological g g 3 il 58 5 > | 5 S
Reference @ -8 g - 0 g 3 &=
Enablers g 5. S & g B & g g 'f‘.a 3
9 = 8 o =l
& | 2 |= |BE|<E|3E |3 |2 |<
> &~ = [T &~ 2 = F &~ &~ [
= a5 & = =8 &~ &~ &~
) » O > < > > >
(Sierla et al., 2022) Yes Yes - - - - - - -
Artificial (AI and the Tech behind the Virtual Power
. Yes Yes - - - Yes - = o
Intelligence Plant, 2021)
(Karitpower, 2023) Yes Yes - - - Yes - - -
(Sosnina et al., 2022) - Yes - - - Yes - - -
Agent-based (Que et al., 2021) - Yes = - - Yes = = =
Technology (Wang et al., 2022) - Yes - - - Yes Yes - -
(Zhang et al., 2020) - - - Yes - Yes - - -
Huang et al., 2020) - - - - - - - -
Wang, Zhang, Jia, et al., 2021) - - - - - Yes - - -
Blockchain
(Wang et al., 2022) - Yes - - Yes - - -
Technology
(Ma et al., 2020) - Yes - - - - -
(Mnatsakanyan et al., 2022) - - - - - - - - -
- (Ravikumar et al., 2022) Yes - Yes - - -
tri
ec. rie (Ahmadian et al., 2023) Yes Yes - Yes - - -
Vehicles _
. (Liet al., 2022) - Yes - Yes Yes - - -
Integration _
(Nair & Shereef, 2022) - - Yes Yes Yes - - -
Solar PVs: (Bannavikarn & Hoonchareon,
- Yes - - - - Yes -
Distributed 2021)
Generation Hybrid tems: (Laoharoj hand &
ybrid systems: (Laoharojanaphan _ - _ - _ _ _ - _
Ongsakul, 2021)
Inf ti
n orma. lm}/C 5G Technology: (Jazaeri, 2021) - - - Yes - - -
ommunication Yes Yes
Technology Network Slicing: Tian & Qiu, 2022) = = = Yes = Yes | Yes = =
s (Gao et al., 2021) - - - - Yes - -
y .er- (Gan et al., 2021) - - - Yes - Yes Yes - -
physical
(Venkatachary et al., 2021) - - - - Yes - Yes
Systems _
(Tian et al., 2020) - - - Yes Yes Yes | Yes

Discussion: In terms of technological enablers, it is found that ICT is a dominant technology
that is used to support the VPP concepts. Regarding the use of ICT, it is observed that similar
aspects of this technology are also applied in the domain of CNs. For instance, in (Ferrada &
Camarinha-Matos, 2019), agent-based technology is used to simulate emotions in a CN.
Similarly, in (Nazarenko & Camarinha-Matos, 2021), a collaborative cyber-physical system
design is presented. Furthermore, blockchain technology is suggested in (Adamopoulos et
al., 2019) as the basis for developing a “blockchain CN framework,” while (Unhelkar &
Arntzen, 2020) present an intelligent CN enterprise system.

Besides the concurrent use of similar technologies in both domains, other aspects of ICT,
particularly in the area of communication are also found. For example, some communication
protocols and standards such as IEEE 802.11ac, Long Term Evolution (LTE), TCP-IP, are also
found. These protocols and standards enable inter-device communication and cooperation.
They also enhance communication between the cyber and physical components of the VPP.
It is, however, envisaged that these standards and protocols could be similar to CN
communication systems as they might also be comprised of cyber-physical components that
need to communicate with each other.

It is observed from the review that at the current stage of development, there are several
technologies that are integrated into several systems that talk to each other using several
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communication technologies, protocols, and standards. However, cooperation between these
systems is not based on collaborative network principles. It can, however, be inferred from
the review that, currently, the technological environment and support systems for the VPP
concept are mature enough to support the integration of CN principles and mechanisms into
the VPP domain. This can facilitate effective collaboration, communication, and cooperation
among the plethora of technological systems found within the VPP domain.

2.43.1.4 VPP Market Participation

The primary objective of a VPP is to aggregate small-scale distributed generation into an
aggregated unit to enable it to participate in the energy market (Bannavikarn &
Hoonchareon, 2021). According to the (European Parliament & Council of the European
Union, 2019), the electricity market is a marketplace for the trading of electricity, including
over-the-counter markets and electricity exchanges, capacity, balancing, and ancillary
services in all timeframes, including forward, day-ahead, and intraday markets. There are
other short-term trades, generally in the form of financial or obligation swaps. Bids and offers
that use supply and demand principles to set prices. The literature in this area also covers
other aspects of electricity trading, such as tariffs, remunerations, and negotiations. Table 2.3
shows how different resources are aggregated into a VPP and which market these VPPs
participate in. The table also shows which cooperative or collective mechanism these VPPs
adopt in order to participate in the energy market. These findings however, are not
necessarily generic, as they may also depend on the legislation or legal framework existing
in the geographical region/country within which the VPP is operated.
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Table 2.3 VPP participation in the energy market.

Type of market Market Strategy
Type of Resources that
yp Cooperative/
are Aggregated to .. Peak .
References A : Electricity : Carbon . Auction/n collaborate
Participate in the VA Regulation - Biding (et chani
ar iation mechanism
Market ARE Market < egotatio
1. Electric vehicles A cooperative control
(Liang et al., 2022) - - - Yes -
2. Energy storage strategy
1. Flexible demand- cooperation among
(Fan et al., 2022) i Yes Yes - Yes - X
side resources internal members
1. Flexible loads Real-time cooperation
(Zhu et al., 2022) Yes Yes - Yes -
2. Renewable energy scheme
1. Demand response Cooperation between
(Zishou et al., 2022) 2. Gas-fired unit - Yes - - - controllable loads and
3. Energy storage transferable loads
1. Wind turbine Cooperation between
(Ruhai et al,, 2022) 2. Photovoltaics Y i upper and lower layers
uhai et al., es - - es -
3. Energy storage of the model
4. schedulable loads
1. Photo-voltaic
. . Adopts four different
2. Wind turbine, o
(De & Badar, 2022) Yes - Yes Yes - optimization
3. Micro-turbine .
techniques
4. Controllable load
1. wind power,
2. photovoltaic
A two-stage
(Zhang & Zhao, 2021) 3. energy storage Yes - Yes Yes - L
bidding strategy
4. controllable load
5. dispatchable loads
1. 1-MW PV plant .
(Chen. et al., 2018) Yes Yes Yes Yes - A cooperative game
2. 4-MW Wind farm
(Seven et al., 2022) 1. Inter VPP peer to Y i The Avalanche open-
es - - es -
pee trading source platform
(Ullah et al., 2022) 1. Demand Response Seeing  the  social
2. Energy Storage Systen Yes - - Yes - welfare of participation
entities
(Capodieci & Cabri, 1. Generation Self-organization, self-
2013). companies Yes - - - Yes repairing, and  self-
2. Prosumers adaptation.
1. Distributed
(Faria et al., 2016) generation units, Yes - - - - Clustering algorithm
3. DR consumers

Discussion: It is observed that some CN principles are visible within the VPP market
participation domain. First, all the cases that were reviewed showed evidence of a kind of
VBE that is formed through the aggregation of several distributed resources to enable the
formation of the VPP and subsequent participation in the energy market. For instance, in the
case of (Ruhai et al., 2022), resources such as (a) wind turbines, (b) photovoltaic systems, (c)
energy storage systems, and (d) schedulable load are aggregated into a VPP, a form of a VBE
that uses a cooperative mechanism to enable it to trade in the energy market. In (Capodieci
& Cabri, 2013), a dynamic VO formation process using dynamic aggregation as well as the
application of eNotary concepts are seen. The notion of an eNotary is extensively used to
manage transactions and contracts in the domain of CNs, however, it is not necessarily a
collaboration principle (but rather a support mechanism). The role of VO administrator is
also visible in this case.

In (Seven et al.,, 2022), the Avalanche open-source platform that is used to deploy a
decentralized application and business wide blockchain solution is introduced. The platform
uses a protocol which is a “repeated sub-sampled voting” mechanism that employs a novel
consensus approach in order to provide robust safety guarantees, quick finality, and high
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throughput in energy trading transactions without sacrificing decentralization. First, a
validator who is a member of the blockchain polls a small, ad-hoc set of validators together
to determine if a transaction should be permitted. The questioned validator will respond that
the transaction should be refused if it thinks the transaction is invalid, has already rejected
it, or prefers a different competing transaction. Otherwise, if a sufficiently large portion agree
that the transaction should be authorized, the validator accepts it. This valuation technique
requires the cooperation of all the involved validators to either approve or decline a
transaction. In (Ullah et al., 2022), a market trading system for a VPP that integrates a demand
response program and an energy storage system to enable it to trade in the day-ahead energy
market is presented. This study aimed to maximize social welfare, thus, maximizing
consumer benefits, while at the same time minimizing the energy expenditures of a VPP in
the electricity market. The aspect of social welfare suggests that the benefits, interests,
capabilities, and priorities of each consumer’s participation in the demand response program
are given the needed consideration. This is a sign of cooperation or a collaborative
mechanism. Other works in the literature that discuss the social welfare of VPP participants
include (Singh et al., 2022).

Remuneration forms a critical component of the energy market, as market participants are
motivated by market proceeds in the form of incentives. In (Faria et al., 2016), a method in
which VPPs can dynamically form clusters through the dynamic aggregation and scheduling
of DERs to enable VPPs to offer optimum remuneration packages to both customers and
producers is discussed. The same authors also proposed a clustering approach for a fairer
tariff group organization that considers the resource type and the importance of each
participating resource in each specific scenario (Faria et al., 2016). Again, these aspects are
not necessarily generic, as they may depend on the legislation or legal framework existing in
the geographical region/country within which the VPP operates.

Energy resources considered in both cases are distributed generation units and demand
response programs. Other cases of VPP collaboration in the energy market include: strategic
bidding for VPPs (Rahimiyan & Baringo, 2016), remuneration and tariffs (Ribeiro et al., 2012),
and the development of an intelligent VPP remuneration system using machine learning and
data mining techniques (Ribeiro et al., 2013).

Other concepts relating to technology were also found to be used in the VPP market
domain. Some of these concepts included: electronic notary, agent-based concepts, dynamic
strategy concepts, resilient systems, cluster formation techniques, and dynamic systems, etc.

2.4.3.2 VPP Security

In this section, VPP security is given a wider coverage to also include articles outside of the
strict scope of VPPs. This is because issues concerning VPP security cannot be treated in
isolation from the main grid, therefore, a more realistic view can be obtained by analysing
security from the perspective of the entire smart grid. VPP networks are supported
extensively by ICT infrastructures (Oest et al., 2021), which are deployed to enable wide area
monitoring, protection, and control of the grid (Behi et al, 2021). With this kind of
integration, the traditional power system is gradually evolving into a cyber-physical system
that is comprised of both physical and cyber components (Jha et al., 2021). The co-evolution
of both components of the grid makes it vulnerable to both natural and man-made
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disruptions (Alonso et al., 2021). For instance, Pike Research (Gohn & Wheelock, 2010)
predicts that security will become a major smart grid concern hence, huge investments would
be required to address worldwide smart grid cyber-security in the future.

As one attempt to address these concerns, a modular and hierarchical layered
architecture for the smart grid is suggested in (Enose, 2014). The components of this modular
architectures are described by their functional roles. Each layer implements local security
measures at the layer level and at the same time engages in a cross-layer cooperation to
ensure good security. This layered security approach is claimed to repel attacks but also help
to better contain cyber intrusions. Another layered based security architecture is proposed in
(Farag et al., 2014). In this work, a three-layer framework, called CyNetPhy is simulated at
the laboratory. CyNetPhy is constituted of a cyber-security layer, a behaviour estimation
layer, and a physical security layer, all engaging in cooperative mechanisms towards an
enhanced cross-layered grid security and against pervasive and persistent attacks. Each layer
in the CyNetPhy framework represents a broad hierarchical model encapsulating
interrelated sub-layers. These individual defence layers cooperate with each other to enable
prompt detection of cyber related attacks. Currently there are many open security issues in
this area which need further attention of the research community. These include but not
limited to: SCADA specific man-in-the-middle attacks using “address resolution protocol”
(Rosa et al., 2017), spoofing (Baldini, 2022), the smart meter denial of service attacks (Ortega-
Fernandez & Liberati, 2023), smart meter-based false data injection attacks (Lukumba &
Simon, 2023), micro-grid based jamming attacks (Jamil et al., 2021), and electric vehicle-based
man in the middle attacks (Ahmad et al., 2018), etc.

In another related work, a security-aware distribution system architecture for smart-grid
applications is proposed and simulated in (Hittini et al., 2016). In this example, a four-layered
cloud-based security architecture is proposed, including: (a) the control centre cloud layer;
(b) the primary substation cloud layer; (c) the secondary substation; and (d) the control centre
cloud. This architecture is hierarchical, thereby supporting better scalability and effective
cooperation to ensure system security in the distribution network. In (Sedjelmaci & Senouci,
2016), the authors proposed an intrusion detection system (IDS) deployed to detect intruders
who may impair the proper operation of the grid. Three categories of IDS agents are
suggested to monitor the behaviour of appliances, namely: (a) at smart meters to monitor the
behaviour of appliances; (b) at the collector level to monitor the meter data delivered by
smart meters; (c) in the control centre to monitor the behaviours of collectors and verify the
intrusion decision. These software agents rely on rule-based detection techniques to
collectively monitor the behaviour of a target node and analyse it.

With the current trends in terms of natural disasters, globalization, climate change,
economic crisis, demographic shifts, fast technological evolution, terrorism and cyber-
attacks, and rise of nationalism, the need to incorporate resilience into the power grid has
become eminent. Towards this objective, an attack-resilient cooperative control strategy is
simulated in (Liu et al., 2016). In this approach, an observation network of DERs within the
power system can monitor the behaviours of all its neighbours, and collectively decide to
isolate DERs suspected to be under attack. The remaining DERs can cooperate with each
other to accomplish the security objective of the power system provided that the
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communication network remains intact. (Qi et al., 2016) engage in analytical discussions on
the potential of cyber-security challenges associated with DER integration into the power
grid and proposes a holistic attack resilient framework to protect the integrated DER and the
critical power grid infrastructure from malicious cyber-attacks. The proposed cyber-security
framework consists of a cyber-threat modelling, resilience analysis, attack prevention,
detection, and a collective response, at the cyber, physical, and utility layers of the power
system. In another related work, (Aydeger et al, 2016), simulated a software defined
network (SDN) for smart grid communication infrastructure at the distribution network
connecting substations. SDN technology provides good flexibility to large-scale networks in
terms of control, management, security, and maintenance. In this model, each substation is
integrated with an SDN gateway switch. Comparing SDN and TCP, the authors concluded
that for TCP, there is a higher delay to restart transmissions due to the need for re-
establishment of the TCP connection without having to lose any packets.

A survey conducted by (Egbue et al., 2016), concludes that micro-grids have high potential
to increase the reliability and resilience of the smart grid during a blackout or cyber-attack.
This is because the decentralized nature of micro-grids can provide direct cyber-security
benefits if structured properly. Decentralization reduces the number of vulnerable nodes in
the network and provide alternate routes for avoiding redundant or attacked nodal
components. Furthermore, micro-grids have the ability to incorporate the concept of
“mutual suspicion” which enables peers to protect themselves and their neighbours by
recognizing compromised communication channels and even peers which may be
compromised.

Various other approaches are used to support VPP security. Some of them include the
integration of security in both the cyber and the physical components of the grid. Techniques
such as multi-agent approach to system security, hierarchical security architecture, software
defined network technology, application of artificial intelligence for system monitoring and
intrusion detection, system of system technology for integrating security at various levels of
smart-grid architecture as well as cryptography are used extensively.

Conclusively, the literature review has shown that several aspects of the subject matter
have been addressed. However, there are still some open issues that remain unresolved. In
this regard, the concluding remarks in the next paragraph discuss some of these open issues.

24.4 Concluding Remarks

The following general remarks can be made based on this part of the survey:

1. Various CN organizational forms, principles, concepts, and technologies start to have
some level of penetration in the energy domain, particularly within the VPP space.
This observation is perceived as a good basis for further exploring the integration of
CN principles and mechanisms into this domain. This can help expedite the maturity
of the VPP concept using knowledge from the CN domain.

2. Furthermore, VPPs form various strategic and dynamic collaborative alliances, which
are similar to various CN organizational forms. These include goal-oriented
networks, VBEs, grasping opportunity-driven networks, and continuous production
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driven networks. It is therefore reasonable to suggest that these VPP alliances could
improve if they integrated the collaboration principles that guide the functionality of
these CN forms into their operations.

Additionally, prospects for new and hybrid collaborative forms and mechanisms are
very high as the energy ecosystem becomes more integrated, distributed, dynamic,
and smart, with a high level of systems autonomy and heterogeneity. Some hybrid
collaborative forms emerging include a hybrid between VBE and grasping
opportunity-driven networks, as well as a hybrid between VBE and goal-oriented
networks. This also presents a good research opportunity for both disciplines to
explore and harness the benefits of hybridized systems in this regard.

It was also observed that the two communities use different languages or
terminologies, although they refer to similar concepts. This suggests the need for the
two communities to engage in further interactions to develop an inter-disciplinary
knowledge base for the rapid evolution and development of the VPP concepts.

As such, some recommendation for future works can be derived:

1.

The CN concepts constitute a mature discipline with a well-defined and clearly
structured body of knowledge in various aspects and types of collaboration across
diverse ecosystems. The adoption of this CN body of knowledge in the VPP
collaborative environment could greatly enhance and expedite the quest to develop
optimal VPPs and their associated technologies. It is therefore recommendable that
future works consider a merge between these two disciplines to define a clear niche
for a collaborative VPP /energy ecosystem.

Additionally, the smart grid, including VPPs, is susceptible to both manmade and
natural vulnerabilities due to the increased number of disruptive events, happening
simultaneously around the globe. This notwithstanding, VPPs are particularly
vulnerable in the sense that they constitute, among other things, the integration of
privately owned DERs, which by nature may represent a softer target among the
entire energy ecosystem. This is because any adversary can easily infiltrate a private
facility and pretend to be the DER owner or operator in order to gain access to the
grid. Since aggregation in this environment is observed to be highly dynamic, it is
very essential that VPP aggregators integrate security mechanisms to enable
continuous monitoring and detection of unfamiliar behaviours of DERs that may
pose a potential threat and have them eliminated on time to avoid failure of the grid.
It is therefore observed that this aspect of VPP security, during the aggregation and
operation stages of the VPP still remains an open research opportunity for the VPP
and CN communities. Nevertheless, this is out of the scope of this research.

Again, VPPs have the ability to dynamically reorganize their compositions due to the
stochastic nature of DERs and also based on the dynamics of demand and supply in
the energy market. This dynamic reorganizing property of VPPs presents a good
basis on which a resilient VPP architecture with collaborative reorganizing
characteristics can be explored. For this reason, the notion of a “collaborative resilient
VPP” is recommended for future works. This notion of “collaborative resilient VPPs”
may function very well in the context of a VBE.
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2.5 Part-2: A Review on Renewable Energy Communities

2.5.1 Introduction

This part of the review focuses primarily on RECs in general. The part is organized into two
sections. The first section covers a brief or panoramic review of RECs. The objective of this
preliminary section is to briefly present the state-of-the-art, focusing on the scientific
concepts, trends, and models in the domain of RECs. In the second section, the review focuses
on some selected REC cases. The key objective of the second section is to gain insight into the
current state of implementation of these REC cases. The other objectives of this section are
mentioned in the introductory paragraph.

2.5.2 A Brief/Panoramic Analysis of Renewable Energy Communities

In this section, a brief analysis of RECs from the scientific literature is performed. The focus
areas involve the scientific concepts, trends, and models in four general areas: (a) technology,
(b) energy management, (c) architecture, design, and planning, and finally (d) policy. Similar
to the previous section, the systematic literature review methodology was used as well. To
help identify the current concepts, trends, and models, as well as to gain a better
understanding, insight and overview of the area, one guiding question is used to help define
the scope of the review:

What scientific concepts, trends, and models are currently being used within the domain of RECs?

2.5.2.1  Article Search, Identification, Screening and Selection Processes

This section describes the various stages through which the articles for this part of the review
are selected.

1. Article search and identification stage: At this stage of the review, the following
search terms/words are used to search and select prospective articles. In Table 2.4,
each keyword from column 1 is used in combination with the keywords from
subsequent columns such as columns 2, and column 3 to search for prospective
articles.

Table 2.4. A combination of keywords that were used to search for the articles

Column-1 Column-2 Column-3
. Scientific concepts
Communities
Trends
Ecosystem
Renewable energy Models
Technology
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Column-1 Column-2 Column-3

Policy
Security

The search conducted with these search terms yielded a total of 92 articles.

2. Article selection stage: At this stage 70 articles are selected, and 22 articles are
rejected. The selection of articles at this stage is based on their titles only. The rejected
articles are due to duplication and out of scope titles.

3. Article screening stage: At this stage 19 articles are screened out and 51 articles are
retained for further scrutiny.

a. The inclusion criteria: The following are the inclusion criteria for a paper to be
included in the review: (a) The article must be published between the years 2010
and 2023, inclusive. The reason for selecting this period is to help provide a
reasonable time window (13 years) within which sufficient evidence regarding
the evolutional trend of these concepts can be observed; (b) The article must
discuss aspects of RECs defined in the focus area, namely: (i) technology, (ii)
energy management, (iii) architecture design and planning of RECs and finally
(iv) policy.

b. Exclusion criteria: All articles that failed to meet the inclusion criteria are
automatically excluded.

Using the inclusion and exclusion criteria, the selected/screened articles are

narrowed down from 51 to 35. This part of review is therefore conducted using these

35 articles.

2.5.2.2  Focus Areas

25221  Technology

Technological support to RECs is discussed under three sub sections: (1) types of distributed

energy resources, (2) blockchain and cyber-physical systems, and (3) hybrid systems.

1.

Types of Distributed Energy Resources: Various types of resources can be found in
literature. For instance, a small-scale, locally accessible decentralized energy system is
described in (Belmar et al., 2023). The community uses Solar thermal energy, solar
photovoltaic technology, solid biomass, and the burning of olive tree and olive kernel
wood to meet the community's heat and electricity needs. The kinds of renewable energy
technologies used in (Kazimierczuk et al., 2023) included a PV and wind system. A
combination of solar, wind, biomass, and battery storage technologies are the key energy
sources described in (Xu et al., 2023). Similar to this, a method for transforming solar
energy into thermal energy is described in (Doroudchi et al., 2022). In order to support
coastal communities, the idea of marine renewable energy technology is considered by
(Kazimierczuk et al., 2023). Technologies that capture oceanic energy potential through
waves, currents, tides, salinity, or temperature gradients and transform it into electricity
or other useful types of energy are referred to as marine energy.
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2. Blockchain and Cyber-physical Systems: An example that discusses a REC/microgrid

developed using blockchain technology is shown in (Svetec et al., 2019). Similar to that,

another proof-of-concept blockchain prototype is discussed in (Ioannis et al., 2017).

Cyber-physical systems technology is widely used in this domain as well. In this regard,

an IoT-aware model for optimization is for instance explored in (Giordano et al., 2020).

Also mentioned and discussed in (Cicceri et al., 2023) is a deep learning-driven self-

aware, distributed cyber-physical system for RECs. Finally, an example of blockchain-

based form of governance is presented in (Chantrel et al., 2021).

3. Hybrid technologies:

a.

25222

Hybrid between support technologies and energy resources: Several hybrid
technologies are in use in this area. For instance, a hybrid AI approach to improve
energy management effectively in a REC is explored in (Conte et al., 2022). In
another study, RECs are mentioned as adopting a prediction tool that combines
machine learning with artificial neural network techniques (Zahedi et al., 2022).
Hybrid between different storage systems: hydrogen-battery energy storage system
is mentioned in (Gandiglio et al.,, 2022). Studies like (Nastasi & Mazzoni, 2023)
demonstrate that a solar hydrogen hybrid system, which involves creating green
hydrogen by electrolysis supplied by solar panels, may compete with conventional
electric batteries. To achieve energy efficiency in residential areas, a hybrid of
energy retrofitting methods with renewable energy systems is explored in (Adly &
El-Khouly, 2022).

Hybrid power system: Finally, the idea of power-to-X technology, which involves
converting power from one state to another, is expounded in (Pastore et al., 2023).
Some types of power conversion technologies, according (Zahedi et al., 2022),
include power-to-gas, power-to-heat, power-to-vehicles, and power-to-power
systems.

Energy Management

Energy management is here discussed under two sub sections: (1) automation, optimization

and modelling, and (2) smart and intelligent management strategies.

1. Automation, Optimization and Modelling: The management of “energy sharing”

activities in homes with surplus energy within a REC is explored in (Veichtlbauer et
al.,, 2022) using a self-consumption and optimization model. Similarly, a strategy
called stochastic model predictive control (MPC) that promises to reduce community
energy expenses is discussed in (Scarabaggio et al., 2021). The MPC model is found
to perform better in terms of maximizing self-consumption of on-site energy
production while minimizing energy costs. An automated distribution mechanism
for surplus energy in an aggregate where consumers may or may not have an energy
storage system has also been detailed in (Menniti et al., 2020).

Smart and Intelligent Management Strategies: An example of article that describes
how to construct smart integrated renewable energy systems (SIRES) by using
intelligent techniques is proposed by (Maheshwari & Ramakumar, 2016). The article
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describes how SIRES can be used to meet the basic necessities like biogas for cooking,
water for domestic, potable, and irrigation needs, and electrical energy for lighting,
communication, cold storage, education, and small-scale industrial needs in the REC.
To help improve living and community welfare in rural communities, a smart control
hub energy data aggregation platform (SCHEEDAP) is described in a related study.
The study suggests a concept for smart communities using renewable energy sources
that aggregates PV energy generation, storage, and controllable loads on a platform
for smart energy management (Dumitrascu et al., 2023). Another article that discusses
a multi-agent reinforcement learning-based energy management system is presented
in (Lai et al., 2022). In their proposed method, appliance scheduling is formulated as
a game that can be solved by a group of agents. The management of energy in a REC
is optimized using an IoT-aware model that is described in (Giordano et al., 2020).
Artificial neural networks are used to evaluate a machine learning and prediction tool
in (Zahedi et al., 2022). An Al-optimal technique intended to help increase the
effectiveness of energy management in a smart REC is evaluated in (Conte et al.,
2022).

2.5.2.2.3  Architecture, Design and Planning of RECs

A reference model that acts as a toolbox for designing RECs is presented in (Ubelmesser et
al., 2022). It incorporates a social and operating model as well as a statistical model to
accurately assess the success of RECs. (Hansen et al., 2020) investigate how technological
innovations might be utilized to create systems that encourage people to work together as
energy communities make the transition to sustainable energy use. The design and
development of the Lumen prototype for the operation of RECs are discussed in (Zahedi et
al., 2022). The prototype supports a small energy community in shifting domestic energy
consumption practices to align with times of high availability of renewable energy. An article
that discusses a solar energy production and distribution architecture that employs smart
contracts to promote automatic and distributed energy exchange, enabling the establishment
of a more open and productive energy micro-generation market from the end-user
perspective is expressed in (loannis et al., 2017).

An evaluation and design approach for hybrid renewable energy systems (HRESs) is
covered in (Xu et al., 2023). Furthermore, a tool to aid both the planning and operating phases
of RECs is presented in (Lazzari et al., 2023). The study proposes and validates a set of
optimization techniques to help REC members during both the planning and operation
stages and, as a result, support them in obtaining the most possible environmental and
financial benefit from their group initiative. Additionally, a mixed-integer linear
programming-based planning strategy for communities using renewable energy is
mentioned in (Cosic et al., 2021). Also covered is a study that models the effects of various
energy community design alternatives on the overall economic and environmental
performance of energy communities (Belmar et al., 2023). The study presented several energy
community typologies, such as various participant types, prosumer types (with various
technological features like solar PV systems, electric vehicles, or battery energy storage
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systems), PV sizing scenarios (techno-economic and high—solar fraction), and various local
electricity market models.

2.5.2.24  Policy

(Thompson, 2022), asserts that the laws governing RECs in the EU vary greatly according to
geographic, cultural, economic, and political variables. According to Thomson, there are a
number of general factors that should be taken into account in each member state in order to
assist in the expansion of RECs. They talk about potential barriers to the successful
implementation of Renewable Energy Directive (RED II) (European Union, 2019), such as
geographic dispersion and temporal fluctuation of renewable energy potential, resistance
from incumbents, and issues with representation and inclusion in community energy
projects. Four aspects that are important for the creation of RECs are mentioned and
discussed in another study by (Hoicka et al., 2021), namely electricity energy mix, renewable
energy targets, renewable energy standard offer programs, and feed-in tariffs. The study
comes to the conclusion that a long-term strategy is required to lessen the harmful effects of
hydroelectric water fluctuation, taking into account the requirement to decommission
several Canadian dams. The establishment of energy policies for cities that combine
retrofitting procedures, including rules for community-scale retrofitting, is covered in (Adly
& El-Khouly, 2022). The study establishes the framework and elaborates on the guidelines
for structuring this process. The study demonstrates how to recognize communities that use
renewable energy as legal entities that should be integrated into their own socio-legal
institutions in order to promote a just new energy system.

25.3 A Review of the Areas of Convergence Between Renewable Energy
Communities and Collaborative Networks

This part focuses on an in-depth review of selected cases of virtual/ online renewable energy
communities. The objectives of this part of the survey are as follows:
1. To glean adequate insight into the current state of implementation of some selected
REC cases that are found in this type of energy ecosystem.
2. To ascertain if the interaction between members of the selected energy ecosystems

"nn "nn

can be described as “networking," "collaboration," "coordination," or "cooperation".
3. To identify the technological enablers and trends that underlie the establishment,
operation, and service provision of these ecosystems.
4. To compare the characteristics and functions of these VPPs to those of renewable
energy ecosystems to determine possible areas of convergence.
As mentioned earlier, the review is conducted using foreknowledge from the domain of
CNs. The review is done by evaluating and interpreting available renewable energy cases
under specifically defined focus areas that are relevant to both domains. To achieve these

objectives, the following questions are adopted for this part of the case review:
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PT2-RQ1: How can the interaction between members of the selected energy ecosystems be
described? [Collaborative relationship]

PT2-RQ2: What technological enablers and trends underlie the establishment, operation, and
service provision in these ecosystems? [Technological enablers and trends]

PT2-RQ3: How do the characteristics and functions of virtual power plants (VPPs) compare to
those of renewable energy ecosystems? [Organizational forms]

2.5.3.1  Cases Search, Identification, Screening and Selection Processes

Here we describe the various stages through which energy community cases are identified
and selected.

Case search and identification stage: At this stage of the review, the search terms/words
shown in Table 2.5 are used to search and select prospective cases. Each keyword from
column 1 is used in combination with the keywords from subsequent columns such as
columns 2, column 3, and column 4. At this stage, 68 cases are identified.

Table 2. 5—Keywords that were used to search for cases.

Column-1 Column-2 Column-3 Columns-4
- . Keywords describing | Keywords describing
Keywords describing the tlﬁzyt;vo:c(i)sf ?ff:ggﬁﬁ the place of YR e o
energy source P interaction
Sharing
Renewable energy Collabor ation .
Distributed energy Cooperation Community
Sustainable ener. Coordination Online Ecosystem
Green ener &Y Network Portal Platform
Distributegy Partnership Portal
. Joint Marketplace
generation Co-evolution
Coalition

1. Case selection stage: At this stage of the process, 62 cases are selected, and 6 cases are
excluded.
2. Case screening stage: At this stage 12 cases are screened out and 50 cases are retained.
a. The Inclusion criteria: The inclusion criteria are as follows: (a) That all the cases
must be relatively recent, thus, between the years 2010 and 2023, inclusive. (b)
The primary source of energy and related services must be from renewable
energy sources. (c) The focus of the community must revolve around renewable
energy, sustainable energy generation, and consumption. (d) The place of
interaction for the community must be online. Using the inclusion criteria, 34
cases are retained to be included in the review. The primary source of information
that is used to analyse these cases is obtained from the case’s websites.
Additionally, available white papers were also consulted. In most cases, these
white papers provide more insight into the cases than the websites.
b. Exclusion criteria: All cases that did not match the inclusion criteria are excluded.
At this stage, a total of 16 cases are excluded because they did not meet the
inclusion criteria.
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Using the inclusion and exclusion criteria, the selected and screened cases were narrowed
down from 68 to 34. Therefore, part 2 of review is conducted using these 34 cases.

2.5.3.2  Owerview of the Selected Cases

During the search and selection process, it was found that the promoters of these cases came
from different backgrounds, and the cases are owned by different business entities. The
category of entities that owned these cases included trading companies,
financial /investment companies, solution developers, sole proprietors, limited liability
companies, service providers (provides platforms as a service), non-profit organizations (e.g.,
Prosume Foundation) etc. Although diverse, they all share some common characteristics that
are relevant to the study. For instance, in almost all cases, the business entity brings together
sellers and buyers of energy on a single platform, portal, ecosystem, or community to
facilitate the exchange of energy and related services that promote sustainable energy
generation, consumption, and trading. In almost all cases, blockchain technology is used to
facilitate secure and trustworthy transactions (e.g., LO3 energy/Brooklyn microgrid).
Besides the fact that all these cases meet the Inclusion criteria, their inclusion in the study
also helps to widen the scope of the study by providing diversity in the cases considered. In
addition, the cases were also found to be at different stages of development. Some cases are
in the conceptual stage, others are in the developmental/prototype stages, and some are
active/operational businesses.

In this section of the study, a detailed analysis of the 34 selected cases is performed. In
Table 2.6, a brief description of each case and its core functions are tabulated.

Table 2.6—A summary of the selected cases for the study

Index Cases Description Core functions
A smart and flexible system that makes the most of all
energy sources and enables users to exceed their 1. To provide blockchain-enabled peer-to-peer energy trading
1 BittWatt . . . . platforms and services.
customer's needs in a balanced and financially efficient . . :
) 2. A new marketplace for electricity balancing and trading
ecosystem that learns and evolves. (BittWatt, 2018)
1. To build renewable power systems and produce exclusively
A technology start-up that aims to bring the process of green energy that will be sold to utility providers and
investing in renewable energy plants, smart micro-grid goverr}ment—owne‘d entities.
2 Electrify Network | deployment, transactive energy marketplaces, and self- 2. tTO;mId aA dyrﬁmi(c }]::létform for peer-to-peer (P2P) energy
. . rading using blockchain.
suarainedrariayiderelopmen diofaiatasseiootll Sl 3. Contribute to the building of self-sustaining smart city pilot
(Electrify-Network, 2018). projects.
4. To provide venture capital for renewable energy projects.
An ecosystem that allows consumers to buy their energy 1. P2P energy trading platform.
3 Electrify.Asia directly from peers or electricity retailers using the 2. Promote the u.se of sAyneArgyA and "marketplace 2.0,"lch are
blockchai d S — web and mobile application interfaces that let people make
ockehain andlsmart contrats|(Tar, D smart contracts with their energy providers.
Provides marketplace infrastructure, in the form of a
multi-market launch and hosting facility, that enables | 1. A service provider that provides a marketplace or platform
4 ElectronConnect network operators, distributed energy resource as a service
operators, and others to interact and unlock market-
based efficiencies (Electron, 2018).
A platform that matches customers with small
generators.
Aims at creating a global ecosystem where users are 1. A service provider with a platform that achieves two
o rewarded with tokens for energy-efficient objectives:
5 EnergiMine sl esyals, 6 @ evmEes i memed o P2P marketplace for energy trading over the blockchain.
. ’ I tivization & d sch f -savi
to use public transport by the local city authorities, they ¢ br::;ilzzz ton reward. scheme for energy-saving
could be rewarded by being given an ETK token ;
(EnergiMine, 2018).
Start-up with the intent of creating a P2P platform fora | 1- The company provides a platform that integrates blockchain
distributed energy system using blockchain technology technology into the energy sector to establish Decentralized
6 Energo Labs . i . . . Autonomous Energy (DAE) communities, enabling
with a particular focus on microgrids (Cleantechnica, . . ..
enterprises to convert energy into digital assets and use
2017). them in P2P, machine-to-machine, electric vehicle-to-virtual
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Index Cases Description Core functions
grid, green card trading, carbon trading, and virtual net
electricity billing forms.
A low-carbon, customer-centric electricity system that
Energy Web 1. Peer-to-peer energy trading service provider.
7 . enables any energy asset owned by any customer to
Foundation . .
participate in an energy market (Energy Web, 2022).
A secure and cloud-based software-as-a-service
platform that solves the most crucial challenges of | 1. To provide a blockchain-enabled peer-to-peer energy
8 EnergyNet Transactive Energy. Thus, compensation for providing trading platform.
distributed energy services via the distributed electric
grid (Causam-eXchange, 2018).
The Enosi Platform permits energy providers to offer
less expensive community-based energy programs. | 1. Leverages smart meter technology that digitizes energy
Using the Enosi Protocol, households with solar energy data, and combines this data with recent advances in
distributed ledger technology to deliver:
systems can become prosumers and sell excess energy to =t - )
. . . . * A more efficient and secure transactive services platform.
. . buyers of their choosing at prices they determine. They . !
9 Enosi Foundation i . . o Access to competition throughout the value chain
will be able to engage in peer-to-peer trading and
. X e The ability for distributed renewable generation to be
community-owned ~generation, as well as take X
. ) accessed through community energy schemes and
advantage of offers from innovative new energy Tk,
retailers that benefit from the Enosi Platform's lower o Market-led adoption of decentralized energy solutions
cost structure. (Enosi, 2018b).
A platform that creates a compelling new channel for | T, provide renewable energy financing and a trading
10 EtainPower global investors to access and invest in renewable platform that is empowered by both blockchain and Al
energy projects (Etainpower, 2017). technologies.

1. Provide Software as a Service (SaaS) for grid operators and
utilities

2. Premium services (obtain financial and performance

A ) reports, maintenance operation reports, and actionable
11 Greeneum Blockchain-powered, sustainable, scalable, and secure insights that can potentially lead to higher profitability) for
energy and data trading platform (Greeneum, 2018). solar and green energy producers.

3. Provide smart contract services.

4. Advertisements: The platform will attract a high volume of
repeat usl which will allow companies to advertise their
products and services for a fee.

The Grid+ agent leverages Al to understand and predict
consumers' energy usage habits. With real-time pricing | 1- Develop cutting-edge secure hardware and software to
12 Grid+ data, the agent makes smart decisions on behalf of the enable the use of sryptocurrency.
i i i 2. Management of digital assets
purchaser of energy in the most cost-effective way with o
3. Trading in energy.
zero effort from users (Consensys, 2017).
This provides a financial operating system to enable
utilities, retail energy suppliers, distributed energy 1. Enable utilities, retail energy suppliers, third-party energy
9 9 q q o services providers, and their customers to operate and
13 GridX resource providers, energy service providers, and their Py 5 5 B
participate in decentralized energy economies.
customers to operate and participate in decentralized
energy markets (GridX, 2017).
A turnkey solution to create and manage local energy
communities on the blockchain called the “Hives”,
14 Hive P provides economic optimization for participants. A
ive Power i i i
verow Hive is a distributed energy market platform regulated 1l 1PAP ez sty plltiiomm Seniee proviE e
through smart contracts where every user can buy and
sell electrical energy (Rivola et al., 2018).
. A blockchain-based platform that enables individuals
Jouliette I~ 1. Selling renewable energy.
15 and communities to manage and share renewable g T¢ gy
(Spectral) 2. Purchasing renewable energy.
energy produced locally(Spectral, 2021).
A blockchain-based solution for a platform that makesit [ A digital currency that uses a blockchain to turn information
16 KWHCoin easy and cheap to add renewable energy and distributed about distributed energy resources into digital tokens.
energy resources to the grid (KWHcoin, 2016).
It is a P2P energy trading platform that connects
17 Lition renewable energy producers with smart consumers 1 Alms to make _green electricity simple and flexible by
k ” directly connecting producers and customers.
directly. (Lition, 2018).
LO3 A blockchain-based platform that enables decentralized | 1. A blockchain-based platform that enables decentralized
18 Energy/ Brookly | business models and innovative technologies related to business models and innovative technologies related to
. . energy.
n Microgrid energy. (LO3 Energy, 2017). 2. They operate the Exergy System.
. A P2P energy exchange platform that is backed by 1. A decentralized P2P electricity trading platform.
19 NAD Grid . . 2. It enables buyers and sellers to trade electricity using the
advanced blockchain technology. (NADGrid, 2018).
Eden token (cryptocurrency).
A distributed energy trading application that lets both
Peer 2 Peer
small and large clean energy producers and consumers
20 Energy Protocol . 1. A blockchain-enabled P2P energy trading service provider.
connect over the blockchain (Peer to Peer Energy
(P2PEP) .
Blockchain Protocol, 2017).
] 1. A platform that can provide real-time metering data,
A trustful, transparent, and interoperable energy collection of big data, the right to access and dispatch assets,
21 Power Ledger trading platform that supports a growing number of rapid transaction settlement, and network load balancing.

energy applications.(PowerLedger, 2018).

This is applied in areas such as: P2P Trading, Neo-retailing,

Microgrid /embedded

network, Wholesale  market
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Index Cases Description Core functions
settlement, Autonomous asset (AA) management,
Distributed market management: , Electric vehicles
charging, Carbon trading, Transmission exchange.
5 ?wiss foundation and non—preﬁt organization witha | 1 Ajms o develop a platform that will be used by utility
» Prosume vision of empowering communities to exchange energy companies, grid operators, system integrators, and
Foundation assets in a P2P fashion using a blockchain-based online communities to easily build local ecosystems and online
market. (Prosume, 2017). marketplaces.
A blockchain network designed to create an open 1. To facilitate the growth of digital energy services, such as
renewable energy exchange community that will the transformation of the energy market to a consumer-
23 Pylon Network 8y
provide signals and financial incentives to the energy centric and energy-as-a-service model, in the era of
markets (Klenergy Tech, 2017). digitalization.
A marketplace/community that provides solutions for
24 Share & Charge electric vehicle charging. It enables simple, secure, and | 1. A B2B service provider that provides simple, secure, and
8 smart charging services based on the Open Charging smart charging services based on the OCN.
Network (OCN) (Share&Charge, 2020).
Aims to develop a global network of self-sufficient,
decentralized renewable energy communities and, 1. Aninternational renewable energy company that is focused
25 Solar Bankers through digitization, which is enabled by the Solar on the development of a global network of self-sufficient,
Bankers coin, which may transform electricity into a decentralized, renewable energy communities.
globally exchangeable commodity (SolarBankers, 2018).
A P2P blockchain energy grid, that allows individuals to
e Sl T buy and sell energy to othecs in a fully oPen marketplace | 1 Financing of solar projects. A
on the Ethereum Blockchain, where prices are low and | 2. P2P energy trading service provider.
energy is abundant (Solariot - Home, 2018).
A community where members (households) can store | 1. Develop and promote the use of the “sonnenBatterie”, an
SonnenCommuni | and use their self-generated energy using Sonnen's intelligent energy storage system.
27 . . . 2. Communalization of energy storage.
ty intelligent energy storage system, the SonnenBatterie. . .
3. Community-based energy sharing.
(Sonnen, 2017). 4. Provide e-mobility services.
Sun Exchange enables people to locate their solar panels
in the optimal places on the planet for the good of the ) A
28 Sun Exchange owners, and the energy users, as well as offering an 1. To provide a peer-to-peer solar leasing platform.
indirect benefit to the entire world population (The sun
exchange, 2018).
A platform for trading energy that will create the
29 SunContract SunContract energy pool and make it easier for people | 1 A gervice provider that uses the SunContract pool for the
to buy and sell electricity directly from each other using sale and purchase of renewable energy.
blockchain technology.(SunContract, 2017).
30 Tarus Project Using electric vehicles (EV) as a mobile power | 1 Blockchain-enabled peer-to-peer energy trading and EV
transmission network. (Buterin, 2015). charging services.
Toomuch.energy transforms neighbourhoods into fully
31 Toomuch.energy digital energy communities with a range of P2P services 1. ;{g di}nr Ovicaltefofm blockchain-enabled - peer-to-peer  energy
and market choices. (Vasylchenko, 2015). spP .
Verv combines innovations in machine learning,
blockchain, Al IoT, and energy storage to help develop 1. Peer-to-peer energy trading service provider.
32 Verv VLUX peer-to-peer energy trading using the Verv Trading | 2. Deployment of IoT devices such as the VHH to manage
Platform (VTP). The ecosystem has been designed to household energy consumption and data collection.
facilitate trading at the grid edge (Vlux, 2018).
Volt Markets disintermediates traditional energy L . i
L. ) . 1. Providing a platform which is driven by smart contracts on
33 Volt Market markets and enables monitoring, managing, and trading the Ethereum blockchain. Volt Market says it will make a
of energy and energy attributes in a P2P market on the system that is more secure, clear, and efficient than the ones
Ethereum blockchain (Voltmarkets, 2021). that are already in place
WePower is a blockchain-based green energy financing
and trading platform. It connects energy buyers
(households, investors, or market makers) directly with
green energy producers to facilitate the upfront
34 WePower purchase of energy at below-market prices. It uses 1. Financing green energy projects.
. . . . 2. P2P energy trading service provider.
energy tokenization to standardize and simplify the
currently existing energy investment ecosystem. It is
claimed to provide access to live trade in renewable
energy globally for everyone (WePower, 2017).

2533

Summary and Cases Comparison

Table 2.7 provides a summary of the cases, detailing how they compare to each other. The

corresponding cases and their total numbers are also shown in the table. Generally, all these

cases can be categorized into two generic groups, namely:
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1. Platform as a Service (PaaS). Under this category, we identified several types of sub-
services:
a. IoT integration services.
Renewable energy project financing services.
Creation of a marketplace for trading.
Encouraging green behaviours.
Compensation schemes.
Provision of energy storage services.

Facilitation of the integration of renewable energy sources into the grid.

S® Mo ap o

Offer of charging services for electric vehicles,

—-

Offer of load balancing services.

j.  Supporting the idea of a "smart city."

2. The second category is “software as a service.” Under this category two key services are
found:

a. Software to provide reporting services (financial, performance, and maintenance
operation reports). Other services found include advertisements that could
generate additional income for the platform/ecosystem.

b. Software for agent-based decision-making services.

Table 2.7—A summary and case comparison

Types of Total
oE . Nature of service Cases number of
Services
cases
Facilitating IoT integration Verv VLUX 1

i i i GridX, Solar Bankers, Solar IoT
Financing of renewable energy projects . . 7
Sun Exchange, WePower, EtainPower, Electrify Network

Electrify.Asia, ElectronConnect, EnergiMine, Enosi
Foundation, EtainPower, Lition, LO3 Energy / Brooklyn
Microgrid, NAD Grid, Peer 2 Peer Energy Protocol

18
(P2PEP), Power Ledger, Prosume Foundation, Pylon

Facilitating a marketplace for trading

Network, SunContract, Toomuch.energy, Verv VLUX

Volt Market
Tlletiteriin &5 & Promoting green behaviours Energo Labs, Power Ledger 2
Service Facilitating compensations EnergyNet 1
Facilitating energy storage SonnenCommunity 1
Facilitating integration of renewable energy in the grid KWHCoin 1
Facilitating electric vehicle charging services Tarus Project 1
Facilitating load balancing BittWatt, Power Ledger 2
Facilitating smart city concepts Electrify Network 1
. Energy Web Foundation, Greeneum, Power Ledger, Volt
Facilitating the management of energy asset and data B
Market, Power Ledger
Software asa | Reporting and Advertisement Greeneum 1
Service Agent-bsed decision-making Grid+ 1

2.5.3.4  Focus Areas

In this section of the review, the cases are analysed based on the following perspectives: (a)
collaborative relationships, which corresponds to research question 1, (b) technological
enablers and trends, corresponding to research question 2, and finally (c) organizational
forms, which also corresponds to research question 3.
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2.5.3.4.1  Collaborative Relationships

The outcome of the analysis of collaborative relationships is summarized in Table 2.8. To
help answer this question, we studied each case to determine the presence of some key
features that are used to describe collaboration. Ten key features are used. For a case to be
considered as engaging in collaboration all of the features of collaboration must be visible in
the case. In cases where these features are partially visible, the cases were further analysed
to determine whether they could fit the description of networking, coordination, or
cooperation. For this purpose, the following features are used:

Is there evidence of communication and information exchange for mutual benefit?

Are the activities of the members in the ecosystems coordinated?

Is there evidence to support the presence of “joint planning” and “joint implementation”?

Is there evidence of a common plan that is jointly defined and pursued?

Is there evidence of mutual engagement resulting in the joint creation of a product or service?

Is there evidence of risk, resources, and rewards sharing?

Do members possess or assume a joint or collective identity?

Is there a common goal (or compatible goals) that is jointly agreed upon and jointly pursued?

© 2 NSk b=

Do members create value together?
10. Is there evidence of division of labour?
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Table 2.8—Analysis of cases to identify the features of Collaboration or Cooperation (RQ-1)

Communication ) ) Common Mutual ) )
and coordinated Joint planning plan engagement Sharing risk, Image of Common Division .
Index Cases information activities ) and ) jointly for Joint resot}rc.e.s,. joint goals Value. €0 of Conclusion/
exchange for implementation defined creation responsibilities, identity creation labour Remarks
mutual benefit and rewards
1 BittWatt Partial Partial No No No Partial Yes Yes No Yes Cooperation
2 Electrify Network Partial Partial No No No Partial Yes Yes No Yes Cooperation
B Electrify.Asia Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
4 ElectronConnect Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
5 EnergiMine Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
6 Energo Labs Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
7 Energy Web Foundation Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
8 EnergyNet Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
9 Enosi Foundation Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
10 EtainPower Partial Partial No No No Partial Yes Yes No Yes Cooperation
11 Greeneum Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
12 Grid+ Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
13 GridX Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
14 Hive Power Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
15 Jouliette (Spectral) Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
16 KWHCoin Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
17 Lition Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
18 LO3 Energy / Brooklyn Microgrid Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
19 NAD Grid Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
20 Peer 2 Peer Energy Protocol (P2PEP) Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
21 Power Ledger Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
22 Prosume Foundation Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
i . i . Aggregated .

23 Pylon Network Partial Partial No No Partial Partial Yes Yes value Yes Cooperation
24 Share & Charge Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
25 Solar Bankers Partial Partial No - Partial Partial Yes Yes Yes

26 Solar IoT Partial Partial No No Partial Partial Yes Yes No Yes Cooperation

Yes, using a self- Yes, using a
. learning self-learning .
27 SonnenCommunity Yes Yes Yes Yes Yes Yes Yes Yes Collaboration
software software
platform platform

28 Sun Exchange Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
29 SunContract Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
30 Tarus Project Partial Partial No No No Partial Yes Yes No Yes Cooperation
31 Toomuch.energy Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
32 Verv VLUX Partial Partial No No Partial Partial Yes Yes No Yes Cooperation
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Volt Market i No Cooperation
Aggregated
value

Cooperation

34 WePower Partial Partial No No Partial Partial Yes Yes Yes

* Yes: means there is sufficient evidence to conclude.
» Partial: means there is some evidence, but not concrete or sufficient to conclude.

= No: means there is no evidence.
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Summary of Review Outcome Concerning Collaborative Relationships:

1. Communication and information exchange for mutual benefit. In all cases considered,
there is some form of information exchange across the platforms for the benefit of
participants. For instance, considering Power Ledger, the platform facilitates
information sharing that enables participants to identify and select different clean
energy sources according to their desired preferences. In addition, members have access
to information that enables them to select and trade with their neighbours. There is also
information about incentives that is shared for the benefit of participants involved.
Although there is evidence of information exchange, the objective of exchanging
information is not aimed at solving a common problem or creating some value together.
In other words, there is no common goal or agreed objectives, to which this
communication is intended to contribute. Since the study found some level of
communication and information exchange as well as some level of benefits, even though
they are not mutual, we can say that the level of communication and information
exchange is "partial" in almost all cases except SonnenCommunity. In this community,
the households are installed with some intelligent batteries, which are managed locally
using a proprietary intelligent energy management software. This software collects
information about the household’s energy generation and consumption. This
information is shared with the central VPP software. The VPP platform collects similar
information from all households in the community and uses this information to make
decisions related to the provision of VPP services. The goal of sharing this information
is common to all households, thus facilitating decision-making towards the provision of
VPP services to the grid, which is a common goal for the community.

2. Coordinated activities. In all cases considered, there is some level of coordination
between service providers and participants. There is also evidence of coordination
among the participants. However, coordination among members of these ecosystems is
not based on mutual or clearly defined common objectives or goals. Service providers
often facilitate this coordination. From the perspective of collaborative networks,
coordination is defined as the act of working together harmoniously to achieve a
common goal. However, the intent behind the type of coordination observed in these
cases is not aimed at a common or agreed-upon goal. The coordination found did not
involve the alignment or altering of individual activities so that, mutually, more efficient
results could be achieved collectively. The types of coordination found in these cases
can best be described as administrative or managerial roles that are played by third-
party entities or service providers. From our observation, activities that are carried out
in these ecosystems are not coordinated with collaboration in mind. Thus, it might be
fair to give a "partial" status to this feature in all the cases that are analyzed, except for
the SonnenCommunity, which has clear evidence of coordinated activities that tend
toward working together.

3. Common plan, joint planning, and implementation. In all but one of the cases
considered, there is no evidence of a common plan as well as joint planning and
implementation designed by mutual consent or agreement among the actors in these
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ecosystems. However, as an exception, joint planning and implementation can be seen
only in the SonnenCommunity. For this ecosystem, joint planning and implementation
are achieved using a self-learning software platform (Shepard, 2015). Planning and
implementation, in almost all cases, are performed in a quasi-independent manner,
without the involvement of other participants. Individuals such as prosumers, investors,
and consumers can engage in their planning and implementation activities without
consulting other actors in the ecosystem. Therefore, the status of this feature for all the
other cases can be described as “No.”

Mutual engagement in joint creation. Mutual engagement in joint creation means that
parties come together to engage each other to jointly create a product, or a service, or
increase the value of a product or service. In the considered cases, there is evidence of
mutual engagement in most cases to help achieve the objectives of the various actors.
However, in the case of the SonnenCommunity, it is completely different. In this case,
the community uses a software platform to engage members in a way that allows the
community to act as a VPP, selling renewable energy to the grid to create value. In this
case, mutual engagement is visible, although mediated through a software application.
In most other cases, the evidence is partially visible in the sense that value creation is
observed. However, the process of creating value is not born out of any form of mutual
engagement. Nevertheless, the types of products and services that are found can be the
result of individual efforts that produce the results, without any underlying mutual
engagement. It can therefore be inferred that value, in most cases, is created in a quasi-
independent manner, without a common plan, agreement, or purpose. Thus, we
consider that in most of these cases, mutual engagement for joint creation is "partial".
Sharing risks, resources, responsibilities, and rewards. There is evidence of partial
sharing of resources, risks, and rewards. For instance, in the case of WePower, small
energy producers who use WePower services and who cannot reach the 1 MWh
certificate, which is the minimum requirement to trade in the energy market, are
grouped as a single entity to sell their energy to the market. The constituents of this
entity share the benefits proportionally among themselves. However, no explicit
mention is made of sharing of risks and responsibilities. Similarly, the Pylon Network
offers tools to simplify shared ownership processes through transparent, safe, and real-
time monitoring of assets. This includes the distribution of profits or costs associated
with the co-owned assets. Details about risk sharing are not explicitly mentioned in
these cases. Moreover, it is observed that there is a common goal, namely, to aggregate
energy and sell it to the grid. However, this goal does not result from a mutual plan
based on a common objective with clearly defined roles or responsibilities for each
member. Although the sharing of rewards and resources is explicitly mentioned in the
Pylon Networks, the sharing of risks and responsibility is not. Because of this, we
consider that sharing risks, resources, rewards, and responsibilities in these ecosystems
is usually "partial.”

Having an image of collective identity. Evidence of the notion of joint image or identity
is found in almost all the cases considered. Although there is no explicit mention of a
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joint or collective identity, it is acknowledged that all these communities possess
name(s), which gives them some unique identity. Prior to joining the community,
members may be conversant with the names, functions, and identities of these
ecosystems. Nevertheless, they chose to join them anyway. Since members signed up
for these communities knowing what they are, what they stand for and how they
operate, our opinion is that identity is implied. Therefore, in all cases considered, this
feature is considered present.

Having common or compatible goals. It is further observed in almost all the studied
cases that sellers, buyers, investors, and service providers have “quasi-common” goals.
These goals are found in two layers. The first observed layer is a sustainability goal. This
goal is common among sellers whose primary objective is to generate, consume, and
trade excess renewable energy, although this goal is not jointly conceived. Buyers, in
most cases, also have a similar sustainability goal, which is to purchase and consume
energy from renewable sources rather than fossil fuel-based sources. The goal of third-
party actors, in the same sense, is to invest in renewable energy by creating a
marketplace where sustainable energy and related services can be exchanged. These
activities of third-party actors will consequently promote "sustainable consumption,”
hence an implicit goal. The second layer goal is an economic one. The goal of sellers, in
this sense, is to maximize revenue from their sales. The goal of buyers, on the other hand,
is to minimize the cost of their purchases. The goal of third-party actors is to maximize
revenue and minimize costs. In addition, it can also be argued that prospective actors in
these ecosystems may often have prior knowledge of the aims, objectives, and possibly
goals of these ecosystems before joining. Accepting the terms and conditions at the time
of joining may constitute an implied acceptance and alignment of the goals. In a
hypothetical sense, all these goals can be considered compatible, although implicit or
tacit in their design. Since the focus of this aspect of the study is centred on identifying
“common goals,” it may be reasonable to infer the existence of some form of common
“sustainability” and “economic” goals, although it can be argued that these goals were
not jointly defined. Therefore, it may be reasonable to generalize the conclusion about
“common goals” as being “present.”

Value co-creation. This notion implies the involvement of the customer and local
stakeholders in the process of collectively creating new products or services. In the
context of collaboration, it is usually not easy to clearly identify the amount of "added
value" that each member has contributed. Subsequently, it is not easy to devise general
schemes to distribute revenues and liabilities. There are other complementary factors
that influence the behaviour of a network and thus its ability to generate value. These
factors include the scheme of incentives, trust relationships and management processes,
ethical code, collaboration culture, contracts, and collaboration agreements. These are
key elements in a value co-creation environment. In almost all cases studied, these key
value-creation elements or factors are not explicitly discussed. For instance, in the
“Prosume” ecosystem, it is mentioned that “consumers will choose their energy
provider according to their needs, possibilities, and ethics”. Ethics, as mentioned in this
sense, is not about value co-creation. Also, an ecosystem like “EnergiMine” mentioned
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incentives in its white paper, but this relates to behaviour change and not necessarily
value creation. Although many of the factors that influence the behaviour of a network
towards value creation, as stated in, are mentioned sporadically in several cases, they
have no special connotation to value creation. Three exceptional cases were found.
These are the “Pylon Network”, SonnenCommunity, and “WePower”. These cases make
explicit mention of aggregated value, which can be synonymous with value co-creation.
Except for these three cases, all other cases can be considered as not co-creating value.
Division of labour. Division of labour, according to (Economics Online, 2020), is the
process of dividing a task or job into smaller, interconnected sub-tasks, thereby
generating efficiency gains due to the positive effects of specialization. The available
evidence from the studied cases suggests that each member plays specific and
specialized roles to achieve individual objectives. For instance, prosumers play their
respective roles as producers, while consumers also play their respective roles as
consumers. Investors and service providers also play their respective roles accordingly.
Although these actors are found to be playing their natural roles as independent
business entities, it can further be argued that these roles are “implicit roles” in the sense
that each actor is likely to have foreknowledge of their expected role before joining a
community. Furthermore, these roles are highly specialized, and the ecosystem is able
to achieve its objectives by aggregating the outcomes of each actor’s role. As a result, it
may be commendable to infer that there are some forms of “division of labour” in these
cases. However, they are more implicit and implied. The conclusion for this element is
therefore in the affirmative.

2.5.3.4.2  Technological Enablers and Trends

The outcome of this analysis is summarized in Table 2.9. For this purpose, we studied each

case

to identify the key technologies being deployed in these ecosystems. Nine key

technologies are observed, as briefly explained below:

Artificial Intelligence/Machine Learning. This element of the study focused on how artificial

intelligence and machine learning technologies are being used in the studied energy

ecosystems. Two subsections are considered under this section:

1. The integration of smart devices, IoT devices, smart meters, as well as intelligent agents.

a.

Smart Devices, IoT Devices and Smart Meters: Under this item, we identified 29 out
of 34 cases that integrate smart meters or IoT devices into their operation. Some
examples include cases such as Electrify.Asia (Tan, 2017), which uses the Powerpod in
its networks. Powerpod is simply an IoT gateway for reading and relaying real-time
energy data to a central management system of the Electrify.Asia network, allowing
an algorithm to match and process settlements. A second example is the Pylon
network (Klenergy Tech, 2017), which relies on a generic smart meter. The device is
called the Klenergy METRON (Andoni et al., 2019), and is described by the network
as any digital meter, sub-meter, or electric vehicle charger that can record energy data
on the Pylon Network's blockchain. A third example is the gridbox from gridx (GridX,
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b.

2017), which serves as a gateway to its Xenon platform, which is the interface to all
connected DERs, and is used for data collection and management. The Verv vlux
network also introduced its core IoT product called the Verv Home Hub (Vlux, 2018),
which is a patented, self-installed energy hub that samples a home's electricity
consumption approximately 5 million times faster than a smart meter. It uses machine
learning algorithms to derive a real-time profile for key household appliances,
providing homeowners with a view of their electrical appliances' current status (Vlux,
2018).
Intelligent Agents: As an example of the use of software agents, Energy Web
Foundation’s Decentralized Autonomous Area Agent (D3A) is an intelligent software
agent that performs grid communication and control functions for physical assets.
D3A allows any energy-consuming or energy-producing device to interact with other
devices in a trustless blockchain environment, helping to optimize operational
decisions locally and based on user preferences and system conditions (Bronski et al.,
2018). Another intelligent agent application is found in the case of Grid+. In this
example, whenever a customer signs up for Grid+, he will purchase a Smart Agent
and buy BOLT (a cryptocurrency) from the Grid+ web console. The Grid+ smart
agent, once registered, will allow customers to transfer BOLT tokens to the Smart
Agent to pay for electricity in real time. An automatic payment option can be set
up so that it can be refilled automatically if a Smart Agent runs out of BOLT-(Brock,
2018).
Blockchain Technology: In (Gupta, 2020), a blockchain is described as a distributed
and immutable ledger that facilitates the recording of transactions and the tracking
of assets within a business network. An asset can be either tangible (such as a house,
automobile, money, or land) or intangible (intellectual property, patents, copyrights,
branding etc.). In a blockchain network, almost anything of value may be recorded
and sold. In the context of renewable energy communities, blockchain can give
consumers greater control over their energy sources. Additionally, an immutable
ledger provides secure and real-time updates of energy usage data and monitors
trading between sellers and buyers. The transparency of public blockchains further
reduces the chances of monetary or data exploitation (ConsenSys, 2022). Concerning
the type of distributed ledger technology that is mainly used, it is found that all 34
cases studied use the public blockchain except one (the Enosi platform) that uses a
private blockchain. In this case, the private blockchain allows most computations to
be validated by it rather than by the public chain. Another case (Energo Labs) also
uses the Qtum blockchain. The use of blockchain technology in these emerging
energy ecosystems is quite extensive and the following facets are worth mentioning:
i.  Distributed Applications (DApps): Ethereum, launched in 2015 (Etherium,
2023), is an open-source, blockchain-based decentralized software platform that
can simultaneously integrate a cryptocurrency. Ethereum helps deploy Smart
Contracts and DApps to be developed and executed without fraud, control, or
interference from third parties. Ethereum offers both a platform and a
programming language that runs on a blockchain and allows developers to
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ii.

iii.

build and publish distributed applications. 29 out of the 34 studied cases use
the Ethereum platform to deploy their distributed applications. The use of other
blockchain variants, such as Hyperledger Fabric (Hyperledger Project, 2020),
Qtum (Qtum Chain Foundation, 2021), and Skyledger blockchain (Solar
Bankers, 2017), is also found in cases such as Lition, Energo Labs, and solar
bankers, respectively.

Trading Tokens (cryptocurrency): Of the 34 cases that are considered, 29 use
cryptocurrencies as tokens for trade. These cryptocurrencies differ from
ecosystem to ecosystem, and their values also vary. They are used as the main
medium of exchange in these ecosystems instead of fiat currency in the real
world. Many cryptocurrencies are supported on decentralized networks based
on blockchain technology. One defining feature of cryptocurrencies is that they
are generally not issued by any central authority, such as banks, making them
theoretically immune to government interference or manipulation. For
instance, in some cases, like "WePower," cryptocurrencies are used to tokenize
energy. Tokenization of energy is a contracting scheme that is established
between an energy producer and an energy buyer. A pilot project that involves
the tokenization of the entire grid in Estonia is reported in (Digital Substation,
2018)

Smart Contracts: Smart contracts (SC) are simply programs stored on a
blockchain that run when predetermined conditions are met. SCs are computer
protocols that facilitate, verify, or enforce the execution of a contract, thus
making the need for a contract clause unnecessary. SCs often imitate the logic
of contract clauses. SCs can support the exchange of money, property, shares,
or anything of value in a transparent and conflict-free manner, avoiding the
services of a middleman. Normally, a process would require payment to a
middleman, a government agency, a bank, a lawyer, or a notary, and then a
processing time before receiving goods or services. However, with smart
contract technology, all these processes can be automated. In the studied energy
ecosystems, information about transactions and arbitrations between sellers
and buyers is achieved using smart contracts. Some real-life implementation of
this technology can be found in (Suncontract, 2020), and (LO3 Energy, 2020).

d. Other ICT Software Approaches

1.

Cloud-based Platforms: Three cases are found to use cloud-based platforms:
Energy Web Foundation (Energy Web, 2022), Verv VLUX (Vlux, 2018), and
Electrify Network (Electrify-Network, 2018). For instance, Verv VLUX uses a
decentralized cloud storage service to host the platform and related
applications. Furthermore, the Verv Household Hub is designed to connect to
the cloud via a Wi-Fi network and provide users with a central hub to control
other cloud-connected household smart appliances (Vlux, 2018). Again,
considering the Electrify Network, the platform sought to combine the
reliability and robustness of the microgrids with intelligent, multi-tasking smart
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ii.

iii.

meters. This is made easier by software that runs in the cloud and makes all
transactions and exchanges smooth, safe, and easy (Electrify-Network, 2018).
P2P Network Technology. In all the cases considered, the platforms utilize the
P2P network topology. For instance, (Peer to Peer Energy Blockchain Protocol,
2017) and (PowerLedger, 2018). There are two cases that emerged differently.
These cases are KWHCoin (KWHcoin, 2016) and Sun Exchange (SunExchange,
2018).

Blockchain as a Service Platform (BaaS): BaaS is a relatively new development
in the growing field of blockchain technology. For Baa$, a third-party service
provider is responsible for setting up all the necessary blockchain technology
and corresponding infrastructure for a fee. Once created, the provider continues
to handle the complex back-end operations on behalf of the client. In almost all
cases considered, third-party service providers are responsible for the
blockchain infrastructure as a service offered to energy sellers and buyers.
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Table 2.9—Summary of technological enablers for energy ecosystems

Index Cases Enabling Technology
Artificial Blockchain Technology ICT Architecture
Intelligence/Machine
L .
earming References
IoT Intelligent | Distributed Type of Distributed Smart Blockchain Cloud- P2P Network
devices/ agents Application trading ledger rontracts | as aservice based topology
Smart (DApps) tokens/ technology platform platform
meters cryptocurrency (BaaS)
1 BittWatt Yes No Ethereum BWT Public Blockchain | Yes Yes No Yes (BittWatt, 2018)
i . . (Electrify-Network,
2 Electrify Network Yes No Ethereum Eden Token Public Blockchain | Yes Yes Yes Ye 2018)
3 Electrify.Asia Powerpod No Ethereum ELEC Token Public Blockchain | Yes No No Yes (Tan, 2017)
4 ElectronConnect Yes No Ethereum - Public Blockchain | Yes Yes No Yes (Electron, 2018)
5 EnergiMine Yes No Ethereum ETK Public Blockchain | Yes Yes No Yes (EnergiMine, 2018)
Yes [EME Qtum . .
6 Energo Labs No . Qtum, Qtum blockchain | Yes Yes No Yes (Cleantechnica, 2017)
1.0] blockchain
(Energy Web,
Energy Web . . :
7 . No Yes (D3A) Ethereum Tobalaba Public Blockchain | Yes Yes Yes Yes 2022),(Bronski et al.,
Foundation
2018)
Fiat Currency, . . (Causam-eXchange,
8 EnergyNet Yes No Ethereum Public Blockchain | Yes Yes Yes Yes
any crypto 2018)
Public Blockchain
9 Enosi Foundation Yes No Ethereum Joul Private Yes Yes No Yes (Enosi, 2018)
Blockchain
10 EtainPower Yes No Ethereum EPR Token Public Blockchain | Yes Yes Yes (Etainpower, 2017)
11 Greeneum No No Ethereum Green tokens Public Blockchain | Yes Yes No Yes (Greeneum, 2018)
Yes: Grid+
. . . Future
12 Grid+ Yes Smart Ethereum BOLT Public Blockchain | Yes Yes No . . (Consensys, 2017)
implementation
agent
13 GridX gridBox Ethereum Public Blockchain | Yes (GridX, 2017)
14 Hive Power Yes No Ethereum HVT Public Blockchain | Yes Yes No Yes (Rivola et al., 2018)
15 Jouliette (Spectral) Yes No Ethereum Jouliette Public Blockchain | Yes - No Yes (Spectral, 2021)
16 KWHCoin Yes No - KWHCoin Public Blockchain | Yes Yes No No (KWHcoin, 2016)
Hyperledger
17 Lition Yes No Fabric, Lition tokens Public Blockchain | Yes Yes no Yes (Lition, 2018)
Ethereum
LO3
18 Energy/ Brooklyn Yes No Ethereum XRG Public Blockchain | Yes Yes No Yes (LOB Energy, 2017)
Microgrid
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Index Cases Enabling Technology
Artificial Blockchain Technology ICT Architecture
Intelligence/Machine
L .
earming References
IoT Intelligent | Distributed Type of Distributed Smart Blockchain Cloud- P2P Network
devices/ agents Application trading ledger rontracts | as aservice based topology
Smart (DApps) tokens/ technology platform platform
meters cryptocurrency (BaaS)
19 NAD Grid No Ethereum Eden Token Public Blockchain | Yes Yes - Yes (NADGrid, 2018)
(Peer to Peer Energy
Peer 2 Peer Energy . . .
20 Yes PED Token Public Blockchain | Yes Yes No Yes Blockchain Protocol,
Protocol (P2PEP)
2017)
POWR Tokens . .
21 Power Ledger No No Ethereum & Spark Public Blockchain | Yes Yes No Yes (PowerLedger, 2018)
parkz
Prosume . .
22 . Yes No Ethereum PEF Token Public Blockchain | Yes Yes No Yes (Prosume, 2017)
Foundation
Klenergy . . . (Klenergy Tech,
23 Pylon Network No Ethereum Pylon-Coin Public Blockchain | Yes Yes No Yes
Metron 2017)
. . (Share&Charge,
24 Share & Charge Yes No Ethereum No Public Blockchain | Yes Yes No Yes 2020)
25 Solar Bankers Yes No SkyLedger Skycoin Public Blockchain | Yes Yes No Yes (SolarBankers, 2018)
. . . (Solariot - Home,
26 Solar IoT Yes No Ethereum SolCredit Public Blockchain | Yes Yes No Yes 2018)
Self-
. . Not . Not
27 SonnenCommunity Yes learning . N/A Not mentioned N/A N/A . Yes (Sonnen, 2015)
mentioned mentioned
software
28 Sun Exchange Yes No Ethereum SUNEX Public Blockchain | Yes Yes No No
29 SunContract No No Ethereum SNC Public Blockchain | Yes Yes No Yes (SunContract, 2017)
30 Tarus Project Yes No Ethereum TORUS Public Blockchain | Yes Yes No Yes (Buterin, 2015)
31 Toomuch.energy Yes No Ethereum - Public Blockchain | Yes Yes No Yes (Vasylchenko, 2015)
32 Verv VLUX Yes No Ethereum VLUX Token Public Blockchain | Yes Yes Yes Yes (Vlux, 2018)
33 Volt Market Yes No Ethereum RECs Public Blockchain | Yes No Yes (Voltmarkets, 2021)
34 WePower No No Ethereum WPR Token Public Blockchain | Yes Yes No Yes (WePower, 2017)
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2.6 How do RECs Compare to VPPs

The objective here is to establish or ascertain how each of the 34 cases of RECs compares to a VPP.

The focus here is on their characteristics and functions:

1. Characteristics; under this section the following sub-research questions are considered. For

each sub research question, a brief answer is provided after the question. These answers are

obtained after reviewing each case.

a.

PT2 Sub-Research Question-1: Are these cases composed of multiple stakeholders?
Answer: Yes. Some cases demonstrate the aggregation of distributed energy resources,
although not many of them.

PT2 Sub-Research Question-2: Are these cases comprised of decentralized multi-site
heterogeneous technology?

Answer: Yes. In all considered cases, these ecosystems are also found to be comprised of
multiple stakeholders or actors. These stakeholders include prosumers, consumers,
service providers, investors, communities, non-profit organizations, platforms,

ecosystems, and many others.

PT2 Sub-Research Question-3: Are these cases formed by aggregating distributed energy
resources?

Answer: Yes. Distributed energy resources in these ecosystems are decentralized and
located at multiple sites. There is evidence of heterogeneous technology use. RQ-2
provides an additional explanation of the types of technologies that are currently being
used.

PT2 Sub-Research Question-4: Are these cases supported by ICT?

Answer: Yes. The studied cases thrived with the support of computer networks. This is
seen in all the cases studied. Community members are connected using an online portal.
PT2 Sub-Research Question-5: Are these cases characterized by a simultaneous flow of
information and energy?

Answer: Yes. There is information flow between community members and power flow
from suppliers to consumers. All of this happens simultaneously.

PT2 Sub-Research Question-6: Do these cases function like a virtual power plant, thus
acting like a single power plant?

2. Functions: In the context of the function, the following sub research question is adopted:

a.

PT2 Sub Research question 7: Does the studies cases of RECs function like VPPs, thus
acting like a single power plant?

Answer: Table 2.10 is used to shed more light on the answer to this research question for
each case.

60



Table 2.10—The outcome of PT2 Sub research question 7.

Index Cases Do the ecosystems function like a virtual power plant, thus acting like a single power plant?
No.
Reason: Does not appear to focus on the aggregation of Distributed Energy Resources (DER), which is

1 BittWatt a key function that can enable these ecosystems to aggregate different energy generation units, which
could result in the creation of some capacity that could enable them to act like a single power plant or
a VPP

5 Electrify No.

Network Reason: Does not appear to focus on the aggregation of DERs.
No.

3 Electrify.Asia Reason: The focus is on the development and deployment of the “PowerPod” IoT device and P2P
energy trading using the synergy and marketplace 2.0 applications

4 ElectronConnect | N/ : Ao .

Reason: Focused on energy trading activities mainly
Partial.

5 EnergiMine Reason: Currently working with Elexon, a UK-based company to allow future aggregation of energy
storage devices that can be traded on the platform to help balance the grid. Grid balancing is also one
of the features of technical VPPs. Partial because this is yet to be implemented

6 Energo Labs No. -

Reason: Does not appear to focus on the aggregation of DERs
7 Energy Web | No.
Foundation Reason: Does not appear to focus on the aggregation of DERs
8 EnergyNet No. ]
Reason: Does not appear to focus on the aggregation of DERs
No.
9 Enosi Reason: The vertical hierarchical architecture of the Enosi network where consumers can only access
Foundation the energy market through a Neo Retailer and subsequently a licensed retail supplier appears to limit
the possibility of aggregating DERs to enable them to behave like VPPs.
] No.

10 EtainPower Reason: Focusses on renewable energy project financing and not the aggregation of DERs
No.

1 Greeneum Reasons: Does not have the capacity to aggregate DERs.

No.

12 Grid+ Reason: Act mainly as an energy trading platform with a focus on the deployment of the Grid+ Smart
agents. No emphasis is placed on the aggregation of DERs

13 GridX No. :
Reason: Does not appear to focus on the aggregation of DERs
Yes.

14 Hi Reason: Based on the notion of “Self-Consumption Communities” (SCC) the community can sell excess

ive Power ; ] : N : 3 3
solar power to the national grid e.g., during summer days and receive financial remuneration. This
action replicates the behaviour of a VPP
Partial.
] Reason: The “Spectral Energy Control System” enables the seamless integration and control of energy

15 Rl D storage devices, wind farms, PV plants, heat pumps, generators, and a wide range of other ener

(Spectral) & L 4 p 4 pumps, genel 4 ge o I8y
systems. This feature of the ecosystem can enable it to function as a VPP although this is not explicitly
stated as a function of the ecosystem.

] No.
- LI Reason: Current focus is to promote the KWHCoin as a digital currency for energy trading
- No.

7 Lition Reason: Does not appear to focus on the aggregation of DERs.

LO3 Partial.

18 Energy/ Brookly | Reason: Have the capacity to support the local community in emergencies when the grid fails.

n Microgrid -Has the potential to act as a single power source in future development

] No.

19 NAD Grid Reason: Act mainly as an energy trading platform

Peer-2-Peer No.

20 Energy Protocol | Reason: Does not appear to focus on the aggregation of DERs

(P2PEP)

No.

21 Power Ledger Reason: The platform appears to focus on data collection, market management and/or pricing
mechanisms
Yes.

2 Prosume Reason: One of the features of the platform is to facilitate the integration of Power-Plants and Micro-

Foundation Grid management on the ESCO (Energy Sharing Company) model. This feature can enable the
ecosystem to act like a VPP.

No.
23 Pvlon N K Reason: The platform does not seem to support the aggregation of DERs to form the similitude of VPP
Yitom INEEw7en although it is mentioned that stand-alone producers can sell surplus energy to the grid, there is no
indication that this is achieved through aggregation of DERs.
No.
H Slierta & Cloerggs Reasons: The current focus is on EV charging. Does not have the capacity to aggregate DERs
25 Solar Bankers No. .
Reason: Does not appear to focus on the aggregation of DERs.
36 Solar IoT e

Reason: Does not appear to focus on the aggregation of DERs

61




Index

Cases

Do the ecosystems function like a virtual power plant, thus acting like a single power plant?

27

SonnenCommun
ity

Yes

Reason: The Sonnen Virtual Power Plant achieves this through its digitally networked swarm of home
storage systems. If the electricity demand is higher than expected the batteries feed electricity into the
grid. In the event of an unexpectedly high level of electricity production, they absorb the excess
electricity from the grid.

28

Sun Exchange

No.
Reason: Does not appear to focus on the aggregation of DERs

29

SunContract

No.
Reason: Does not appear to focus on the aggregation of DERs

30

Tarus Project

No.
Reason: Does not appear to focus on the aggregation of DERs

31

Toomuch.energy

No.
Reason: Does not appear to focus on the aggregation of DERs

32

Verv VLUX

No.
Reason: The focus is on the development and deployment of the Verv IoT devices and P2P energy

trading using the Verv Trading Platform (VTIP).

33

Volt Market

No.
Reason: Does not appear to focus on the aggregation of DERs

34

WePower

Yes.
Reason: small energy producers using WePower services that cannot reach the 1 MWh certificate, which

is the minimum requirement for them to trade in the energy market, are pooled together as a single
entity to sell their energy to the market.

2.7 Other Relevant Characteristics of RECs and VPPs in Terms of their
General Organization

Juxtaposing the VPP concepts with RECs, it can be found that both ecosystems are similar in

a way. For instance, in terms of their organization, both RECs and VPPs have some similarities,

such as having the capacity to aggregate several heterogenous entities or stakeholders into the

equivalent of a single unit that functions like a traditional power plant. In this sense, both VPPs

and RECs can aggregate energy and send it to the grid. In Figures 2.4 and 2.5, we show how

these two ecosystems compare in terms of their organization. The key differences between the

two are as follows:
1. RECs are focused on:

a.

ao o

e.

a.

Common or compatible interests.

Driven by the general citizenry.

Participation and membership are voluntary.

Community inclusion, participation, and cohesion.

Addressing energy democracy.
2. VPPs, on the other hand, are focused on:

Aggregation of distributed energy resources.

b. The use of energy management systems.

C.

Adopt scheduling, dispatch, and optimization techniques for efficient management.
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Figure 2.4— A REC is focused on common goals, citizen driven, voluntary participation, community centred and
energy democracy.
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Figure 2.5— A VPP is focused on aggregation of distributed energy resources, the use of energy management
system and adopts scheduling and dispatch of energy as well as optimizations techniques.

2.8 Summary and Conclusion of Findings

1. The existence of the potential to act like VPPs: The study reveals that most of these
cases have access to diverse and vast numbers of DERs that are found to be
connected in these networks. Incidentally, these DERs constitute a key asset for all
VPPs. This, therefore, suggests that most of these ecosystems have access to the
primary assets that could enable them to perform functions that may be similar to
those of VPPs. Yet, in several of the studied cases, the ecosystems did not integrate
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features that could afford them the capacity to aggregate connected DERs. The
focus of these ecosystems is predominantly on P2P exchanges.

2. Limited use of collaboration and related concepts: Another significant finding is
that most cases operate at the level of cooperation rather than collaboration. In such
cases, it can be suggested that collaboration could be a plausible mechanism that
would allow actors in these ecosystems to come together, devise a common goal,
and engage in collective actions that could result in the aggregation of outputs from
connected DERs so that they could perform some function similar to a VPP.
Knowledge, concepts, principles, and mechanisms from the domain of
collaborative networks could be useful to adopt. Future research direction could
focus on this area.

3. Limited use of intelligent agents: The types of enabling technologies that are found,
appear to be driving the energy industry in the direction of the energy

digitalization (Blok & Cihlar, 2018). Some of the key highlights of these enabling
technologies include the integration of Al, smart IoT devices, smart software
agents, blockchain technology and related smart contracts, cryptocurrencies, and
cloud-based applications such as platforms-as-a-service, software as a service etc.
The direction of these ecosystems is towards greater flexibility (Reynders et. al.,
2018), sustainability, autonomy, individualization, digitalization, and
virtualization (Mackinnon, 2018). It is realized that these developments may
introduce some complexities in terms of choices, decision-making, and preferences
that may seem overwhelming and cumbersome for human users to single-
headedly adopt and use. The need for some form of autonomous and
complementary decision-making assistance to help navigate this myriad of options
for optimized choices and decisions could be useful. However, the study reveals
that all but two cases did not consider the integration of software agents into their
ecosystems, although this concept has been shown to have good prospects in the
implementation of complementary decision-making entities.

4. Cross-platform trading and interoperability between cryptocurrencies: Another
noteworthy observation is the lack of evidence of cross-platform trading and
interoperability between cryptocurrencies. Furthermore, unlike fiat currency,
which can be converted from one currency to another, evidence of interoperability
between the various cryptocurrencies is also lacking. With such limitations, the
actors in these ecosystems are restricted in terms of choices and access to diversity
in terms of affiliation, diverse energy sources, and related services.

2.9 General Remarks About RECs as Observed in the Review

From the conducted study, a number of conclusions can be derived:
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RECs are promising energy sources, ecosystems and communities that can help to
reduce the demands on the power grid by providing grid connected or off-grid
power supply services to communities. Although these communities in some cases
can become self-sufficient in terms of energy supply, they also end up being
environmentally sustainable communities in the sense that their activities promote
sustainable lifestyle within the resident community. In some cases where these
communities are connected to the grid, they could provide some ancillary services
like sharing their surplus energy with the grid.

RECs provide an effective and less expensive alternative to the financing of
electrical infrastructure which usually requires a huge initial cost of investment,
therefore, making it attractive to only large utility companies (Verde & Rossetto,
2020).

The concept of RECs helps to break the monopoly of big utility companies (Wainer
et al., 2022) and foster energy democracy which is currently being advanced by
grassroots activists in the United States and parts of Europe (Szulecki & Overland,
2020). The idea of energy democracy besides many other things also promotes
individuals within communities to become investors and economic beneficiaries of
energy infrastructure and contribute to the governance and management of these
infrastructures (Melnyk et al., 2023).

RECs are currently empowering communities to use a bottom-up approach to
advance environmental sustainability issues and promote sustainable
consumption behaviours at the local community level which is more effective than
traditional methods.

2.10 Summary of Research Gaps

In summary, some key gaps that were found in the literature after the review include:

1.

Collaboration Mechanisms: There is a gap in the literature regarding how
collaborative mechanisms can be used to enhance several aspects of the REC
ecosystems. Some areas that have been identified as promising for the integration
of collaborative mechanisms include:

a. Aggregation of DERs: In this area, new research into developing flexible,
scalable, dynamic, adaptable, and collaborative techniques for aggregating
DERs in various community frameworks could be useful. Research in this area
should focus on creating mechanisms that provide flexibility to DER owners
and can also be applied in different contexts, from urban neighbourhoods to
rural villages.

b. Collaborative structures: Research into how the dynamic formation of
collaborative structures can be utilized to harness the capacity and capabilities
of energy asset in RECs. These structures can provide ancillary services to the
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power grid and even to other communities if collaborative techniques are
integrated into their organization and operations.

c. Governance models: Examining different governance structures within RECs
and how they can impact on decision-making, project success, and long-term
sustainability. This may involve researching the effectiveness of democratic or
cooperative models and their adaptability to various situations.

d. Incentives and motivation: Investigating the role of financial and non-
financial incentives in encouraging collaboration within these communities is
also another area that needs further work. This includes understanding what
motivates community members to participate and invest in renewable energy
initiatives or participate in sustainable energy behaviours and endeavours.

Resilience and Reliability: Assessing how aggregated DERs can enhance
community resilience and reliability. In this sense, investigating how collaboration
can contribute to resilience in the face of climate-related disasters and other
emergencies. This could include studying the effectiveness of collaborative
microgrids, collaborative backup power systems, and collaborative community-
based disaster response plans.

Policy and Regulatory Challenges: The need for further studies into policy and
regulatory hurdles that collaborative renewable energy communities face and
proposing solutions for navigating these challenges. Research may involve case
studies of regions with supportive policies and their impact on community
projects.

Technology Integration and Interoperability: Researching the technical
challenges associated with integrating multiple renewable energy sources, energy
storage, and grid systems within a community framework is needed. This may
involve developing interoperable technologies and systems.

Community Engagement and Social Dynamics: Analysing the social dynamics of
collaboration in renewable energy communities, such as the role of trust, social
norms, and communication. Research could focus on strategies for effectively
engaging and mobilizing community members to approach problem solving from
a collaborative point of view.

Although several research gaps have been identified in this comprehensive review, the thesis

does not address all of them. However, the thesis focusses on addressing the following gaps:

1.

Collaboration Mechanisms: For this gap, the thesis explores how the integration
of collaborative mechanisms such as (a) aggregation of DERs, (b) collaborative
structures, and (c) incentives could facilitate sustainable energy consumption in the
REC ecosystems.

Proposition and Development of Concepts and Methods in Support of the
Suggested Collaborative Mechanisms: In this case, the following concepts are
proposed to support the implementation of the collaborative mechanisms that are
mentioned above. These include (a) the Collaborative Energy Ecosystem (CEE), (b)
Cognitive Household Digital Twins (CHDTSs), (c) Collaborating Digital Twins, (d)
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the CEE Virtual Breeding Environment (CEE VBE), and (e) the CEE Virtual
Organization (CEE VO). Similarly, the suggested methods include: (a) opportunity
seeking by the CEE manager, (b) community goals proposition, (c) individual
household value systems, (d) value systems compatibility with community goals,
(e) delegation of deferrable loads (DDL), (f) delegated autonomy, (g) incentives,
and finally, (h) influences.

Development of Software Models to Test the Suggested Mechanisms and
Concepts: In this sense, the CEE and the CHDT models are developed in a
simulation environment. The CEE model is used to represent the ecosystem
virtually, and the CHDT model is also a virtual representation of the constituent
members of the ecosystem, namely the physical households.

67



68



THE COLLABORATIVE ENERGY
ECOSYSTEM MODELLING FRAMEWORK

This chapter presents the conceptual background of the artifact that is developed to help
address our proposed research question. The chapter begins with a brief description of the
formulation of the background concepts involved. The chapter further discusses the scope of
the thesis, the architecture, modelling framework, and the formulation and definition of
related concepts. In brief, the CEE is comprised of two key layers: the collaborative/cyber
layer and the physical layer. A detailed description of each layer and their corresponding
blocks is discussed in subsequent sections of the chapter. Additionally, the collaborative
behaviours of two key members of the ecosystem, namely the CEE manager and the
constituent households, the CHDTs, are also introduced and discussed.

3.1 Background and Conception of the CEE Notion

The core inspiration for the CEE notion is based on the combination of the concepts of virtual
power plants (VPP), Renewable Energy Communities (REC) and Collaborative Networks
(CNs).

The VPP idea is relevant because it helps to provide grounds upon which DER
contribution to the power grid can be enhanced, if not maximized. The key characteristic of
VPPs that makes them suitable for adoption for this purpose is their ability to aggregate DER
into the equivalent of a traditional power plant. The literature shows that the penetration of
DERSs in the grid environment is growing rapidly (Alam et al., 2020). This is because of rising
environmental concerns (Achuo et al., 2022) and falling prices for residential battery storage,
which is mostly used with photovoltaic panels (Kobou Ngani & Hadji-Minaglou, 2023). These
DERs, although they come as small generating units (Hargroves et al., 2023), could be
aggregated, resulting in a virtual entity that could operate like the equivalent of a traditional
power plant (Liu et al., 2023).

To help advance the idea of aggregation, consideration is given to RECs as a suitable
environment within which DER aggregation could be tested and further explored. RECs are
considered because they also introduce the perspective of citizen participation, which has the
potential to help increase the involvement of the citizenry in matters concerning sustainable
energy generation and consumption as well as addressing environmental concerns within
communities. While considering the need for increased citizen participation and involvement,
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it is equally important to consider how these can be achieved in a flexible manner. The notion
of collaboration is therefore identified as a suitable organizational and management strategy
that can help citizens to get involved, participate, and flexibly contribute to the energy
transition. In this regard, collaborative concepts and mechanisms are borrowed from the
domain of collaborative networks and introduced into the REC environment, resulting in a
novel ecosystem, here named the “collaborative energy ecosystem” (CEE). Figure 3.1
illustrates how these various concepts are integrated to form the CEE. The figure also shows
the contribution each concept brings to the ecosystem.

Focus on:

= Collaborative organizational forms
= Governance Mechanisms,

= Incentives

= Autonomy

Collaborative
Networks

Collaborative Energy
Ecosystem

Focus on:

= Collective and citizen-driven

= Environmental and social objectives
(sustainability, energy transition)

Focuses on:
= Distributed energy resources
= Aggregation

Renewable Energy
Community

Virtual Power
Plant

Figure 3. 1—The three concepts that are integrated to form the Collaborative Energy Ecosystem.

3.2 A High-level Architectural Framework of the CEE

To support the modelling and prospective development of the CEE concept, the high-level
framework shown in Figure 3.2 is proposed. This multi-level "architecture" is intended to
provide a visual understanding of how the ecosystem is organized. Furthermore, the
architecture is intended to assist in the development of the artifact or prototype model that is
used to answer the proposed research question. The diagram is suggested to be as generic as
possible so that it can cover a wide variety of REC configurations. This framework can further
serve as a point of reference upon which future experimentation and possible implementations
of the CEE concept could be based. Other relevant aspects of the architecture, such as the
description and definition of key working concepts and the organization of knowledge in this
respect, are also presented. Further propositions of the adopted theoretical models and the
computational models of the considered collaborative behaviours are also discussed in the
following.

Typically, a CEE functions like a digital business ecosystem (Suuronen et al., 2022) or a
community of practice (King et al., 2023). In terms of organization, a CEE is comprised of two
key layers, namely (1) the physical layer, and (2) the collaborative/ cyber layer.
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1. The physical layer: It is comprised of the physical REC and all the related physical
energy assets. It also includes the various stakeholders which may involve external
entities as well. The actual composition of the physical layer of a REC may vary from
one REC to another. However, some key stakeholders that may commonly be found
include (i) prosumer and consumer households, (ii) research / academic institutions, (iii)
public authorities, (iv) financial institutions, (v) distribution service operators, (vi) social
entrepreneurs, (vil) various energy service providers, etc. The REC may also have
influence over or be influenced by other external entities, such as (a) distribution service
operators, (b) the power grid and related energy markets, and (c) weather forecasting
stations. In many cases, these RECs are united by some common or compatible goals,
which may include sustainability, economic, social, environmental, political, and
infrastructural goals (Hielscher et al., 2013).

2. The collaborative/cyber layer: This layer is comprised of two levels. The first level is the
"collaborative energy ecosystem virtual breeding environment" layer (CEE VBE), which
is made up of the aggregation of digital twins of the physical actors that make up the
REC and is organized in the form of a VBE. The CEE manager is located within the CEE
VBE. The manager is an entity that is responsible for brokering collaborative
opportunities for the ecosystem. The manager brokers these opportunities by
coordinating with external actors or entities. Typically, these entities could be many,
play several different roles, and have different attributes. However, for the purpose of
this thesis, only three of these suggested entities are considered: (a) distribution service
operators (DSO), (b) the power grid and related energy markets, and (c) weather
forecasting systems. The second level is the “collaborative energy ecosystem virtual
organization" layer (CEE VO). This is an ad-hoc layer that can be formed temporarily
with the purpose of pursuing a particular business opportunity (equivalent to a virtual
organization). The composition of this layer may vary from one opportunity to the
other, subject to the interests of stakeholders regarding the type of opportunity. Once
the opportunity has been explored or exploited, the layer can be dissolved.
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Figure 3. 2— A high level view of the Collaborative Energy Ecosystem

3.3 The Scope of the Thesis

The adopted approach for this work is based on software simulation. The reason is that by
adopting this method, a prototype model of the real world can be created and used to
experiment with or study the real world, since such systems are difficult or sometimes
impracticable to conduct experiments on due to the cost, complexity, disruptions, and time
involved.

Furthermore, it is acknowledged that the physical layer of the CEE ecosystem constitutes
the integration of several and diverse energy assets as well as their related infrastructure. It is
further acknowledged that modelling the physical aspects or layer of the ecosystem, would
require the use of dedicated energy simulation tools such as Homer software (Homer Energy,
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2016), Siemens power system simulation (Siemens, 2022), or GridLAB simulation software
(GridLAB, 2023), etc. This is due to the complex and technical nature of this layer.

However, in this thesis, such dedicated software tools are not utilized because the objective
of this work is not to simulate the low-level physical energy layer. Instead, the key focus of the
work is limited to the high-level collaborative / cyber layer of the ecosystem, where behavioural
attributes such as collaboration, decision-making and VO formations occur. For this reason, the
details of the low-level technical factors relating to the physical layer of the energy
infrastructure are not addressed, although it is recognized that these are essential parameters
and components of the grid.

Nevertheless, in order to gain a reasonable insight into how the collaborative/cyber layer,
(particularly decision-making and collaborative behaviours) affect the physical layer in terms
of sustainable and flexible energy consumption, a system dynamics simulation technique is
adopted to help model some aspects of the physical layer namely (a) Solar photovoltaic systems
(PVs), (b) household appliances, and (c) energy storage systems. The system dynamics model
helps to mimic the energy generation, energy storage, and energy consumption behaviours in
a very simplistic way. In this case, adequate knowledge and insight are gleaned from the
behaviour of the artifact regarding how the suggested collaborative behaviours translate into
sustainable and flexible energy consumption outcomes within the ecosystem.

Also as mentioned above, a REC is comprised of several stakeholders who are assembled
into a community based on some common goals or objectives. However, in the context of this
work, only one category of REC stakeholders, namely households, is considered as the only
member of the REC (refer to Figure 3.3). The motivation to focus on households is based on the
fact that buildings have been declared the single largest energy consumer in Europe. The
literature shows that buildings consume nearly 40% of global energy, 25% of global water, 40%
of global resources, and contribute nearly 72% of global greenhouse gas (GHG) emissions
(Hertwich & Peters, 2009). From the perspective of the European Union, buildings are
responsible for approximately 40% of the EU’s energy consumption and 36% of CO2 emissions
(European Commission, 2019). Furthermore, demand for energy has increased substantially in
contemporary societies due to urbanization and industrialization (Rehman et al., 2022),
population and economic growth (Pasten & Santamarina, 2012), as well as technological
advancement (Jin et al., 2018). These dynamics are the result of the need to meet the energy
demands of the people who are the occupants of these households.

Referring to Figure 3.3, the considered households in the REC are categorised into two
groups: (a) prosumer households, and (b) consumer households. For each household, either
prosumer or consumer, nine types of household appliances are possibly embedded. Details of
these appliances are provided in Chapter 4. The occupants of the households are also
considered in the thesis as “users/delegators.” It is up to them to delegate in the CEE or not,
the use of these household appliances. Finally, a centralized storage system is also integrated
into the REC. The role of the centralized storage is to store surplus energy from the prosumer
households and subsequently make this energy available to members of the ecosystem (both
prosumer and consumer households) when needed or even to sell to the grid.
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3.3.1 Collaborative Facets and Behaviours Considered Under the Scope of this

Work

This section describes the kinds of collaborative facets and behaviours that are considered in

this research. The collaborative behaviours, techniques and mechanism that are envisaged

within the CEE are borrowed from the domain of Collaborative Networks. Discussed below

are the collaborative mechanisms that are foreseen for the CEE.

1.

Community/Common Goals: A CEE is driven by the notion of common goals. Decision
making and collaborative endeavours that are undertaken within the CEE ecosystem
shall mostly be based on these common goals. The CEE can have multiple goals and
may pursue various goals concurrently. The goals of the CEEs can be dynamic and are
determined by the CEE VBE manager when an opportunity is found.

CEE Member Value System: Members of a CEE may have their individual “value
systems” which can be used to represent the preferences, priorities, expectations, and
contributions of each member regarding how they intend to contribute to the
mentioned community goals. Members of CEE can have multiple value systems, which
can be ranked in order of priority. The notion of value system can empower members
of the CEE to contribute flexibly to community goals.

Goal Compatibility: Goal compatibility is a decision-making process where members
of a CEE compare their value system(s) with the proposed community goals to
ascertain if there is a match or compatibility between their value system(s) and the
community goal. Members of the CEE accept invitations to participate in community
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coalitions or goals on the grounds that one or more of their values is compatible with
the proposed community goal. In the instance of incompatibility between the members'
value system and the community's goals, the invitation is declined. In reality,
compatibility of value systems should not be sufficient or the only condition. It may
also be necessary to consider the current context and current preferences of the
member. But these aspects fall outside the scope of this work.

Resource Sharing: Resource sharing is a collaborative attribute that places emphasis on
sharing or accessing underutilized goods and services, which prioritizes efficient
utilization and accessibility over ownership. The fundamental resources that can be
shared in a CEE may include both physical and virtual energy assets and services.
These resources can be shared on a peer-to-peer basis or in a centralized architecture.
In the context of this thesis, the resource that is shared is energy.

Formation of Virtual Organizations (VOs): In the context of a CEE the manager
identifies a business opportunity on the grid ecosystem such as demand response or
opportunity to sell energy to the grid. To pursue this opportunity, the manager sends
invitations to members. Members whose value systems are compatible with the goal
will accept the invitation. A VO constituting of members with accepted invitations is
formed by the manager to pursue the opportunity.

Incentives: Incentive is another facet of collaboration that is relevant to materializing
the CEE concept. An incentive is a crucial component of any collaborative endeavour.
It has the ability to persuade a passive member of a community to become an active
participant or collaborator based on a promise of some form of reward or
acknowledgment. In a CEE, the use of incentives is intended to increase the willingness
of members and motivate them to participate in collaborative endeavours and pro-
sustainable behaviours.

Delegation: Delegation refers to the permission or authority that is given to the digital
twin of a household (CHDT) to act on behalf of the household inhabitants. Due to the
cognitive intelligence of these CHDTs, they can have cognisance of (a) whether they
are delegated or not, thus, whether they are permitted to participate in collaborative
endeavours or not, (b) the value system of the physical household, and (c) the proposed
community goal(s).

Delegated Autonomy: This refers to the degree or level of permission that is given to
each CHDT. It constitutes the specific "instructions" that a household owner may
assign to its CHDT to be followed in carrying out its preferences and contribution
towards community goals and collaborative endeavours.

Collective Decision-making: Collective decision is a situation in which people jointly
decide among the options that are available to them. In such cases, the final decision
can no longer be attributed to any particular person in the group. This is so that every
person can contribute to the final result. In collective decision-making, individual
choices and group decisions are in alignment. Collaborative decision-making is one of
the most effective processes for gaining support from other stakeholders, establishing
consensus, and fostering creativity. In a CEE, decisions are envisaged to be made on a
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collective basis. This enables each member to contribute in one way or another towards
the community’s goals and objectives.

3.3.2 Energy Flexibility and Flexible Contribution

“Energy flexibility” in the electricity sector usually means the ability to reduce energy use or
shift that usage to different times of the day in response to external factors, such as requests
by the grid operator (Junker et al., 2018). This could be in response to a price signal, the grid
frequency, or an activation signal from the grid operator. In this thesis, some behaviours of
energy flexibility are observed. Energy flexibility behaviour occurs as the by-product or
outcome of the collaborative efforts of CHDTs towards a given opportunity. For instance, in
the instance of deferring loads to meet a specific business opportunity or community goals.
However, the thesis also adopts and uses the term "flexibility" in a different sense. Flexibility,
or flexible contribution in the context of this work, refers to the ability of members to contribute
to community goals in a “flexible manner.” In this case, users are able to make contributions
to community goals at their convenience without having to infringe on their comfort or
expected quality of service. This “flexible contribution” technique is quite different from the
general term “energy flexibility,” and the two need to be distinguished.

3.4 The CEE Modelling Framework

In this section, a detailed description of the building blocks of the CEE architecture under the
two key layers is presented and discussed. Further explanation about how these blocks is
integrated within the various layers, and how they subsequently work together to achieve the
collective objective of the CEE, is elaborated.

3.4.1 The CEE Collaborative/Cyber Layer

This layer is comprised of two sub layers. These are (a) The CEE VO layer and (b) The CEE
VBE layer.

3.4.1.1  The CEE VO layer

This is the topmost layer of the CEE model. This layer is a temporary layer that is formed only
when a business opportunity is found and that there is the need for a formation of coalition to
exploit the opportunity. The formation/creation of the coalition is coordinated by the CEE
VBE manager who is located in the CEE VBE layer.

3.41.2  The CEE VBE layer
The CEE VBE layer is the middle layer of the CEE. It is the component of the CEE model where
collaboration opportunities are conceived, and community goals are formulated and

proposed. It is the layer where the formation of VOs, their operations, and dissolutions are
coordinated. The CEE VBE is comprised of (a) the CEE VBE manager and (b) the population
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of prosumer and consumer households, who are also referred to as “cognitive household
digital twins” (CHDTSs). In more details:

3.4.1.21  The CEE VBE Manager

One of the main roles of the manager is to foster collaborative behaviour in the ecosystem. The
manager is able to promote these collaborative functions through the following means: (a) By
coordinating with external entities that are located outside of the ecosystem and internal
entities (ecosystem members); (b) Engaging in collaborative behaviours such as opportunity-
seeking, goals formulation, goals proposition or invitation to form coalitions or VOs, and
finally the formation, operation, and dissolution of coalitions or VOs. In the subsequent
sections, the functions of the CEE manager are presented in detail.

1. The Coordinating Role of the CEE VBE Manager: The CEE manager engages in two
levels of interactions with two different sets of actors. These actors are comprised of (a)
external entities and (b) the community, which basically constitutes the population of
CHDTs. Details of these interactions follow:

a. Coordination with External Entities. In the implemented prototype, we assume
that the CEE VBE manager interacts with three external entities, although in
reality there could be more than three. The manager formulates community
goals or business opportunities, taking into consideration input from these
entities. In the prototype model discussed in Chapter 4, these inputs are
discussed as preconditions leading to the formulation of community goals.
Referring to Figure 3.4, the manager is considered to coordinate with the
following external entities:

i. Coordination with External Entity-1 (Distribution Service Operator -DSO):
The coordination between the manager and the DSO enables the manager
to formulate grid-related goals in response to grid management demands,
such as demand response, which could be a time-based program,
incentive-based programs, or energy-saving behaviours.

ii. Coordination with External Entity-2 (Power Grid/Energy Market):
Coordination with this entity can enable the manager to formulate goals
that are in line with market demands. This coordination can help energy
ecosystems access the energy market and participate in the exchange of
market-related goods and services.

iii. Coordination with External entity-3 (Weather Forecasting station):
Information concerning the weather conditions is exchanged between the
weather forecasting station and the manager through this coordination

channel.
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Figure 3.4 —External coordination between the CEE VBE manager and external entities

b. Coordination with Internal Entities (Ecosystem Members): This coordination
channel enables the manager to exchange information with ecosystem members,
i.e., all the CHDTs within the ecosystem. Figure 3.5 illustrates this internal

coordination.

Internal
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- CHDTofa prosumer
household

CHDT of a consumer |
household CEE VBE Manager

Figure 3.5 —The CEE manager coordination with CHDTs in the ecosystem

2. The Collaborative Roles of the CEE VBE Manager. According to (Afsarmanesh &
Camarinha-Matos, 2005), in a typical CN environment such as a VBE, the following
key roles are commonly found, and these roles are usually played by different entities.
In the case of the CEE, these roles are played by the manager, as follows:

a. The CEE manager as an opportunity broker — In this sense, the manager acts as an
opportunity broker, i.e., it identifies, pursues, and acquires collaborative
opportunities on behalf of the ecosystem. Technically, the broker is also

responsible for the negotiation and acquisition of opportunities that are in line
with the community goals and the marketing of the competencies of the
ecosystem. The ecosystem may pursue multiple goals simultaneously. However,
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for illustration purposes, here we just discuss a scenario of brokering two

opportunities, namely "Community goal 1" and "Community goal 2":

i.

ii.

Community goal 1 - A selling opportunity (SellOpp): This goal describes the
case where the community finds an opportunity to sell energy to the grid.
For this goal, it is assumed that the following three preconditions must be
satisfied before it can be pursued:

= External demand for energy on the grid (a precondition originating
from the DSO as a result of the external coordination between the
manager and the DSO). This precondition is represented as
“precondition-1A" in Figure 3.6.

»  Surplus generation of renewable energy available in the ecosystem (a
precondition originating from the internal coordination between the
manager and the population of CHDTs in the ecosystem). This
precondition is represented as “precondition-1B”.

* High population of CHDTs having their value system in line with the
community goal “SellOpp” (a precondition from the population of
CHDTs as a result of the internal coordination between the manager
and CHDTs). This is denoted as “precondition-1C".

Community goal 2 - A grid management opportunity: For this goal, we
consider the case where the community uses the control of energy assets
such as washing machines, dishwashers, and clothes dryers to contribute
to grid management by helping to reduce consumption from the grid
during peak periods. These assets are often referred to as “deferrable or
shiftable loads.” The nature of these assets is that their use can be deferred
to a later time without affecting the quality of service they provide to the
user. Some examples that could be considered preconditions for this goal
may include:

»  Peak demand on the grid (a precondition originating from the DSO as
a result of the external coordination between the manager and the
DSO). This can represent a daily, annual, or seasonal period when
energy demand is significantly higher than average supply levels
and could jeopardize power grid stability. Under such
circumstances, one of the options available to the grid operators is
to implement some demand response actions, such as encouraging
a voluntary reduction in energy consumption for the period. This
precondition is represented as “precondition-2A”.

* A high population of delegated CHDTs with grid management as their
value system (a precondition originating from the internal
coordination between the manager and the population of CHDTs in
the ecosystem). This is represented as “precondition-2B”.

79



iii.

*  The minimum energy savings required by the grid operator as contribution
to grid stabilization can be met by the collective action of the community,
a precondition originating from the internal coordination between
the manager and the population of CHDTs in the ecosystem). This
is named as “precondition-2C”.
For either goal to be pursued, all three preconditions relating to that goal
must be met. A goal cannot be pursued when only one or two
preconditions are satisfied. The processes involved in opportunity-
seeking are Illustrated in Figure 3.6 using the BPMN 2.0 modelling
language. In this instance, it is assumed that the manager had made a
prior request for information from the appropriate entities concerning
goals 1 and 2. Referencing Figure 3.6, the opportunity-seeking steps for
goal 1 are demonstrated as follows:
Reception of opportunity preconditions: The manager receives information
from (a) the DSO (representing peak demand on the grid - Precondition
1A), (b) the population of CHDTs (representing CHTs having surplus
generation - precondition 1B), and (c) itself (an internal database
containing the value systems of the CHDTs - precondition 1C).

» Precondition analysis: First, the manager checks if precondition 1A
meets the condition for pursuing goal 1. If the condition is
unfavourable (false), the process is terminated. However, if the
condition is favourable (true), the manager proceeds to check
precondition 1B. Second, if precondition 1B is unfavourable (false),
the process is terminated. However, if precondition 1B is favourable
(true), the manager proceeds to check precondition 1C. Third, if
precondition 1C is unfavourable (false), the process is terminated.
However, if precondition 1C is favourable (true), opportunity is said
to have been found because precondition 1A is true, precondition 1B
is true, and precondition 1C is also true.

The steps for goal 2 are not detailed here because the involved entities
are the same and the BPNM representation for goals 1 and 2 are
similar.
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Figure 3.6 —Opportunity seeking process of the CEE manager

» Demonstration of goal formulation by the manager: If all three
preconditions are unfavourable, an opportunity is said not to exist.
As a result, the seeking process has come to an end. However, if all
three preconditions are found to be favourable, an opportunity is said
to have been found. As a result, the process continues. The manager
proceeds to formulate the goal(s) that relate to the respective
opportunity. If the opportunity is related to goal 1, the manager
would formulate goal 1. If the opportunity relates to goal 2, the
manager will formulate goal 2. In Figure 3.7, the BPMN notation for
the formulation of goals 1 and 2 is shown. The figure further shows
how invitations are sent to the community on the condition that

either goal or both goals are formulated.
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b. The CEE manager as a VO planner, coordinator, and administrator. The manager as a

VO planner is responsible for the identification of goal opportunities using the
preconditions and is also responsible for the formation of new VOs. As a
coordinator, the manager is responsible for the VO lifecycle, namely, VO
formation/ creation, VO operation, and VO dissolution, to ensure that the goals
that triggered the formation of the VO are met. For instance, referring to Figure
3.8, the manager receives inputs from prospective VO members, ie., from
prospective VO member 1, prospective VO member 2, and prospective VO
member 3, concerning goal 1. It can be observed that all the prospective VO
members accepted the invitation. Based on the outcome received responses, the
manager can decide whether it would be profitable to proceed to form the VO or
abort the opportunity.
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The Cognitive Household Digital Twins (CHDTs)

In the proposed model, CHDTs can be perceived as digital twin depictions of the prosumer
and consumer households of a CEE. CHDTs are modelled as software agents that have
intelligence allowing them to perform complementary functions as independent decision-
making entities that execute “delegated autonomy” instructions on behalf of their physical
twin counterpart. Their decisions are expected to encourage collaborative behaviours that can
help the energy ecosystem become more resilient and sustainable. In the following sections,
the CHDT is discussed in detail.

1. Architectural Framework of the CHDT. Generally, a “digital twin” is a virtual model

created to reflect a physical object in the cyberspace (Lord, 2022). The object may
include a variety of sensors that produce data regarding various aspects of its
performance, including energy output, temperature, and weather conditions, among
others. This establishes a connection between the digital twin and its physical
counterpart. Once the virtual model is fed with data, it can be used to run simulations,
investigate performance issues, and generate potential improvements, all to gain
valuable insights that can then be applied to the original physical object. Assuming
that the physical object, besides sensing, can also receive commands to perform actions
in its environment, the digital twin can then be used to control the physical object. In
line with these features of digital twins, we propose the cognitive household digital
twin (CHDT) concept. As such, we represent each unit of household within the CEE
ecosystem by its replica in the form of a digital twin counterpart within cyberspace. In
the developed prototype, each CHDT is modelled as a software agent that mimics the
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actual household’s traits and actions. These software agents are designed to live and
interact with each other within a digital REC environment, namely the CEE. CHDTs
are also designed to possess some cognitive capabilities, allowing them to serve as
complementary decision-making agents on behalf of their physical counterparts. These
software agents can make rational and autonomous decisions on their owners’ behalf
(owners of the physical households). In Figure 3.9, the logical structure of the CHDT is
shown. This includes: (a) a cognitive block, (b) a decision block, (c) a functional
output/ control block, and (d) an influence block. The various blocks comprising the
CHDT are discussed in the subsequent paragraphs.
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Figure 3.9 —The logical structure of the CHDT

a. Cognitive Block. This component is used to represent the intelligent aspect of the
CHDT. This block enables the CHDT to be cognizant of the following: (a) the
community goal(s), (b) the digital profile, which is constituted of (i) the value
system of the physical twin, and (ii) the delegated autonomy of the physical twin
assigned to the CHDT, and (c) the IoT data block, which is also constituted of (i)
the historic data and (ii) the current states of embedded appliances. The
subsequent paragraph expounds on these blocks.

i. Community goals: As mentioned earlier, the focus of the CEE is usually to

achieve some specific global goals(s) that are common to all members of the
ecosystem. Technically, the community could pursue several goals
simultaneously. For instance, the community could pursue a sustainability
goal, an economic goal, a social goal, or a technological goal simultaneously.
As part of its cognitive capabilities, a CHDT would often have cognizance of
all the goals that are suggested or proposed by the community manager.
Although it may possess knowledge of the community’s goals, it would only
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ii.

join a coalition or participate in collaboration activities that are compatible
with the goals of its physical twin, and on the condition that it has been
delegated to do so.

Digital profile: The digital profile is the interface or aspect of the CHDT where
the users can communicate their preferences and choices to their CHDT. It is
composed of the value system and the delegated autonomy of the user.

» Value system: The value system represents the preferences, choices, and
options of the physical twin that have been transferred to the CHDT. In
the context of this work, the value system of a CHDT is a list of
preferences that represent the values of the owner. These values are
indicative of the measure of a member’s contribution or expected benefit
from the community, as mentioned in the problem statement. This
informs the kinds of choices and decisions that the CHDT makes.
Technically, the value systems of individuals may vary from one person
to another, therefore, the notion of a value system enables the collective
objectives of the community to be met, by each member making their
contribution flexibly without compromising their expected quality of
service. In Figure 3.10, we illustrate six types of value systems, although
in real-life implementation, several other value systems, such as those
discussed in (Plewnia & Guenther, 2021), could be considered. Based on
Figure 3.10, the following value systems are discussed.

o 100% renewable sources value system: For this type of value

system, the owner's preference is to consume energy from only
renewable sources. Any other source of energy that is non-
renewable is forbidden to this actor.

o Mixed energy sources value system: For this type of value system,

the user considers the use of energy from mixed sources. These
mixed sources may include a mix of renewable and non-renewable
sources. It may be possible for the actor to specify the preferred
ratio of renewable sources to non-renewable sources.

o Free rider’s values system: Technically, this is not a value system.

It rather represents an instance where the owner fails to define a
value system.
o Cost savings value system: This represents users whose priority is

to save money and therefore prefer to use certain appliances, such
as “deferrable loads”, at times when tariffs are at their lowest.

o Revenue or income values system: This may represent owners who

want to participate in activities such as demand response actions to
earn revenue or sell energy from their roof-mounted photovoltaic
system (PV system) to earn additional income.

o Load management value system: This represents owners who are

willing to have some appliances (interruptible loads) interrupted
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for grid load management. Such action could be rewarded with
incentives like energy credits, green certificates, etc. These actions
could also be carried out voluntarily.

Addressing multiple value systems: In the CEE, CHDTS can have

multiple value systems. For instance, a prosumer CHDT could
have a value system of first 100% renewable energy consumption,
second revenue generation, and third cost-savings. However, these
value systems should be arranged in a hierarchical order of priority
(a priority list).

Addressing collision of value systems: This can be addressed in

two ways: (a) at the CHDT level. Here, the value system that is
higher on the priority list of the CHDT will override the lower
priority value system; (b) At the community level, the community
may also define some community values, such as sustainability
values, as a priority among the community goals. In such instances,
sustainability values will always override any other values that
conflict with them.
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Figure 3.10 —Examples of value systems in the context of the CEE

iii. Delegated autonomy: The notion of delegated autonomy is the specific

instruction that a household owner assigns to its CHDT to be followed in
carrying out or executing its value system. In the prototype, this may include
delegating either a single appliance, any two appliances, or any three
appliances. Delegation means deferring the use of these appliances until a later
time without necessarily affecting the quality of service that these appliances
provide to the user. The concept of delegation helps users to flexibly contribute
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to community goals in the sense that loads can be shifted from one period of
the day to another (Dragomir & Dragomir, 2023), helping to maximize
consumption from renewable sources and minimize consumption from the
grid. A simple interface such as that shown in Figure 3.11 can be used to
achieve this purpose. An appliance can be delegated by selecting the “radio
button” Delegate. By selecting Undelegate the appliance becomes undelegated.

Deferrable / Time Shiftable Loads

(® Undelegate O Delegate (® Undelegate O Delegate © Unelegate O Delegate

Flexible Loads

b
%‘; I
=i
==y
=t oE
T L) -
@® Undelegate O Delegate @® Undelegate O Delegate @® Undelegate O Delegate

Figure 3.11 —A simple interface to illustrate how “deferrable loads” can be delegated in the CEE

b. IoT data block: This block represents the IoT interface between the household
appliances and the CHDT. This block is constituted of two sub-blocks:

= The historical data block: This is a database that contains historical data on the
usage behaviour of each appliance over time. By integrating Al techniques,
the CHDT can glean some behavioural patterns from this historical data for
prediction and decision-making purposes, on behalf of the physical twin.

» Current (status) data: This block communicates the operational status of an
appliance to the CHDT. Such data may include information such as whether
the appliance is currently in the “on “or “off” states. For appliances such as
refrigerators and air conditioners, sensorial data such as the operating
temperature, etc., could be collected. In future studies, data about the thermal
comfort of rooms or the living environment in households could also be useful
for the CHDTs in their decision-making, particularly concerning the
regulation of temperature in the living environment. In Figure 4.12, we
illustrate how the integrated IoT components communicate with a central
router to reach the CHDT that is hosted in the cloud. Control signals can also
be sent from the CHDT via the router to the various appliances to enable
control instructions to be carried out. A firewall at the interface ensures the
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security of users. Generally, DTs are hosted and operated in an environment
called the “Digital Twin Environment.”

The connection between physical and virtual objects can be achieved
through several communication channels. For instance, the Institute of
Electrical and Electronics Engineers has proposed a standard, namely IEEE
1451, which constitutes a family of smart transducer interface standards that
define a set of open, common, network-independent communication
interfaces for smart transducers (sensors or actuators) to achieve sensor data
interoperability between cyber and physical components of CPS. The
standard defines a “smart transducer” as either a sensor or actuator that can
identify and describe itself, has the data processing capability to present
sensor data or accept actuation values, respectively, in measurement units, has
network communication capability, and is easy to use, enabling plug-and-
play functionality (Mark & Hufnagel, 1996).

Digital Twin

. Environment

Firewall

----- Bl
ﬁ |
1
1
1
1
a |
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loT devices \\_// . S »Control signals
the CHDT . , - from CHDT to
= . HH applainces
%——',

H [ Clothes
Dish : oo Dryer
washer ;

Figure 3.12 —How IoT sensors/actuators are connected between appliances and their CHDTSs

c. The Decision Block: This block’s output is accepted as input by the control block,

and the control block’s output serves as input to actuators that are connected to
each of the appliances (lately smart appliances). In the implemented prototype,
basic control of the appliances, such as switching between the “on” and “off”
states, is the focus. Other complex control mechanisms might be explored in the
future. For instance, in scenarios that involve complex operations, such as
controlling thermal comfort by monitoring and modifying room temperature or
employing CHDTs in demand response techniques such as “load interruptions”,
may require a more complex control mechanism.
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CHDT

In Figure 3.13, we illustrate how a CHDT makes decisions based on its digital
profile. The figure shows a CHDT with three value systems that are arranged in
order of priority. The first priority is "100% consumption from renewable sources",
the second priority is to "consume from mixed sources" and the third is "free rider
or indifferent option". It also shows three levels of delegated autonomy, thus
delegate (control over) all three appliances, delegate any two appliances, and
delegate any one appliance.

Endogenous and Exogenous Data From IoT Devices
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Figure 3.13 —A BPMN representation of the decision-making process of a CHDT

» Influence Block. Knowledge from social network analysis has shown that the

decisions of participants on social networks can be influenced by network
influencers. As claimed by (Geyser, 2022), people usually look up to
influencers on social media to guide them with their decision-making. There
are various strategies for spreading influence in a social system or network.
One powerful strategy that has been used to favourably impact individuals in
a variety of ways is the power of internet information dissemination (Chen et
al., 2013) and (Hugo & Garnsey, 2002). Companies have used this technique,
known as the "viral phenomenon" or "viral marketing," to encourage sharing
amongst individuals with social connections, because it is recognized that
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social recommendations may improve traffic to business websites, resulting in
increased engagement and income. This concept of influence can also be
adopted to facilitate the spread of incentives in the context of the CEE. A
CHDT can experience two types of influences. These are endogenous and
exogenous influences.

o Exogenous influence: This represents influences that originate from the
external environment of a CHDT. This may constitute an influence from
the community manager or other influencer CHDTs within the
community. For instance, this could represent some kind of incentive
proposed by the community manager.

o Endogenous influence: This could represent internal influences or the kind
of influences that originates from inside of a CHDT.

These influences could originate from the CEE manager or other influential
CHDTs within the ecosystem. Each influence possesses the following
attributes: (a) polarity, (b) intensity, (c) impact, and (d) frequency of
transmission. Polarity signifies whether an influence is positive or negative.
The intensity, on the other hand, describes the magnitude of the influence. For
instance, a positive influence may have a positive polarity, a minimum
intensity or magnitude of “X,” and a maximum intensity or magnitude of “Y.”
Likewise, the impact describes the severity (how strong or weak) of the
influence on the CHDT. A high-impact influence affects the CHDT for a longer
duration, while a low-impact influence has a short duration. The frequency of
transmission describes how often an influencer CHDT propagates influence
on the community. CDHTs make decisions based on a predefined threshold

called the “decision constant,” which is represented by “oc”. This parameter
has a positive value and can be reached based on the aggregated outcome of
all influences (both positive and negative) acting on the CHDT over time. A
negative constant could also be adopted and used to determine when a CHDT
makes a negative decision, such as refusing to participate in collaborative
endeavours.

d. Functional Output Block. The functional output block helps the CHDT to exchange

communication with its external world. The decisions and responses of the CHDT
are communicated through the output block. There are five output that originate
from the CHDT:

i.

ii.

Output to the CEE manager: This output enables the CHDT to communicate
back with the community manager concerning community goals,
collaborative opportunities, and VO formation. The CHDT uses this channel
to inform the manager about acceptance and rejection of invitations. In other
words, this output serves as the output interface between the CHDT and the
manager.

Output to the user: This output serves as the interface between the CHDT and
the user. It enables the user to receive feedback from the CHDT concerning
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iii.

the customization of the digital profile of the CHDT and feedback from
collaboration outcomes.

Control Block: The control block is part of the output block. This block connects
the CHDT to each of the embedded household appliances. The input of the
control block accepts output from the decision block, and the output of the
control block serves as input to actuators that are connected to each of the
appliances (lately smart appliances). In this work, an open loop control system
is considered. This is because the expected control actions at this level may
include switching the asset twin between the “on” and “off” states. In future
studies where complex actions like controlling thermal comfort by monitoring
and adjusting room temperature or using CHDTs in demand response
techniques such as interruption of loads are involved, other control models
may be more suitable.

2. The Collaborative Roles of the CHDT. According to (Bianca, 2019) a common goal
gives a group of entities a shared purpose. It inspires them to work together as a team
to help them achieve the group’s objectives. Communication and information

exchange are also crucial to the achievement of a group’s objectives. Therefore, under
this subsection, we discuss the collaborative roles that CHDTs play in the ecosystem.
These collaborative roles include: (a) communication and information exchange
towards coalition formation, i.e., joining a VO, (b) sharing of a common resource, and
(c) engaging in collective actions.

a. Communication and information exchange towards a goal. This process is expected to

precede every collaborative venture, e.g., to minimize energy consumption over a
certain period. In other words, itis a process of forming a coalition (VO) to achieve
some goal proposed by the CEE manager. In terms of information exchange, we
show the major communication steps that are expected to occur. Referring to the
BPMN model of Figure 3.14, the following steps are observed:

i.

ii.

iii.

iv.

Invitation: The community manager extends invitations towards the
achievement of Goal 1 to the entire community, particularly prospective
CHDTs whose value systems or preferences are in line with Goal 1.

Receipt of invitation: Upon receipt of the invitation, the CHDT first checks if it
is delegated or not. If it is undelegated, it will reject the invitation based on
non-delegation. However, if it is delegated, the next step is taken.

Check value system compatibility: If the CHDT is delegated, it will proceed to
check if the value system corresponding to Goal 1 is compatible with the
proposed goal. If no compatibility is found, it will proceed to check
compatibility with Values System 2. If non-compatibility is found, it will
proceed to check Value System 3. If non-compatibility is found, the CHDT will
decline the invitation based on non-compatibility.

Acceptance based on compatibility with value system 1 (VSI): If the proposed goal
is compatible with Value System 1, the CHDT accepts the invitation based on
goal compatibility with Value System 1.
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CHDT

v. Acceptance based on compatibility with value system 2 (VS2): If the proposed goal
is compatible with Value System 2, the CHDT accepts the invitation based on
goal compatibility with Value System 2.

vi. Acceptance based on compatibility with value system 3 (VS3): 1f the proposed goal
is compatible with Value System 3, the CHDT accepts the invitation based on
goal compatibility with Value System 3.

Throughout these processes, it is observed that information is exchanged at every

step of the process between the CHDT and the manager. This shows the crucial

role that communication and information exchange plays in the collaborate

processes.
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Figure 3.14 —Process of information exchange towards the formation of a coalition - joining a VO

b. Modelling sharing of common resources. Resource sharing is a common characteristic

of collaborative cases. In the CEE, members engage in resource sharing as one of
their collective goals. The case shown in Figure 3.15 is used to Illustrate the sharing
of common resources within the CEE. It shows two modes of sharing, level-1
resource sharing (L1RS) and level-2 resource sharing (L2RS). LIRS refers to
sharing surplus energy that was produced by prosumer CHDTs with the
community storage (charging the community storage). L2RS involves the sharing
of energy that was stored in the community storage with either prosumer or
consumer CHDTs within the community (discharging community storage). The
following steps are used to describe L1RS and L2RS in detail (also assuming that
a VO was previously established for this goal):
i. LIRS. Under this mode of sharing, the surplus energy from several different
CHDTs is shared with the community storage system. This is more of an
aggregation process. Referring to Figure 3.15, L1RS can be achieved in three

major steps:
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* Local PV resource availability: PV availability is a time-dependent event.
The CHDT is alerted to the availability of solar energy due to the presence
of sunlight.

» Type of local energy demand: For this step, the CHDT determines if there is
alocal demand for locally generated solar energy (local demand includes
the demand for appliances to use the energy locally or to store it in the
local storage). If local demand exists, the generated energy is consumed
locally. If otherwise, the generated energy is considered surplus and is
shared with community storage.

» Accept and store: At this stage of the process, the shared energy is accepted
and stored in the common storage system.

ii. L2RS. Under this mode of sharing, the energy that was previously stored in
the community storage is shared back with community members according to
their various needs. The storage capacity is constantly being monitored to
determine if the conditions for L2RS are satisfied. Typically, L2RS is enabled
when the state of charge (SoC) is greater than a threshold, say a % of the
battery capacity “C”. If this condition is satisfied, the energy that was
previously stored in the community storage is allowed to flow back into the
community. L2RS is terminated when the condition changes, thus, SoC drops
below another threshold, say £% of “C”, thus, When SoC > a % of “C *, L2RS

is enabled, When SoC < B % of “C “, L2RS is disabled. This can be sis to
represent the charging and discharging processes of the community storage
system.
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Figure 3.15 —The process of resource sharing

c. Modelling the collective actions. Collective actions (CA) refer to the actions taken by
a collection or group of entities, acting based on a collective decision. CA is also a
key component of the collaborative behaviours that are exhibited in the CEE. In
Figure 3.16, we illustrate the CA behaviours of three CHDTs that are based on a
common goal. The resultant effect of their CA is shown to have a direct impact on
the community-owned energy asset (community storage), which subsequently
affects the power grid. There are three major steps involved in the CA process:

i. Condition-based decisions: In this step of the process, a CHDT makes decisions
based on some common goal conditions. For example, a condition such as

SellOpp.

ii. Execution of assigned delegated autonomy: If the decision in step (i) is based on
some specific goals, all CHDTs will execute their assigned delegated
autonomy simultaneously, which will result in common behaviour.

iii. Appliance use behaviours: The effect of steps (i) and (ii) will show in the use-
behaviour of the embedded household appliances for each respective CHDT.
The resultant behaviours could also have a direct impact on the community-
owned asset (community storage) and subsequently on the grid.
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3.4.2 The Physical Layer

The physical layer is the second layer of the CEE modelling framework. This layer constitutes

the physical energy infrastructure of the ecosystem. The considered energy infrastructure

includes aggregation of prosumer and consumer households in the community. Both the

prosumer and consumer households have embedded household appliances. Prosumer

households have local PV and battery storage systems embedded. The community shares a

common community energy storage system. Further details are provided below to illustrate

each aspect of the physical layer. Since the focus of the thesis is on the collaborative layer,

aspects of the physical layer are not discussed here.

The physical layer is constituted of the following components:

a.

Prosumer households: These are households within the ecosystem that own a combination

of roof-mounted photovoltaic (PV) systems and a local battery storage system that can
be used to generate renewable energy for local consumption. Surplus energy from these
households can be stored or shared with the community storage system. These
households can consume directly from their PVs, from their local battery storage
system, from community storage, and from the grid. In the prototype model that is used
for the study, all the prosumer household have nine embedded household appliances.
These nine appliances are basic household appliances that are commonly found in many
average households.

Consumer households: These households do not own any generating units and are

therefore unable to generate or contribute energy to community storage. However, they
are able to contribute to community goals by delegating the use of their appliances.
Consumers can consume energy from the grid and from the community storage. Similar
to prosumer households, all consumer households also have nine embedded household
appliances.
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Community Storage: This is a centralized, community-owned storage system located
within the community. Prosumer households can send their surplus energy to this

storage system. Both prosumer and consumer households can consume energy from
this storage system when it is available.
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THE CEE SIMULATION MODELLING

In this section, we introduce a simulation model for the CEE and CHDT in line with the
proposed research question. The first part introduces the modelling components that are
used by the CEE manager to perform its collaborative roles as explained Chapter 3. The
second part addresses the collaborative roles of the CHDTs. As mentioned before, a CEE
may typically pursue multiple goals simultaneously. However, for illustration purposes
we discuss the scenario where the CEE pursues two community goals concurrently. For
example, these two goals may constitute Community goal 1: A selling opportunity
(SellOpp) and Community goal 2: A grid management opportunity.

4.1 The Modelling Methodology

The main method that is used in this study is software simulation. The primary reason for
selecting this method is that in some instances when it is practically impossible or infeasible
to perform such experiments in the real world, e.g., with a real energy community, due to the
nature and extent of resources required, and the time it would take, as well as the cost
implications, simulation can be used in combination with collecting feedback from focus
groups, such as potential users of the system, to help understand the potential behaviour and
prospects of the system. Through the use of models, a simulation replicates how systems or
processes in the real-world work. The simulation shows how the model changes over time
under various conditions, while the model itself depicts the essential behaviours and features
of the chosen process or system.

As claimed in a whitepaper (Anylogic, 2018), simulation and modelling were historically
based on a single method. This approach had severe limitations because modelling complex
systems and the interactions between their components requires different functionalities.
Therefore, to create an adequate model, an understanding of how the system is organized in
the real world and how it can accurately be represented as a model is highly essential
(Anylogic, 2018). Due to the limitations and trade-offs associated with single-method
simulations, several researchers such (Borshchev, 2013) and (Yang et al., 2022) have suggested
a multi-method simulation approach as a plausible solution although this approach may also
have its own weakness, as its usefulness may depend on a particular system and the goals of
the model. According to (Brailsford et al., 2019), a multi-method simulation is defined as a
simulation/modelling approach that combines two or more simulation techniques into one.
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In (Nguyen et al., 2021), the authors further claim that this approach has experienced near-
exponential growth in terms of popularity, over the last two decades. The advantage of
seamless integration of different modelling and simulation methods helps to overcome the
drawbacks of a single modelling method and it enables the modeler to harness the strengths
of each method. Combining different methods leads to efficient and manageable models
without using workarounds. According to (AnyLogic Simulation Software, 2017), three major
simulation methodologies are often integrated to yield a multi-method model, namely: (1)
System Dynamics, (2) Multi-agent Systems, and (3) Discrete Event Modelling. In this research,
the Anylogic platform was adopted, which supports the methods mentioned. However,
several other tools such as NetLogo, Adaptive modeler, Jade, AgentScript, etc. could also be
considered alternatively.

4.1.1 System Dynamics

System dynamics suggest that the characteristic behaviour of a system is affected by the
interplay among its elements and their interaction with the environment. Furthermore, these
elements are found to influence each other in a complex and dynamic environment over time.
This modelling technique is often used to analyse the complex and non-linear processes and
synergies that exist between several elements. According to (AnyLogic Simulation Software,
2017) system dynamics allows the integration of multiple perspectives of a complex and
dynamic system into a software model for easy analysis. It can reduce complex problems
constituting numerous variables or factors into a simple and dynamic process by adopting a
framework that utilizes modelling blocks such as stocks, feedback, flows, delays, etc.

4.1.2 Agent-based Systems

Multi-agent System (MAS) technology, on the other hand, has gained immense popularity
over the past decades due to its adaptable use in numerous emerging domains, such as
artificial intelligence (An et al., 2023), distributed computing (Saxena & Abhyankar, 2020),
software engineering (Linnenberg & Fay, 2018), smart grid (Saxena & Abhyankar, 2020),
electronic commerce (Nanda & Patnaik, 2023), adaptive virtual environments (Lancel et al.,
2023), and social networks (Li et al., 2023). MAS has been effectively utilized to solve/model
a wide variety of problems spanning numerous disciplines. According to (Borshchev &
Filippov, 2004) and (Gunal, 2012), MAS can be the basis for a simulation technique for
modelling autonomous, dynamic, and adaptive systems that are founded on three
fundamental concepts: agency, dynamics, and structure. Agency implies that agents are
autonomous entities with distinct properties, behaviours, and potentially goal-seeking
behaviours. Dynamics refers to the development, transformation, and evolution of both agents
and their environment. Structure emerges from the interaction of agents. Agents inhabit an
environment, perceive it, and determine what action to take at a given time based on the
environment's current state, their own state, and predefined decision rules. Agents can have
explicit objectives to minimize or maximize, as well as the ability to learn and adapt based on
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their experience. Due to their autonomous capabilities, agents can be modelled to possess
cognitive and intelligent attributes that enable them to perform tasks such as sensing,
planning, scheduling, reasoning, and decision-making.

4.1.3 Discrete Event Modelling

Discrete Event Systems (DES) are discrete-state and event-driven systems in which the state
changes depending entirely on the occurrence of discrete events over time. Examples of
discrete-event systems include manufacturing systems (Rocha & Lopes, 2022), transportation
systems (Zhang et al., 2018), service systems such as medical services (Mahdiraji et al., 2022),
communication systems such as wireless networks (Obermaier et al., 2021), etc. Discrete event
modelling techniques are useful for process modelling. Processes involving queueing,
scheduling, priorities, delays, seizing a resource, releasing a resource (Choi & Kang, 2013), etc.,
can be modelled in an efficient manner using this modelling technique.

4.2 Scenarios for the Modelling of Collaborative Behaviours in the
CEE

4.2.1 Scenarios for Modelling the Broker Role of the CEE Manager

Referring to the broker role introduced in Chapter 3, the broker is responsible for the
acquisition of opportunities that are in line with the community’s goals. The CEE may pursue
multiple goals simultaneously. However, for illustration purposes, here we discuss the
scenario of brokering two opportunities. For example, these two opportunities may constitute:

1. Brokering for community goal 1 - A selling opportunity (SellOpp): This goal describes the
case where the community finds an opportunity to sell energy to the grid. Considering
this goal, it is assumed that the following three preconditions must be satisfied before
it can be pursued:

a. External demand for energy by the grid. This precondition is represented as
“precondition-1A" In Figure 4.1.

b. Surplus generation of renewable energy available in the community. This
precondition is represented as “precondition-1B”.

c. A high population of CHDTs having “SellOpp” as their value system, also
denoted as “precondition-1C".

2. Brokering for community goal 2 - A grid management opportunity: For this goal, we consider
the case where the community uses the control of energy assets such as washing
machines, dishwashers, and clothes dryers to contribute to grid management by
helping to reduce consumption from the grid during peak periods. The nature of these
assets, often referred to as “deferrable loads", is that their use can be deferred to a later
time without affecting the quality of service they provide to the user. Some examples
that could be considered preconditions for this goal may include:
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b.

Peak demand on the grid: This can represent a period that is daily, annual, or
seasonal, when demand for energy is significantly higher than average supply
levels and could jeopardize the stability of the power grid. Under such
circumstances, one of the conditions available to the grid operators is to
implement some demand response actions such as encouraging voluntary
reduction in energy consumption for the period. This precondition is
represented as precondition-2A.

A high population of delegated CHDTs with grid management as their value system,
also represented as precondition-2B.

The minimum energy savings required by the grid operator as contribution to grid
stabilization can be met by the collective action of the community. This is named as
precondition-2C.

For a goal to be pursued, all three preconditions relating to that goal must be satisfied.

4.2.2 Scenario for Modelling the CEE

The models that are used to simulate these goals are composed of several components that are

integrated to help each software agent perform the various collaborative roles. In the following

paragraphs, an overview of the “integrated model” is first presented, and then subsequently,

the components of the integrated model are discussed individually in more detail. The shown

models and their related components are developed using either agent-based, system-

dynamics, or discrete event modelling techniques.

4.2.3 Scenario for Modelling VO Formations

In the implemented prototype we consider:

1.

ARSI R N

4.2.4

4241

The size of the CHDT population in the model = 100.

The percentage of delegated CHDTs is approximately 50% of the population.

Goals pursued simultaneously = 2.

The minimum number of goals that can be accepted by a CHDT = 0.

The maximum number of goals that can be accepted by a CHDT = 2.

Minimum VO formation threshold (this refers to the minimum number of accepted
invitations that makes the formation of a VO a viable venture) = 25% of the population.
Simulation period = 5 hours.

Scenario for Modelling the Various Households and their Embedded
Appliances

Scenario for modelling the various households

In the current Implementation the CHDT households are categorized into 5 groups:

1.

CHDT with single pensioner.

2. CHDT with single non-pensioner.

3. CHDT with multiple pensioners.
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4. CHDT with children and
5. CHDT with multiple persons with no dependent children.
The CHDT /household categorization and data that was used to model the corresponding
appliances were obtained from (Zimmermann et al., 2012). In the prototype each household is
embedded with nine household appliances, namely:
1. Washing machine, (Deferable load).
Tumble dryer, (Deferable load).
Dishwasher, (Deferable load).
Audio-visuals.
Microwave.
Electric cooker.
Lighting.
Refrigeration and

O P® NN DN

Oven.

4.2.4.2  Scenario for modelling the various household appliances

Modelling Energy Generation, Consumption, and Storage: To model the household
appliances, we borrowed techniques from the field of system dynamics to replicate the
dynamic characteristics of these appliances. Figures 4.1 and 4.2 show system dynamic blocks
(stock and flow diagrams) that are used to mimic the generation, consumption, and storage
behaviours of all the embedded appliances. In Figure 4.1, the "flow" element is used to
simulate the rate of flow of any quantity (say, the flow of electrical energy in this example).
The flow rate is determined by “Parameter A.” This parameter is a constant and in the case of
this work, it is used to represent the power rating of an appliance. The "stock" element acts
like an accumulator for the amount that arrives from the "flow" element. Consequently, this
"stock" element can be used to represent an energy storage device, such as a battery or a system
that draws or consumes energy from a source. Finally, the “cloud” element represents an
infinite source or supply, such as solar energy. Mathematically, the rate of flow is given by:

d(F'l
% = Parameter A
.................................................................................... (1)
Again, the rate at which stock _1 gets accumulated is given by:
d(stock_1)  d(Flow)
BB @)
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— Parameter_A

Flow

Figure 4. 1— Example of stock and flow diagram representing generation and storage.

Furthermore, Figure 4.2 depicts a flow from "Stock-2" into "Stock-3." The element Stock-2 can
represent a finite supply source, such as the case of a battery storage system or the power grid,
while Stock-3 can symbolize an item that draws a quantity, for example, energy, from Stock-
2. The cumulative value of "Stock 3" may also be used to determine the quantity that has been
drawn from “stock 2.” Mathematically, the rate of flow is given by:

d(F'low
u = Parameter B
O OT OO T OO OSSO TOPROTROTRO 3)
The rate at which stock_2 depreciates is given by the equation.
d(stock_2) d(Flow)
G B @)
The rate at which stock_3 appreciates is given by the equation.
d(stock_3)  d(Flow)
di e (5)

—— Parameter_B

Stock_2 1
EL .

Flow

Figure 4. 2— Example of a stock and flow diagram of consumption

Additionally, to help model the appliance, use behaviours, the following metric are adopted:
1. Appliances Frequency of Use (FoU): This metric is used to represent the number of
times per week an appliance is likely to be utilized. The FoU for each appliance is
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generated using a Pert probability distribution function defined as Pert distribution (X,
Z,Y), where X = minimum number of uses per week, Z = average number of uses per
week, and Y = maximum number of uses per week.

2. Appliances Power Rating (APR): This metric is used to represent an appliance's power
rating. The APR of each appliance is generated using a uniform probability distribution
function, Uniform distribution (X, Y), where X = the lowest possible appliance power
rating for that category of appliance, in kilowatts, and Y = maximum possible power
rating for that category of appliances also in kilowatts.

3. Appliances Duration of Use (DoU): This metric is used to represent how long an
appliance is used for each usage cycle. This parameter is generated with a uniform
probability distribution function defined as Uniform distribution (X, Y), where X is the
lowest duration in hours and Y is the maximum length in hours.

Provisional values for APR, DoU, and FoU, were sourced from (daftlogic, 2018), (Rosin et al.,
2012), (Zimmermann et al., 2012) and (Le & Pitts, 2019).

Considering that the power rating of an appliance is denoted as APR in (kw), and the duration
of use is denoted by DoU (hrs), then at every instant, the consumption (C) of the appliance is
given by:

C (kwh) = APRX DOU........ccuuiiiiiiiiiiiiiiiiiiiiiee ettt (6)
Also, for “n” number of use (also Foll) per week, the total consumption is given by:

4.2.5 Scenario for Modelling Mutual Influence

This scenario is used to model how influences are propagated in the CEE. In this scenario
influences are conveyed and received in the form of “pulses” that are transmitted sporadically
from several sources (i.e., from the various influencer CHDTSs) to random destinations
(influencee CHDTSs). The pulsating characteristics of the influences are modelled using a
probability distribution function. These functions are expressed as follows: (a) Positive
influence = uniform distribution (+a, +b), (b) negative influence = uniform distribution (-c, -
d), (c) frequency of transmission = uniform distribution (e, f) times per hour, days, weeks,
months, or years. (d) Impact = uniform distribution (g, h) per hour, days, weeks, months, or
years, (g) decision constant = oc. Where +a, -c, e, and g are the possible lower limits, and +b, -
d, f, and h are the possible upper limits for each related element of the influence. In the model,
the following parameters are defined and used.
1. Positive influence is modelled as: uniform distribution (0, 2), where “0” is the minimum
polarity and “2” is the maximum polarity.
2. Negative influence is modelled as: Uniform distribution (-2, 0), where “-2” is the
minimum polarity and “0” is the maximum polarity.
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3. Frequency of transmission is modelled as: Uniform distribution (0, 3) times per week,
where “0” is minimum frequency and “3” is the maximum frequency per week.

4. Impact is modelled using a probability distribution expressed as: Uniform distribution
(0, 5) hours from the moment of receiving the influence, where “0” is the minimum
magnitude of the impact and “5” is the maximum magnitude of the impact.

5. Decision constant (oc ) = 50. This is a tentative value.

6. Total CHDT population = 100

4.3 Modelling Collaborative Roles/Behaviours of the CEE Manager

The integrated model of the manager is illustrated in Figure 4.1. It is composed of six
components that work together to model the various collaborative roles played by the
manager. The considered components are:

(a) the opportunity seeking/goal condition for goal 1 components,

(b) the opportunity seeking/goal condition for goal 2 components,

(c) the goal formation component,

(d) the goal proposition and invitation component,

(e) the VO formation/dissolution for goal 1, and

(f) the VO formation/dissolution for goal 2 components.

Opportunity Seeking [ Determination of Goal Conditions for Goals 1 and 2 Components. The
types and numbers of goals to be pursued at any given time are often determined by the
manager. The manager may brokerage the opportunity by gathering inputs, which are the
preconditions described in Section 4.4.1. These inputs (preconditions) may be collected from
sources such as weather forecasting systems, distribution service operator, the energy market,
the value systems of CHDTs, etc., to determine whether the preconditions for the formulation
of a specific goal can be met. If these preconditions are met, it can be inferred that an
opportunity has been found. According to (Dictionary.Com, 2017) an opportunity is a
situation or condition that is favourable for the attainment of a goal. Once an opportunity is
found, the manager formulates the goal and proceeds to invite members of the community
towards the formation of a temporary coalition or virtual organization (VO) to pursue the
found opportunity. The coalition that is formed can then be dissolved after the opportunity
has been accomplished.
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Figure 4. 3—Illustration of the integrated model of the CEE Manager

Modelling Opportunity Seeking | Determination of Goal Conditions for Goals 1&2
Components. The model's component that is used to simulate “opportunity seeking” or
“determination of goal preconditions” by the CEE manager is shown in Figures 4.2 and 4.3.
Agent-based techniques are adopted to simulate the preconditions for Goals 1 and 2. The
figures show three preconditions for each goal, namely preconditions 1A, 1B, and 1C for Goal
1 and preconditions 2A, 2B, and 2C for Goal 2. Each precondition can only be in one state at a
time, thus either in the true state (active) or in the false state (inactive). T1 to T12 are stochastic
transitions that enable each precondition to transition between the active and inactive states
for every model iteration. In the prototype the probability of transitioning between these two
states is 50% for each precondition. The active state is used to represent a prevailing condition,
while the inactive state represents a dormant condition. The case illustrated in Figure 4.2
shows that all three preconditions (1A, 1B, and 1C) representing Goal 1, and all three
preconditions, thus, 2A, 2B, and 2C, representing Goal 2, are in their true or active states,
implying that they are the prevailing conditions for Goals 1 and 2, respectively. Therefore, it
can be inferred that all preconditions for both goals are satisfied, and thus, Goals 1 and 2 can
be formulated and subsequently pursued. On the contrary, in the case illustrated in Figure 4.3,
we have a different situation where precondition 1B is in a false, inactive, or dormant state.
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However, preconditions 1A and 1C are in the true, active, or prevailing state of Goal 1.
Similarly, considering Goal 2 (Figure 4.3), it can be observed that Goals 2A, 2B, and 2C are all
in their true or active states. The implication for this scenario is that Goal 1 cannot be
formulated and pursued; however, Goal 2 can be formulated and subsequently pursued
because all three of its preconditions are satisfied.
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Figure 4. 4—All three preconditions for community Goals-1 and 2 are satisfied. Both community goals are
formulated and pursued concurrently
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Figure 4. 5—All three preconditions for community Goal 2 are satisfied. Only two preconditions for community
goal 1 are satisfied. Goal 2 will be formulated but Goal 1 will not.

Goal Formulation Component. The outcome of the opportunity seeking/goal condition
explained using Figures 4.2 and 4.3 may either lead to the formulation of a community goal or
otherwise. The formulation of goal(s), by the CEE manager, is very essential in the ecosystem
as it forms the basis for the notion of a “common goal”. This is because, anytime a community
goal is formulated or revised at the level of the manager, it is replicated or duplicated within
each CHDT so that they can be cognizant of the active or prevailing community goal(s) and
can make decisions based on these prevailing goal(s). In Figure 4.4, TG1 and TG2 are
conditional transitions that are used to monitor the conditions for the formulation of goals.
Transition TG1 is used to check the conditions for the formulation of Goal 1, i.e., if precondition
1A is true, precondition 1B is true, and precondition 1C is true, then formulate Goal 1.
Similarly, Transition TG2 is used to monitor the conditions for the formulation of Goal 2, i.e.,
if precondition 2A is true, precondition 2B is true, and precondition 2C is true, then formulate
Goal 2.
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Goal proposition/invitation component. Once an opportunity has been found and a goal has
been formulated, the CEE manager proceeds to invite CHDTs to form a coalition in pursuance
of the specified goal(s). The invitation is broadcasted to the CHDTs in the form of a message.
In AnyLogic, agents living in a common environment can communicate with each other using
built-in messaging functionality. This mechanism allows the sending of a message from a
single source (one software agent) to multiple destinations (several software agents). Figure
4.5 shows a discrete event component of the model that is used to broadcast messages from
the manager to all CHDTs. The decision blocks D1 and D2 in this figure are used to check if
Goals 1 or 2 have been formulated. If the condition returns true, a message symbolizing an
invitation is broadcast to all CHDTs in the environment. Otherwise, no message will be
broadcast. In all discrete event models, such as the one shown in Figure 4.5, the label “1” that
is found near each modelling block indicates the “true” condition and the label “0 “signifies
the “false” condition. Referring to Figure 4.5 it is observed that D1 and D2 return “true” for
both for Goals 1 and 2. Therefore messages corresponding to Goal 1 and Goal 2 are sent out.
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Figure 4. 7—A discrete event component that is used to broadcast invitations of goals 1 & 2 to the community.

In more detail:

1. Invitation acceptance or decline. This aspect of the process is performed by individual
CHDTs. It is, therefore, discussed in detail in Section 4.4, where the roles of the
CHDTs are discussed. In the subsequent paragraphs, we discuss VO formation and
dissolution based on the premise that the CHDTs have received the invitations and
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responded accordingly. A summary of the responses to both invitations during the
simulation is illustrated in Figure 4.6.

Virtual Organization (VO) formation or dissolution. The VO formation and dissolution
processes are performed by the CEE manager after it has received various responses
from the CHDTs. The manager uses a threshold that is called the “minimum VO
formation threshold” to make VO formation decisions. Several factors can be used to
determine the VO formation threshold. In this work, the threshold was set based on
a minimum percentage of the population that accepted an invitation to a particular
goal. For instance, if we consider a minimum of 25% of the population, thus 25% of
100 CHDTs are considered, which equals 25 CHDTs. This means that for each goal, a
minimum of 25 CHDTs must accept the invitation before a VO can be formed.
Alternatively, a VO can also be formed in terms of the quantity of energy, thus, the
minimum quantity of energy that can be aggregated based on the responses received
from the various CHDTs.

In Figure 4.6, we illustrate the techniques and principles that are used for VO
formation. This figure shows two components of the model that are used to represent
(a) a VO for Goal 1 and (b) a VO for Goal 2. Each component of the model includes
two possible states, thus, (i) the pre-VO formation state, and (ii) VO formed state. The
pre-VO formation state is the default state of the component, while the “VO formed
state” represents the state when a VO has been formed. When a VO is formed, the
component remains in the “VO formed” state for the entire lifecycle of the VO. When
the VO is dissolved, the component returns to the pre-VO formation state. The
transition from the “pre-VO formation state” to the “VO formed state” is triggered
by transitions TF1 for Goal 1 and TF2 for Goal 2. TF1 and TF2 are conditional
transitions that check the minimum threshold and are triggered when the threshold
is met or exceeded. Transitions TD1 and TD2 are used to dissolve VO 1 and VO 2
respectively, after the corresponding goal has been accomplished. Event 1 and event
2 are used to trigger the start and finish of both Goals 1 and 2 respectively. Schedules
1 and 2 are used to schedule the waiting time before the commencement of Goals 1
and 2, respectively. As can be seen in the statistical analysis of the example in Figure
4.6, the number of CHDTs that accepted Goal 1 is 29 out of 100 CHDTs, and the
number that accepted Goal 2 is 22 out of 100. Furthermore, 14 CHDTSs accepted both
Goals 1 and 2. It can be observed from these statistical data that the number of CHDTs
that accepted Goal 1 exceeded the minimum threshold of 25 CHDTs. In this case, it
can be seen in Figure 4.6 that VO 1 is formed to pursue Goal 1. On the contrary, the
number of CHDTs that accepted Goal 2 is 22, which is less than the threshold of 25
CHDTs, therefore, VO 2 is not formed.

108



-
5.00sec 01/11/2022 00:00

Event-14 Schedule-1 [ Event2 4 Schedule-2 [ LI
TD1 VO disolution TD2 VO disolution N @ >G >cvPPManager >|... v
T ¥ L] & 5 Q 100 @ v
Pre_VO_1_Formation_State VO_1_Formed_State Pre_VO_2_Formation_State VO_2_Formed_State Console TG
é TF1 VO formation TF2 VO formation 102 events scheduled by: T left
1
VO-1 Formation/ Disolution Component VO-2 Formation/ Disolution Component

Statistical analysis of responses received by the manager

Number of CHDTs that accepted of goal 1 29 1:
Number of CHDTs that accepted of goal 2 22 o
Number of CHDTs that accepted of goal 1 and 2 14 ﬁ
Number of CHDTSs that declined goal 1 based on non-compatibility 19 E
Number of CHDTs that declined goal 2 based on non-compatibibility 26 ?:
Number of CHDTs that declined goal 1 and 2 based on non-delegation 52 gz
Delegated Population 48 2

Figure 4. 8—VO formation, dissolution, and statistical analysis component

4.4 Modelling Collaborative Roles/Behaviours of CHDTs

4.4.1 The Integrated Model of the CHDT

The integrated model of the CHDT is illustrated in Figure 4.7. Each of the CHDTs in the
ecosystem is designed according to this model. The integrated model is constituted by the
components that are used by the CHDTs to participate in collaborations. The integrated model
comprises the following components: (a) the community goal component, (b) the value system
component, (c) the delegation components, (d) the decision-making components for goals 1
and 2, and (e) the delegated autonomy. In the subsequent paragraph, each component and its
functionality are discussed in detail.
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Figure 4. 9—The integrated model of the CHDT

Community Goals Component. In Figure 4.8 we show an extract of CHDT number 36 that
illustrates how the community goal, which is originally formulated by the CEE manager at the
upper level of the model (shown in section 4.3), is replicated at the CHDT level. Any time the
community goal changes at the upper level, the change is replicated in the equivalent
component that is embedded inside the CHDTs. This technique helps CHDTs to be cognizant
of the prevailing community goal(s). The ability of all CHDTs to be individually cognizant of
the community goals and have the capability to make autonomous decisions based on this
knowledge fulfils the notion of a “common goal,” which is a key prerequisite for collaboration.
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Figure 4. 10—A replica of the community goal that is replicated inside CHDT number 36

Value System and Community Goal Compatibility Components. Besides the community
goal(s), each CHDT has a value system that is used to represent the needs, preferences,
priorities, objectives, and expectations of a user. Furthermore, a CHDT may have several value
systems to represent several needs, and these could be arranged in hierarchical order to
represent different priorities and options. For illustration purposes, in this simulation study,
we assume that each CHDT has two value systems, namely: (a) value system 1 (VSG1), and
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(b) value system 2 (VSG2). A value system can be in one state at a time, either the “true/active”
state or the “false/inactive state.” The true and false states of a value system are modelled
using stochastic modelling techniques that give each state a 50% probability of occurrence.
This technique helps to simulate different value system scenarios for all the CHDTs in the
considered population. A value system that is in its true state implies that it is the prevailing
value system for that CHDT, while a value system that is in its false state implies that it is
dormant for the related CHDT. When the active state of value system 1 is in the “true” state
(prevailing), it can be inferred that it is compatible with community Goal 1. In the same way,
when the active state of value system 2 is the “true” state (prevailing), it can also be inferred
that value system 2 is compatible with community Goal 2. However, if any of the active states
of the value system are in the “false” state (dormant), that value system can be inferred to be
non-compatible with the respective community goals. As an example, we show three different
CHDTs, each with different value systems, in Figures 4.9 to 4.11. In Figure 4.9, CHDT number
61 has both value system 1 and value system 2 in the false state. This can be interpreted as a
CHDT with no prevailing value system. Similarly, in Figure 4.10, CHDT 87 has one prevailing
and one dormant value system. As such, it can be assumed that value system 1 of CHDT 87 is
compatible with community Goal 1. For the same CHDT, the false state for value system 2
means that value system 2 of CHDT 87 is incompatible with community Goal 2. Finally, in
Figure 14.11, both value systems 1 and 2 of CHDT 30 are compatible with community Goals 1
and 2.
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Figure 4. 11—Example of no prevailing value system. Both value systems are dormant for CHDT 61
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Delegation Components. According to (Landry, 2021), delegation refers to the transfer of
responsibility from one entity to another to execute some specific tasks on its behalf. In the
context of this study, delegation refers to the process whereby the user or physical twin owner
gives authority or responsibility to its CHDT, allowing it to act or take some rational decisions
on his/her behalf. The component that is used to determine the “delegated” or “undelegated”
condition of a CHDT is shown in Figure 4.12. In this delegation component, only one of the
two states can be active at a time. When a CHDT is delegated, the “delegated” state becomes
active. On the contrary, if the CHDT is undelegated, the “undelegated” state becomes active.
Under the undelegated state, a CHDT is unable to make decisions on behalf of the physical
twin and therefore cannot participate in collaborative activities. Figure 4.12 is therefore used
to illustrate a delegated CHDT.
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Figure 4 14—A delegated CHDT (CHDT 90)

Decision Components of the CHDTs. There are two decision-making components that are
embedded in each CHDT. These blocks are used to simulate the acceptance or decline of an
invitation. The decision component uses discrete event simulation techniques to process these
behaviours. One part of the decision component is used to process invitations for Goal 1 while
the other part is used to process invitations for Goal 2. Figures 4.13 to 4.15 are used to illustrate
different scenarios of acceptance and decline of invitations broadcast by the CEE manager.
Subsequent actions that are taken by the CHDTs after receiving the invitation include (1)
checking the “delegated /undelegated” state of the CHDT, and (2) checking the value system
and community goal compatibility, and finally (3) acceptance or rejection of the invitation.
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Checking the delegated/undelegated state of the CHDT: After receiving an invitation, the
CHDT first checks the delegation component to determine whether it is “delegated” or
“undelegated.” If in an un-delegated state, the invitation is declined based on “un-
delegation.” However, if the CHDT is delegated, the model proceeds to check the value
system and community goal compatibility before deciding to accept or decline the
invitation.

Checking value system and community goal compatibility: In the simulation, a value system
is said to be compatible with a community goal when both are found to be in their
respective true states. If one of the conditions is found in the true state and the other in
the false state, the two are said to be incompatible. If both conditions are found to be
false, the two are also said to be incompatible. The only condition for compatibility is
when both conditions are found in their respective true states. In Figure 4.13, the
behaviour of CHDT 61 is shown. It can be observed that this CHDT declined the
invitations to both Goal 1 and Goal 2 based on “un-delegation.” (The label “1” near
each modelling block shows the “true” condition, while the label “0” represents the
false condition.) Similarly, in Figure 4.14, the behaviour of CHDT 62 is also shown. It
can be seen that the CHDT declined Goal 1 based on non-compatibility of goals but
rather accepted Goal 2 on the condition that it was delegated, and the value system and
the community goal were compatible. Lastly, in Figure 4.15, the case of CHDT 91 is
presented. It is seen from the output of the model that this CHDT accepted both Goals
1 and 2 on the basis that it was delegated. Furthermore, their respective value systems
were also compatible with both Goals 1 and 2.
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3. Acceptance or rejection of the invitation: These steps are explained in detail in the previous
section (section 4.3) and using Figure 4.5 as the reference.

Delegated Autonomy Component. As mentioned earlier, delegated autonomy is the specific
instruction that a household owner may assign to its CHDT to be followed in carrying out or
executing its value system. In the implemented scenario, three appliances are considered for
delegated autonomy: washing machine, dishwasher, and clothes/tumble dryer. Furthermore,
we assume that delegated autonomy can be executed at three levels: (a) partial delegation for
a single appliance (PD1), (b) partial delegation for double appliances (PD2), and (c) full
delegation (FD). PD1 means that the CHDT has the authority to delegate any one of the three
appliances. Similarly, PD2 means having the authority to delegate any two of the three
appliances, and FD means having the authority to delegate all three appliances. Although
delegated autonomy is reflected as the next step after acceptance of an invitation, this process
does not occur immediately. This process is usually scheduled, and the schedule is
communicated by the CEE manager. All CHDT execute their delegated autonomy in
compliance with specific community goals. For this to be possible, all CHDTs must be
cognizant of the specific community goals and the corresponding schedules for each particular
goal, so that they can delegate their appliances in accordance with the schedule of that goal.
For this reason, the schedule for every goal (which is determined by the CEE manager) is also
replicated at the level of each CHDT. For instance:

1. At the level of the manager (referring to Figure 4.1): At this level schedule-1 is the schedule
for Goal 1, and event-1 is used to trigger the start and finish of Goal 1. Similarly,
schedule-2 is the schedule for Goal 2, and event-2 is used to trigger the start and finish
of Goal 2.

2. At the level of the CHDTs (referring to Figure 4.16): At this level schedule-3 and event-3
replicate schedule-1 and event-1 for Goal 1 (at the level of the manager), while
schedule-4 and event-4 are used to replicate schedule-2 and event-2 for Goal 2 (also at
the level of the manager).

Figure 4.16 illustrates the delegated autonomy component for CHDT 75. Event-3 is used
to trigger the commencement of delegated autonomy. In the process of executing delegated
autonomy (referring to Figure 4.16), the component checks again to confirm if the CHDT is
delegated or undelegated. If undelegated, the process is terminated (End1). If delegated, the
model checks the condition for PD1. If the PD1 condition is true, the model will delegate either
appliance 1, appliance 2, or appliance 3. If the PD1 condition is false, the model proceeds to
check PD2. If the PD2 is true, the component will delegate either appliances 1 and 2, appliances
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1 and 3, or appliances 2 and 3. If PD2 is false, the model component checks for the FD
condition. If the FD is true, the model will delegate all three appliances. In the case of CHDT

75 shown in Figure 4.16, FD is true, therefore all three appliances are delegated.
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Figure 4. 18—Implementing delegated autonomy.

4.4.2 Modelling the Sharing of Common Resources

Collaborative consumption, a kind of “sharing economy,” has attracted a lot of attention since
resource sharing is quickly gaining importance both in economic and social circles. According
to (Shirado et al., 2019), these novel sharing solutions to socioeconomic challenges have the
potential to significantly improve the efficient utilization of scarce resources. In the CEE
framework, it is suggested that the ecosystem can possess a centralized and shared energy
storage system through which prosumers can share their surplus energy. Consumers and
prosumers alike can access this stored energy when needed. This technique can help reduce
reliance on the power grid, helping to promote sustainable consumption within an ecosystem.
In this prototype, two levels of sharing are discussed, namely: (1) level 1 sharing, which
constitutes the sharing of surplus energy from prosumers to the community storage, and (2)
level 2 sharing, which constitutes the reverse: a redistribution of energy previously stored in
the community storage, back to the community. Figure 4.17 shows a system dynamics
component of the photovoltaic (PV) and battery storage systems embedded in each prosumer
CHDT. The example considers four PV systems, namely (a) DaSS = 3.22 KW, (b) BrainSystem
=6.93 KW, (c) Helious = 3.99 KW, and (d) BainBridge = 1.95 KW. Live data corresponding to
these PV systems is sourced from (PVOutput, 2018). At the model initialization stage, one of
the four PV systems is randomly assigned to a prosumer. This helps to diversify the capacities
of PV systems in the ecosystem.
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Sharing surplus energy with community storage: For instance, in Figure 4.18, we show the

codes that are used to share surplus energy from a prosumer CHDT with the community

storage. The interpretation of the codes is as follows.

a.

Condition 1A: The code “InState(LocalBatteryFull)?” checks whether the local
battery is in the “battery full” state. The “battery full” state is determined by
whether the state of charge (SoC) is greater or equal to (=) 90% of the storage
capacity.

Condition 2A: The code “InState(NoLocalDemand)” checks if there is no local
demand.

Condition 3A: The code “instate (PVisAavailable)” is used to check PV availability.
Condition 4A: If the checks from conditions 1A, 2A and 3A, return true, then data
from one of the four embedded PV systems, depending on which one has already
been assigned to the CHDT, will be activated. The active PV system could either be
(PVfromBainBridge) or (PVFromHelious) or (PVFromBrainSystem) or
(PVFromDaSS). Since only one of these PV systems will be active at a time for a
CHDT, data from that PV will flow into the community storage. All inactive PV
systems will return zero.

Condition 5A: If the checks from conditions 1A, 2A and 3A, return false, the output
of the expression will be zero, which means no flow occurs.

Conditions for charging and discharging the batteries are as follows:

a.

Condition for discharging the battery: If state of charge (SoC) community storage is
greater than X% of the storage capacity and there is community demand for energy,
discharge the battery, or else keep charging.

Condition for charging the battery: If SoC of community storage is less than Y% of
the storage capacity, stop discharging the battery and charge, else keep discharging.
In the prototype model X =90% and Y = 30%.
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A model component of the community storage is shown in Figure 4.19. This model has inputs
from the community (prosumer CHDTs) that are used for level 1 sharing. It also has an output
back to the community, which is used for level 2 sharing. There is a third output that connects

to the grid.
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Figure 4. 21—The community storage System

Conditions for Charging Community Storage. Referring to Figure 4.21:
Condition 1B: The code “InState(CommunityStorageEmpty)?” checks if the community

storage is in “battery empty” state. The “battery empty” state is determined by whether the
state of charge (SoC) is less or equal to (<) 30% of the storage capacity.
Condition 2B: If condition 1B returns true, then the following expression:
(FlowFromCHDTWithoutChildren + FlowFromCHDTWithChildren +
FlowFromCHDTWithMultiplePensioner ~ +  FlowFromCHDTWithNONPensioner = +
FlowFromCHDTWithSin- glePensioner) is activated. Where:
a. FlowFromCHDTWithoutChildren = The sum of flows originating from PVs of all
prosumers within the category of household without children.
b. FlowFromCHDTWithChildren = The sum of flows originating from the PVs of all
prosumers within the category of household with children.
c. FlowFromCHDTWithMultiplePensioner = The sum of flows originating from the PVs
of all prosumers within the category of household with multiple pensioners.
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d. FlowFromCHDTWithNONPensioner = The sum of flows originating from the PVs of

all prosumers within the category of household with non-pensioner
FlowFromCHDTWithSinglePensioner = The sum of flows originating from the PVs of
all prosumers within the category of household with single pensioner.

Condition 3B: If condition 1B returns false, then the expression (FlowFromCHDTWith-
outChildren + FlowFromCHDTWithChildren + FlowFromCHDTWithMultiplePensioner +
FlowFromCHDTWithNONPensioner + FlowFromCHDTWithSingIePensioner) is equal to
zero, which means no flow occurs.
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Figure 4. 22—Codes for sharing excess energy from the community (Charging the community storage)

Conditions for Discharging the Community Storage. Referring to Figure 4.21:

a.

Condition 1C: The code “InState(CommunityStorageFull)?” checks if the community
storage is in the “Community battery full” state. The battery full state is given by: If state
of charge (SoC) is greater or equal to (>=) 90% of the storage capacity.

Condition 2C: If conditions 1C returns true, then the expression:
(FlowToCHDTWithoutChildrenPopulation + FlowToCHDTWithChildrenPopulation +
FlowToCHDTWithMultiplePensionersPopulation +
FlowToCHDTWithNONPensionerPopulation +

FlowToCHDTWithSinglePensionerPopulation) is executed. Where:

i.  “FlowToCHDTWithoutChildrenPopulation” = The sum of flow, equivalent to
the total demand for energy originating from the category of household without
children population

ii.  “FlowToCHDTWithChildrenPopulation” = The sum of flow, equivalent to the
total demand for energy originating from the category of household with
children population

iii.  “FlowToCHDTWithMultiplePensionersPopulation” = The sum of flow,
equivalent to the total demand for energy originating from the category of
household with multiple pensioners.

iv.  “FlowToCHDTWithNONPensionerPopulation” = The sum of flow, equivalent
to the total demand for energy originating from the category of household with
non-pensioner population
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v.  FlowToCHDTWithSinglePensionerPopulation = The sum of flow, equivalent to
the total demand for energy originating from the category of household with
single pensioner.

Condition 3C: If conditions 1C returns false, then the expression
(FlowToCHDTWithoutChildrenPopulation + FlowToCHDTWithChildrenPopulation +

2> FlowBackToCommunity - Flow

FlowToCHDTWithMultiplePensionersPopulation +
FlowToCHDTWithNONPensionerPopulation +
FlowToCHDTWithSinglePensionerPopulation) is equal to zero, which means no flow
occurs.
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Figure 4. 23—Codes for sharing energy from community storage with the community (Discharging community

storage)

4.5 Limitation of the Simulation Model

Despite the promising results as discussed in Chapter 5, the developed simulation model has

some limitations that need to be addressed in future works:

1. Limited goal conditions: In this simulation model, we limited the number of goal
conditions to three. However, in a typical or real-life situation, there may be several
conditions that need to be taken into consideration before a goal can be formulated. For
instance, the formulation of a goal that facilitates the selling of energy to the grid may
require several factors or conditions that border around power quality (frequency and
voltage), tariffs, and contractual conditions between the grid operators, energy market,
and community.

2. Condition for VO formation: In the current implementation, we adopted the technique
of threshold as the only condition needed for the formation of a VO. However, in a
real-life scenario, the sheer number of accepted invitations may not be sufficient
grounds to form a VO. Other technical details may have to be considered. For instance,
in the case of exporting energy to the grid, as much as the number of accepted
invitations may be useful, the contribution from each member may be equally vital.
For example, the total contribution expected from all those who accepted invitations
must match the expected projections of the community manager. Therefore, besides
the numbers, other technical details could be useful.

3. Limited value system: Again, in the current implementation, it is considered that each
CHDT in the model has two value systems, namely VSG1 for value system 1 and VSG2

119



for value system 2. However, in a practical sense, the number of value systems could

be higher.

Owerrides: The prototype assumes that, after acceptance, CHDTs would stick to their
decisions. However, it is possible that, after acceptance, some users may change their
minds and want to override the system and reverse their initial decisions. In this
simulation model, such provisions were not taken into consideration, therefore CHDTSs
are unable to override their initial decisions.
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VALIDATION

One of the major challenges confronting this research work is the lack of information within
the various disciplines that could have been used to validate the proposed concepts. The reason
could partially be attributed to the novelty of the concepts and also the interdisciplinary nature
of the work, which make it a challenging feat to adopt a single validation approach.
Furthermore, to the best of the author’s knowledge, there aren’t any other proposals concerning
the study of collaborating household digital twins in a REC environment that aim to promote
sustainable collaborative behaviours relating to energy generation and consumption. For these
reasons, we adopted a two-step validation process: (a) by evaluating the appropriateness of the
CEE and CHDT modelling frameworks through the deployment of the prototype simulation
model using different simulation scenarios; (b) validating the concepts as well as the developed
prototype in terms of its fitness for purpose through Interactions with the related research
communities. Validating the concepts through the research communities is carried out in two
ways: (1) Face validity which involves discussing the concepts and receiving feedback from the
related research community that involved (i) the sustainable energy research community, (ii)
the collaborative networks community, and (iii) the digital twin and lIoT-related communities.
(2) Validation through publications that were peer reviewed by experts from the related
research communities.

5.1 Validation Through Simulation Outcomes

A model's accuracy, dependability, and acceptability can be evaluated through its validation
process. For this reason, a validation instrument is said to be reliable if it yields the results that
it was designed to measure (Sidik, 2018). Validation in design science is typically defined as
“a process that ensures or instils confidence that the creation of a new system, model, or artifact has
accounted for all significant aspects of a specified problem for which the creation is intended to solve”
(Mohajan, 2017). Validation also involves the justification of claimed knowledge (Carvalho,
2012). Design science validation is also accomplished by constructing one or more artifacts
that solve a domain problem in order to generate knowledge on how the problem can be
solved and demonstrate how the solution is novel or superior to previous solutions
(Carstensen & Bernhard, 2019). In the next section, validation of the developed simulation
artifact is discussed.
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Throughout this section, the population of CHDTs remains constant, thus involving 100
CHDTs for all the considered scenario. However, the simulation time for each scenario is
different. This is because some scenarios require a longer simulation period to be able to
observe the expected results, while others require a shorter simulation period. Although the
total population of CHDTs remain constant in all the considered scenarios, different
percentage of prosumer and consumer population sizes are explored in each scenario.

5.1.1 Scenario 1: Exploring the Relationship Between Delegation, Acceptance or
Decline to an Invitation, and VO Formation

In this scenario, we attempt to explore how the population of delegated CHDTs affects the
tendency for an invitation to be accepted and how this can subsequently affect the probability
of a VO formation. We consider three different cases, as shown in Table 5.1. in which we
consider 10%, 50%, and 90% of delegated CHDT population, respectively. As mentioned, the
total population of CHDTs considered in the ecosystem is 100, and the VO formation threshold
is set to 25, which is 25% of the total population. The model is run for 5 (simulation) hours.
This is because this scenario requires a very short time to observe the expected results.

The outcome of this scenario is shown in Table 5.2, and, subsequently, in Figure 5.1. With
reference to Case 1, it is observed that when the percentage of delegated CHDTs is low (10%),
the percentage of acceptance of an invitation is equally low, i.e., 6% acceptance of Goal 1, 5%
acceptance of Goal 2, and 3% acceptance of Goals 1 and 2. Subsequently, the chances of a VO
formation for either Goal 1 or 2 were low (no, for both Goals 1 and 2). However, in Case 3,
where the population of delegated CHDTs is high (90%), the percentage of the population that
is likely to accept the invitation is high, i.e., 45% acceptance of Goal 1, 54% acceptance of Goal
2, and 25% acceptance of Goals 1 and 2. Subsequently, the chances of a VO formation for either
Goal 1 or 2 were high (yes, for both Goals 1 and 2). At the midpoint, as in Case 2, when the
population of delegated CHDTs is about 50 percent, the percentage of CHDTs that may accept
the invitation could be difficult to predict. For instance, in Goal 1, 27% acceptance, which is
higher than the VO formation threshold, is observed. In this example, a VO is formed.
However, for Goal 2, 21% acceptance, which is lower than the VO formation threshold, is
observed. In this example, the VO is not formed. For both Goals 1 and 2, 11% acceptance was
observed. In this example too, the VO is not formed. It can therefore be inferred that the
chances of VO formation are dependent on two factors, namely: (a) the minimum VO
formation threshold, and (b) the number of population/members that are delegated in the
ecosystem. Regarding the minimum VO threshold, this is a subjective value that is dependent
on the expectations of the modeler. For each value chosen, either high or low, the model will
behave differently. If a low value is used, the chances of VO formation will be high.
Conversely, if a high value is chosen, the chances of a VO formation will be low. In the case of
the number of populations that are delegated, it can be inferred that the higher the number of
delegated CHDTs, the higher the chances of a VO formation.
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Table 5.1 —Scenario for exploring the relationship between delegation, acceptance of an invitation, and VO formation

Case 1 10 100 25 % of the population
Case 2 50 100 25 % of the population
Case 3 90 100 25 % of the population

Table 5.2 —Results of Scenario 1, acceptance to initiation for Goals 1 and 2, and VO formation

Case 1 6 5 3 No No
Case 2 27 21 11 Yes No
Case 3 45 54 25 Yes Yes

Case 1 Case 2 Case 3

HGoall WGoal2 mGoal 1&2

Figure 5.1—Relationship Between Delegation, Acceptance/Decline to an Invitation, and VO Formation.

Furthermore, in Table 5.3, the outcome of the model, showing the percentage of CHDTs that
declined Goals 1 and 2 for all three cases, is presented. The results show that having a high
percentage of delegated CHDTs may result in fewer declines based on non-delegation.
Similarly, a low percentage of the delegated CHDT population also results in a high
percentage of declines to invitations based on non-delegation. In terms of community goal
versus value system compatibility, it is observed that a low population of delegated CHDTs
results in few compatibilities, while a high population of delegated CHDTSs results in many
compatibilities. This is because the acceptance of an invitation is based on the condition that a
CHDT’s value system is compatible with a particular community goal.
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Table 5.3 —Results of scenario 1, decline of invitation to Goals 1 and 2

Percentage of the population that Percentage of the population that
Case declined the invitation to Goal 1 declined the invitation to Goal 2
Due to un-|Due to non-|Due to un-|Due to non-
delegation compatible goals | delegation compatible goals
Case 1 85 9 85 10
Case 2 46 27 46 33
Case 3 10 45 10 36

From the simulation outcome of this scenario, the following partial conclusions can be drawn
based on the observed behaviour of the CHDTs:

1. That CHDT have the capabilities to receive, accept or decline invitation from the CEE
manager.

2. CHDT can make autonomous decisions regarding invitation that it receives. The
outcome of their decisions may result in the acceptance or decline of the invitation.
These decisions are often based on their level of “delegation” and “value system”
compatibility.

5.1.2 Scenario 2: Exploring the Notions of Value System and Delegated Autonomy

This section discusses the outcome of the simulation from a global or community viewpoint.
The simulation is executed for 72 simulation hours, which corresponds to three simulation
days. This simulation period is the minimum time frame within which the expected result can
be seen. In this scenario, we consider the pursuit of Goal 1, which is an opportunity to sell
energy to the grid. This scenario is used to demonstrate how collaborative/ collective decisions
made at the collaborative layer affect the energy infrastructure at the physical layer. For
CHDTs to successfully make such collective decisions, each one of them must have cognizance
of the following conditions: (a) their assigned value system, (b) their acceptance or decline to
participate in a coalition (VO), (c) the VO schedule (waiting time), (d) the duration of the
execution of the goal, which is technically the VO lifecycle (window of opportunity), and (e)
the degree of delegation (delegated autonomy). Using the cases described in Table 5.4, the
following global behaviours are observed at the physical layer, after the collective decisions
have been taken at the collaborative/cyber layer. DDL as shown in the table means
“delegation of deferrable loads.” It is used to represent the number appliances whose use can
been deferred at a time.

Table 5.4 —Scenarios for testing delegated autonomy, degree of delegation, and VO size

Scenarios Value Systems pop::]?ﬁon YsratEraGs
Degree of delegation | Number of delegated appliances (DDL) ) delegated CHDTs
1| Casel Full 3 100 100
2 | Case2 Full 3 10 10
3 | Case3 Full 3 90 90
4 | Case4 Partial 2 90 90
5 | Case5 Partial 1 90 90
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The outcome, as shown in Figure 5.2, represents Case 1. In this case, a VO constituting all
the population of CHDTs (100%) is formed. In terms of the degree of delegation, it is assumed
that all the CHDTSs were delegated with “full delegation” autonomy, which means they had
permission to delegate all three DDL appliances. The results for Case 1, as shown in Figure
5.2, suggest that all the CHDTs took collective action at the same time by implementing their
delegated autonomy, which involved the deferral of the use of all three embedded appliances
when the VO schedule (waiting time) was due. The outcome of this collective action resulted
in net zero consumption within the “window of opportunity.” The deferral lasted in
accordance with the duration of the “window of opportunity,” and consumption was restored
immediately after the period of deferral was over, thus, consumption was restored
immediately after the selling period had elapsed. This confirms that the behaviours of the
CHDTs, namely: (a) being cognizant of the VO/goal schedule and (b) being cognizant of their
own value systems and executing the corresponding instruction in accordance with the
VO/goal schedule, are consistent with the design expectations. It can further be observed that,
during the selling period, all the requests for an appliance to be used that were received were
put in a queue and were allowed to resume consumption on the basis of first-in-first-out to
avoid the situation of high demand for energy, caused by having several appliances
demanding energy at the same time, immediately after the window of opportunity.

Time of accepting Point of deferring the Point of resuming the use
the invitation use of DDL appliances | of DDL appliances
ralk
30
2
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a 725 T2
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Figure 5.2—Case 1: A VO formed with 100% of CHDTs in the population with 100% full delegated autonomy.

In Figure 5.3, we consider Case 2, which represents the case of VO formation with a low
population of delegated CHDTs, thus 10%. For this population, it is assumed that the degree
of delegation is “full delegation” for the 10% delegated CHDTs. It can be observed from the
window of opportunity in Figure 5.3 that energy consumption is relatively the same. The
reduction in energy consumption that is observed is relatively insignificant (nearly
unchanged). This is because the number of CHDTs that formed the VO and subsequently
deferred the use of their appliances is small (only 10% of the population). The consumption
that is observed within the window of opportunity is a result of the 90% of CHDTs that did
not join the VO and therefore did not delegate their appliances.
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Figure 5.3—Case 2: A VO formed with 10% of CHDTs in the population, with 10% full delegated autonomy.

Furthermore, in Figure 5.4, we considered Case 3, which constitutes a high VO population
of 90%. In this case, the model considers that a high population of CHDTs has their degree of
delegation as “full delegation,” thus 90% of the population. In this scenario, it is observed that
consumption was significantly reduced within the window of opportunity. This was because
the majority of the CHDTs (90%) participated in the VO and were collectively involved in the
deferral of all three DDL appliances during the window of opportunity. The relatively small
consumption that was recorded is attributed to the 10% that did not join the VO.
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Figure 5.4 —Case 3: A VO formed with 90% of the population, with 90% full delegated autonomy.

The outcomes for Cases 4 and 5 are captured in Figures 5.5 and 5.6. In these two cases, the VO
population is kept the same (90%). The only difference is that in Case 4, the degree of
delegation is “partial delegation” with two DDL appliances, while in Case 5, the degree of
delegation is also “partial delegation” with only one DDL appliance. The results revealed that
partial delegation with two DDL appliances (Case 4, Figure 5.5) yielded more energy savings
as compared to “partial delegation” with a single appliance (Case 5, Figure 5).
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Figure 5.5 —Case 4: High population of delegated CHDTs (90%), Low population of undelegated CHDTs (10%),
partial delegation, double appliances
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Figure 5.6—Case 5: High population of delegated CHDTs (90%) Low population of undelegated CHDTs (10%),
Partial delegation, single appliance

The partial conclusion that can be drawn from this simulation scenario suggests that the
outcome of the model is consistent with the expected results in the following ways:

1. That having a high population of delegated CHDTs, who have been given full delegated
autonomy, can result in a significant amount of energy savings, which can facilitate the
chances of selling energy to the grid. On the contrary, having a high population of
undelegated CHDTs will adversely affect consumption, and this could minimize any
chances of selling energy to the grid.

2. Having a high population with a full degree of delegation can result in higher energy
savings than the same population with a partial degree of delegation.

3. Furthermore, partial delegation with two DDL appliances can result in higher energy
savings than the same population with a single DDL appliance.
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5.1.3 Scenario 3: How Value Systems Affect Sustainable Energy Consumption in
the Ecosystem

This section also discusses the outcome of the simulation from a global or community
viewpoint. The simulation is executed for 168 simulation hours, which corresponds to seven
simulation days. This simulation period is chosen because it provides adequate time-window
within which the expected result can be realized. This section's results are focused on using
value systems to ensure sustainable energy consumption in the ecosystem. In this scenario,
the community has sustainable energy consumption as its priority. To ensure every member
consumes energy sustainably, the various energy sources in the community are arranged in
order of priority. Table 5.5 shows the energy sources that are considered high priority and the
ones that are considered low priority. The high-priority sources are arranged in a hierarchical
order from the highest to the lowest. As mentioned earlier, the sources of energy available in
the community include (a) directly from solar PVs, (b) from local battery storage, (c) from the
community storage system, and (d) from the power grid.

In this scenario, the value system or delegated autonomy of the CHDTs enables them to
focus on consuming energy based on the priority list; thus, they seek to consume energy from
the highest priority energy source first. If this source is unavailable, they check the next in the
order until the lowest. If only the grid (low priority source) is available, the CHDTs will defer
the operation or function of their DDL appliances until a high priority becomes available. We
distinguish the autonomy of consumers from that of prosumers. The autonomy of prosumers
is assigned in such a way that they consume energy according to this order of priority: (a)
direct consumption from local PV; (b) consumption from local storage; (c) consumption from
the community storage system; and lastly, (d) consumption from the grid. The delegated
autonomy of consumers enables them to consume energy based on the following order of
priority: (a) the community storage system, which has the highest priority, and (b) the grid,
which has the lowest priority.

Table 5.5 —Energy consumption priority list for prosumers and consumers

Priority from
. Prosumers Consumers
highest to lowest
High priority sources
1st Solar PV source Community storge
2nd Local Storage
3rd Community storage
Low priority source
4th | The grid | The grid

In Table 5.6, we describe two cases under this scenario. The first case is composed of a
consumer population of 10% (low) and a prosumer population of 90% (high). For this case, we
analyse the community dynamics considering (a) 10%, 90%, 100%, and 0% of the population
being assigned full delegated autonomy. In the second case, we consider a prosumer
population of 90% (high) and a consumer population of 10% (low). In this case, we analyse the
community dynamics considering that 90% (high) and 10% (low) of the population also have
the autonomy to implement full delegation.
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Table 5.6 —Delegation of deferrable loads

+ Percentage of the Population
Cases CHDT Population (%) with dgegated autgnomy
Prosumer | Consumer | instruction out of the total Type of Autonomy
a. 10 percent of the Full
population
b. 90 percent of the Full
Case 1 10 90 population
c. 100 percent of the Full
population
d. 0 percent of the population
Case 2 9 10 a. 90 percent of the populat%on Full
b. 10 percent of the population Full

After running the model over the stated period (168 hours) with a CHDT population of 100,
the results are presented in the subsequent paragraphs. The result from Case 1a is shown in
Figure 5.7, and Case 1b is shown in Figure 5.8. In the Case 1a, we considered a population that
is comprised of 10% prosumers and 90% consumers, while considering that 10% of the entire
population has delegated autonomy. In Case 1b, we considered the same population as in Case
1a, except that the population with delegated autonomy was this time 90%.

When the outcomes for both cases (Cases 1a and 1b, Figures 5.7 and 5.8) are compared, it is
clear that in Case 1a, when 10% of the population was delegated, the use of the grid was about
43%. When the population of delegated CHDT was increased to 90%, as in 1b, the use of the
grid dropped to 20%. Considering the same cases, the community storage usage increased
substantially, from 20% in Case 1a, when 10% of the population was delegated, to 49% in Case
1b, when 90% of the population was delegated. Case 1a has an average of 12% PV usage and
25% local storage usage, whereas Case 1b has an average of 15% PV usage and 17% local
storage usage. The high grid utilization in Case 1a is caused by the 90 percent of undelegated
CHDTs, whereas in Case 1b, the low grid utilization is caused by the 10% of undelegated
CHDTs. Similarly, the increased consumption from community storage and PV in Case 1b as
compared to Case 1a is a result of the 90% delegated CHDTs. 90% delegated CHDT means
that 90 % of the population seeks to consume energy from high-priority sources only. This is
therefore a clear case of sustainable consumption, as the usage of the grid dropped, while the
usage of community storage and PV increased.
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Figure 5.7—Case 1a: results for 10% prosumers, 90% consumers. 10% of the total population having full delegated

autonomy.
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Figure 5.8—Case 1b: results for 10% prosumers, 90% consumers, with 90% of the total population having the full
delegated autonomy.

In Case 1c (Figure 5.9), the population is the same as in cases 1a and 1b. The deference here
is that 100% of the population is granted full delegated autonomy, and the results indicate that
consumption from the grid dropped to zero. 100% full delegated autonomy means that the
priority of all the CHDT in the population is to consume energy only from high-priority
sources only. This resulted in 0% consumption from the grid. Additionally, consumption from
the community storage system increases up to 58%, while consumption from PV and local
storage also increases up to 18% and 24%, respectively.
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Figure 5.9 —Case 1c: results for 10% prosumers and 90% consumers, with 100% of the total population having
DDL autonomy.

Lastly, Figure 5.10 depicts the model's output for Case-1d. In this situation, none of the
CHDTs (0 percent) had delegated autonomy. In this situation, the usage of the grid climbed to
87%, while the usage of other energy sources decreased significantly. This is due to the large
population of consumers (90%) who were without delegated autonomy.

130



87%

% 4% 7% 2%

F 4

PV Local Storage Community Grid
Storage

Figure 5.10 —Case 1d: results for 10% prosumers and 90% consumers with no DDL authority

Referring to Case-2 (Table 5.6), the number of CHDTs remained constant at 100. The
composition of the population is 10% consumers and 90% prosumers. In Case 2a (Figure 5.11),
we examined a scenario in which 90 percent of the population were fully delegated. Similar
considerations are made for Case 2b (Figure 5.12). In this case, however, the entire population
with DDL authorization has decreased to 10%. In contrast to Cases 1 (a, b, and c), where only
10 percent of the total population were prosumers, Cases 2a and 2b reveal much higher PV and
local storage utilization. Moreover, with DDL implemented for both Case 2a and Case 2b, it is
evident that grid consumption is relatively minimal compared to Case 1 (a, b, and c). This is
due to the low percentage of the consumer population and the high percentage of prosumers.
Comparing Case 2a (Figure 5.11) to Case 2b (Figure 5.12), it can be seen that 90 percent DDL
reduces grid usage from 9% to 3%, whereas community storage consumption increases from
2% to 10%.
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Figure 5.11—Case 2a: results for a population of 10% Consumers, 90% prosumers, and 90% of the population
with delegated autonomy
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Figure 5.12—Case 2b: results for a population of 10% Consumers, 90% prosumers, 10% of the population with
delegated autonomy

The partial conclusion that can be drawn from this simulation scenario suggests that the
outcome of the model is consistent with the expected results in the following ways:
1. The idea of delegating CHDTs is conceptually plausible.
2. The CHDTs can execute instructions relating to their value system.
3. A high population of delegated CHDT in an ecosystem can result in a substantial
reduction in energy consumption from the grid.
4. A population of CHDTs with full delegation can yield substantial energy savings from
the grid than the same population with partial delegation.

5.1.4 Scenario 4: Exploring Mutual Influence and Collective Decision Making of
CHDTs

This section shows the simulation outcome of the scenario concerning mutual influence. This
outcome reflects a simulation lasting 728 hours (30 days). This simulation period is chosen
because it provides adequate time-window within which the expected result can be realized.

Although this section is focused on the spread of influence in a social system or network,
this technique is actually being deployed to help mimic and study how incentivization could
work in such an ecosystem. In this particular instance, the power of information diffusion in a
social system is utilized to positively influence CHDTs" decision-making. Such techniques are
not new. They have been used, for instance, in the response to natural or man-made disasters
(Chen et al., 2013) and also in the Hotmail phenomenon in the early 1990s (Hugo & Garnsey,
2002). The effect, which is often referred to as the “viral phenomenon” or “viral marketing,”
has been adopted by companies to encourage influence propagation among individuals with
social connections, because it is known that social influence can affect the beliefs, perceptions,
attitudes, or behaviour of consumers about a product or service (Wood & Hayes,
2012). Influence propagation in a social system can also be used to alter the decisions of
consumers and can help increase traffic to the websites of businesses, resulting in higher
engagement and revenue (Nafees et al., 2021).

In the cases considered, we assume that some percentage of the CHDT population has the
capability to propagate positive influence, while others also have the capability to propagate
negative influence. A positive influence influences a CHDT positively, while a negative
influence influences it negatively. Incentives, for instance, can be a good example of a positive
influence, while penalties can be a good example of a negative influence. The propagators of
influence are called "influencers," while the recipients are called "influencees." In the
simulation, we utilize influence propagation to propagate incentives, which could be
monetary or social recognition in the ecosystem. The emphasis on mutual influence is
predominantly focused on high-level decision-making at the collaborative layer by the CHDTs
and not necessarily the human users.

5.1.4.1  Scenarios 4A: Modelling Collective Decision-making by CHDTs
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As shown in Table 5.7, two different Cases, constituting different populations of influencers,
“influencees,” positive influencers, and negative influencers, are considered. In all cases, the
influencer CHDTs propagate influence in the form of messages to the “influencee” CHDTs to
influence them to make pro-sustainable energy consumption decisions. When an influencee
CHDT receives sufficient influence, usually positive influence, it makes a pro-sustainable
decision and subsequently transitions into a pro-sustainable state. In this new state, the CHDT
changes its energy consumption behaviour by beginning to delegate its DDL appliances to
consume energy from sustainable sources only. The claimed sustainable energy sources are
(a) solar PV, (b) local storage, and finally, (c) community storage for prosumers and, for
consumers, the community storage only. The decision to transition into a pro-sustainable state
is triggered based on the value of the decision threshold, if it reaches 50 or above.

Table 5.7 —Two cases with varying population sizes are used to test collective decision-making

Positive Negative

Influencer | Influencee Influencer Influencer Prosumer Consumer

population | population Population Population Population Population
(%) (%) (%) (%) (%) (%)
Case | a 90 10 90 10 20 80
1 b 90 10 10 90 20 80
Case | a 10 90 90 10 80 20
2 b 10 90 10 90 80 20

After the simulated period of 728 hours (30 days), the following sample behaviours were
extracted from some selected CHDTs. In Figures 5.13 and 5.14, we show the characteristics of
the modelled influence that was received by two different CHDTs, i.e., CHDT-1 and CHDT-2.
The pulses that appear below the X-axis represent all the negative influences that were
received by this CHDT during the 30-day period. The pulses that appear above the X-axis are
positive influences that are received by the same CHDT over the same period. Figures 5.13
and 5.14 show the intensity, polarity, magnitude, and frequency of propagation of the
influences that these CHDTs received over the 30-day period. It can be observed that the effects
of these influences on each CHDT are completely different from each other
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Figure 5.13—Influences received by CHDT 1.
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Figure 5.14 —Influences received by CHDT 2

In Figures 5.15 to 5.18, we show how the aggregation of influences over time can be
used to determine the overall behaviour of a CHDT. We also illustrate how overall
behaviour can be used in decision-making. For instance, Figures 5.15, 5.16, and 5.17,
show CHDT numbers 3, 4, and 5 that initially behaved negatively right from the start
of the model. This is because these influencee CHDTs initially received negative
influence from the negative influencers in the ecosystem. However, the duration of
their negative behaviours varied. For CHDT number 4, it lasted longer than for CHDTs
3 and 5. Eventually, all three CHDTs changed their behaviour from negative to
positive, although at different times. This was because CHDT 3 was highly influenced
positively in comparison to CHDT numbers 4 and 5. For this reason, CHDT 3 exceeded

the decision threshold “oc” and therefore was able to decide within the simulated
period (30 days), but CHDT 4 and CHDT 5 were unable. Finally, in Figure 5.18, CHDT
6 behaved positively right from the beginning of the model execution. Thus, CHDT
was influenced positively right from the onset. For this reason, CHDT number 6 was
able to make a decision much earlier than CHDT 3.
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Figure 5.15—Behaviour of CHDT number 3. Initially influenced negatively, but the influence changed to become
positive influence and the CHDT was able to make a decision.
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Figure 5.16—Behaviour of CHDT number 4. Initially influenced negatively, but the influence changed to become
positive influence, however, the CHDT was unable to make a decision.
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Figure 5.17— Behaviour of CHDT number 5. Initially influenced negatively, but the influence changed to become
positive influence, however, the CHDT was unable to make a decision.
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Figure 5.18—Behaviour of CHDT number 6. This CHDT was initially influenced positively, and maintained the
positive influence until it was able to make a decision.

From the simulation outcome of this scenario, the following partial conclusions can be drawn
based on the observed behaviour of the CHDTs:
1. Itis possible for CHDTs to mutually influence each other.
2. The compounding effect of influences on a CHDT, over time, determines the overall
behaviour of that CHDT.
3. CHDTs can make autonomous decisions (either negatively or positively) based on the
level of influence they receive over time.
4. The notion of influence has good prospects for being adopted as a mechanism to
propagate incentives in such energy ecosystems.
5.1.4.2  Scenario 4B: Using “mutual influence” to influence the decisions of CHDTs towards sustainable
energy consumption.
Referring to Table 5.7, we hereby consider Cases 1a and 1b. The outcomes of the model for
these cases are shown in Figures 5.19 and 5.20. In these cases, the population of prosumers,
consumers, influencers, and “influencees” is the same. Additionally, the prosumer and
consumer populations in these cases are, respectively, 20% and 80%. The only difference
between the two cases is that the number of positive and negative influencers is different in
each case. In Case 1b, 10% of the influencer population were positive influencers and 90% were
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negative influencers. For this reason, the majority of the CHDT population was negatively
influenced due to the high percentage of negative influencers (90%). This resulted in few pro-
sustainable decisions being made, causing a high proportion of energy to be consumed from
the grid (about 69%). Furthermore, it is observed that consumption from community storage
was also low (about 13%). By comparing Case 1b to Case 1a, where the percentage of positive
influencer population was high (about 90%) and the percentage of negative influencer
population was low (about 10%), it can be seen that the majority of the CHDT population were
influenced positively, resulting in more pro-sustainable decision-making, hence a reduction
in the consumption from the grid to about 51% and an increase in the consumption from the
community storage to 24%.
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Figure 5.19 —Case-1a. 90% positive influencers and 10% negative influencers.
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Figure 5.20 —Case-1b. 10% positive influencers and 90% negative influencers.

Still referring to Table 5.7, we hereby consider Cases 2a and 2b. In Case 2a, we consider 90%
of the influencer population to be positive influencers and 10% to be negative influencers.
However, the prosumer and consumer populations in this case are 20% and 80%, respectively.
On the contrary, in Case 2b, we consider 10% of the influencer population to be positive
influencers and 90% to be negative influencers. As mentioned earlier, the prosumer population
is 80%, and the consumer population is 20%. The outcomes of these two cases can be seen in
Figures 5.21 and 5.22. For Case 2a, where the population of positive influencers is high (90%),
although there are fewer prosumers (20%) and more consumers (80%), the use of the grid is
relatively low, about 53%, as compared to Case 2b (Figure 5.22) where the use of the grid is
relatively high, about 60%, due to the rather low population of positive influencers (10%) and
the high population of negative influencers (90%), even though there were more prosumers
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(80%) and few consumers (20%). The use of PV and local storage was also significantly

appreciated in Case 2a as compared to Case 2b. The difference in both cases resulted from the

population difference between negative and positive influencers.
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Figure 5 21—Case-2a. A high population of positive influencers (90%) despite a high consumer population (80%).
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Figure 5.22—Case-2b. A high population of negative influencers (90%) despite a high prosumer population (80%)

The partial conclusion that can be drawn from this simulation scenario suggests that the

outcome of the model is consistent with the expected results in the following ways:

1. Depending on the role of a CHDT (either as an influencer of influencee), a CHDT can

either influence or can be influenced. In other words, a CHDT can propagate influence

and can also be a recipient of influence.

2. The aggregation of influence over time can be used to determine the overall behaviour

of a CHDT. This behaviour could be positive or negative. A positive behaviour could

represent a pro-sustainable behaviour while a negative behaviour could represent a

non-sustainable behaviour.

5.1.5

Scenario 5: Exploring Resources Sharing

This section of the work shows, how resource sharing occurs in the ecosystem. Resource

sharing is demonstrated in two ways: implementation of “enable” and “disable” resource
y

sharing delegated autonomy and demonstrating level and level 2 resource sharing.

51.5.1

Scenario 5A: Enabling and Disabling Resource Sharing
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The sharing economy, or community-based resource sharing, offers an alternative to the
hyper-individualized consumption that has taken hold in many affluent countries and the
world in general. The idea behind the sharing economy is to use the capacity of goods and
services that are currently available to reduce personal consumption and waste. Resource
sharing is one of the key attributes of collaborations and is intended to maximize the use of
resources in an ecosystem.

Resource sharing is possible in the CEE because, CHDTs can also engage in resource
sharing. This section discusses the outcome of the simulation from a global or community
viewpoint. The simulation is executed for 168 simulation hours, which is equivalent to 7
simulation days. Again, this simulation period is chosen because it provides adequate time-
window within which the expected result can be realized.

Three cases are considered under this scenario. These cases are shown in Table 5.8. The
cases consider different population sizes of prosumers and consumers. In each case sharing
enabled and sharing disabled is analysed. The total population of CHDTs in this scenario is
100 CHDTs.

Table 5.8 —Different ratios of prosumer and consumer population with corresponding delegated autonomy

CHDT Populati Kind of

Cases Prosume(:pu gozr;ﬁ)r Delegated autonomy implemented
a | Sharing disabled

Case-1 90 10 b | Sharing enabled
a | Sharing disabled

Case-2 50 50 b | Sharing enabled
a | Sharing disabled

Case-3 10 90 b | Sharing enabled

In Case 1, a CHDT population comprising 90% prosumers and 10% consumers is selected.
Two separate situations of "delegated autonomy" are examined. These are (a) sharing disabled,
and (b) sharing enabled.

In Case 1a where "sharing is disabled,” the CHDTs are delegated not to share surplus
energy with the community storage. On the contrary, the case with "sharing enabled" (Case
1b) is the reverse of "sharing disabled." For sharing enabled, the CHDTs are delegated to share
surplus energy with the community storage. The outcome of Cases 1a and 1b is shown in
Figures 5.23 and 5.24, the findings of the study indicate that, in the absence of energy sharing,
25% of the community's total energy consumption originates from the grid and 0% from the
community storage system. On the other hand, Figure 5.24 shows that when energy sharing is
enabled, the total quantity of energy used from the grid decreases considerably, from 25% to
16%. Additionally, community storage system utilization increases from 0% to 4% when
sharing is permitted. Whether sharing is enabled or disabled, the proportion of photovoltaic
and energy from local storage is rather large in both cases, due to the high percentage of
prosumers population in this case.
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Figure 5.23—Case 1a: results for 90% of prosumers and 10% of consumers with “sharing disabled.”
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Figure 5.24— Case 1b: results for 90% prosumers and 10% consumers with “sharing enabled.”

Considering Case 2, as shown in Figures 5.25 and 5.26, we assume a homogenous CHDT
population composed of 50% prosumers and 50% consumers. In Case 2a (Figure 5.25), the
"sharing disabled" delegated autonomy is implemented, while in Case 2b (Figure 5.26),
“sharing enabled." Delegated autonomy is implemented. When the CHDTs are delegated to
share surplus energy, the total energy consumption from the grid decreases from 64% to 55%,
as seen in both figures. Similarly, the overall consumption from the community storage system
increases from 0% to 10% when the CHDTs are granted "sharing enabled" permission.
Comparing the scenario in Case 1 with Case 2, it is observed that the proportion of energy
derived from photovoltaic and local storage sources is dramatically reduced in Case 2 relative
to Case 1 (comparing Figures 5.23, 5.24, and Figures 5.25, 6.26). This result comes from the fact
that the number of prosumers in this specific instance has dropped from 90% to 50%. In
addition, the overall percentage of energy used from the grid has increased significantly
compared to Case 1. This outcome can be attributed to the fact that the consumer population
in Case 2 has also increased from 10% to 50%.
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Figure 5.25— Case 2a: results for 50% consumers 50% prosumers with “sharing disabled.”

55%

.

© o

30 L% 18% 10%
2 A AN

N B

PV Local Storage Community Grid
Storage

Figure 5.26 — Case 2b: results for 50% consumers 50% prosumers with “sharing enabled.”

Regarding Case 3 in Table 5.7 of this scenario, Figures 5.27 and 5.28 illustrate the model's
outcome. This example examines a population composed of 10% prosumers and 90%
consumers. As shown in Figures 5.27 and 5.28, when CHDTs are delegated to share energy,
grid usage drops from 97% to 93%. Additionally, when sharing autonomy is enabled,
community storage usage increases from 0% to 3%. Compared to Case 1 and Case 2, the share
of photovoltaic and local storage decreased in this scenario as well. In this instance, the
population of prosumers is rather small, thus 80% less than in Case 1 and 40% less than in
Case 2. In addition, the contribution from the grid grows dramatically relative to Cases 1 and
2. This is due to the fact that the consumer population increased from 50% in Case 2 to 90% in
Case 3, and from 10% to 90% in Case 1. From the above scenarios, it can be concluded that
CHDTs can leverage "delegated autonomy" to alter the proportions and contributions of
energy from varied sources. Therefore, this may be utilized as a technique to increase
consumption from renewable sources in such environments.
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Figure 5.27— Case 3a: results for 10% of prosumers and 90% of consumers “sharing disabled.”
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Figure 5.28— Results for 10% of prosumers and 90% of consumers with “sharing enabled.”

The partial conclusion that can be drawn from this simulation scenario suggests that the
outcome of the model is consistent with the expected results in the following ways:

5. The notion of resource sharing in the CEE is plausible. In this particular scenario, the
resource that has been shown to be sharable involves a centralized battery storage
system. It was further shown that sharing in this sense can be achieved at two levels.
The first level involves prosumer CHDTs sharing their surplus energy with the
community storage system while the second level involves the community storage
sharing stored energy back with the community.

6. Using the technique of delegation, CHDTs can share their own energy resources with
other external system such as a community storage system. CHDTs can also share in
the resources that are owned by other systems such as a community energy storage
system.

7. Having a high population of prosumers with the ability to share their energy resource
can result in a low dependency on the grid. Conversely, having a high population of
consumers may still result in high dependency on the grid even when they share their
resources.

5.1.5.2  Scenario 5B: Demonstrating Level 1 and Level 2 Resource Sharing

For this scenario, we also consider a CHDT population of 100. However, for illustration
purposes, Table 5.9 is used to show a total of 10 CHDTs, constituting 5 prosumers and 5
consumers out of the total population. The model is run for a simulated period of 7 simulation
days with resource sharing enabled. First, it can be observed from Table 5.9 that all prosumers
were assigned PV systems of varying capacities. It can further be observed that all prosumers
shared some quantity of energy (their surplus energy) at varying percentages with the
community storage (level 1 sharing). For instance, prosumer CHDT 3 shared the most energy,
contributing 52.46% of the total energy to the community storage, while prosumer CHDT 5
shared the least, contributing 9%. Perhaps CHDT 3 was able to share more because of the
capacity of the PV system that was assigned (Brainsystem, which has a capacity of 6.930 KW).
Concerning level 2 sharing, thus consuming energy back from the community storage, all
prosumers, except prosumer CHDT 6, also participated in level 2 sharing, although in fewer
quantities as compared to the consumer CHDTs.
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On the contrary, none of the consumer CHDTs was assigned a PV system. Furthermore,
none of the consumer CHDTSs were involved in level 1 sharing. However, all consumer CHDTs
participated in level 2 sharing, thus consuming energy from the community storage. It can
further be observed that consumer CHDTs benefited more from level 2 sharing than prosumer
CHDTs. For instance, consumer CHDTs 0, 1, and 7 consumed the most from the community
storage, thus 14.46%, 32.34%, and 16.89%, respectively. This is because, during the periods that
PV is unavailable, usually in the evening, the community storage may be fully charged and
ready to share its contents, however, at that time of the day, most prosumer CHDTs may still
have sulfficient charge available in their local storage systems concurrently. In this case, the
consumers' CHDTs will most often be the ones to benefit from or utilize energy from the
community storage. In practice, energy from renewable sources will be cheaper than energy
from fossil sources because energy prices (from the grid) are usually higher during peak
periods of the day, which often coincide with evening demands. In the prototype model,
consumer CHDTs have access to only two energy sources, ie., (a) the grid and (b) the
community storage system. The energy consumption rule in the ecosystem is framed to
promote sustainable consumption. The rule mandates both prosumer and consumer CHDTs
to consume from the grid as the last option. Therefore, consumer CHDTs first option will be
to consume from the community storage and will only consider the grid when the community
storage is unavailable. On the other hand, the priority for prosumer CHDTSs is in this order:
first, to consume directly from the PV source, then from the local storage, then from the
community storage, and finally from the grid as the last option. This kind of arrangement
ensures the maximization of renewable energy consumption in the community while
minimizing consumption from the grid.

Table 5.9 — Results of scenario 4b demonstrating level 1 and 2 sharing

Prosumer | Consumer Level 1 Sharing Level 2 Sharing Type of PV
CHDTs CHDTs (%) (%) System Assigned
= CHDT 0 125.67 14.46 Nill
= CHDT 1 = 32.34 Nill
= CHDT 2 = 11.32 Nill
CHDT 3 = 52.46 1.63 Brainsystem (6.930KW)
CHDT 4 = 9.18 5.46 Helius (3.99KW)
CHDT 5 = 9 6.51 Dass (3.22KW)
CHDT 6 = 18.46 0 Helius (3.99KW)
= CHDT 7 0 16.89 Nill
= CHDT 8 0 8.59 Nill
CHDT 9 = 10.90 2.81 Dass (3.22KW)

This shows that without resource sharing, dependence on the grid could be high within
such an ecosystem. In this particular case, an example is discussed in (Daryan et al., 2022). In
this example, a peer-to-peer energy sharing scheme for energy trading among Smart Energy
Hubs, which can trade in both electrical and thermal energies, is discussed. The study shows
that sharing helps reduce costs and dependency on gas/electricity utility companies. In a
practical sense, a similar peer-to-peer energy sharing scenario (Kusakana, 2019) was

142



conducted in South Africa. The study’s outcome revealed that sharing can substantially
reduce the prosumers’ operational costs by maximizing the use of locally generated renewable
energy and storage while minimizing their reliance on the grid. The results observed thus far
from the simulations are, however, consistent with this claim and also help to buttress the
point that the credibility of the model is reasonably sufficient to be accepted.

5.2 Validation by Potential Users and Interest Groups

In the context of the design science research, after an artifact is created and used to study the
proposed system or phenomenon, feedback can be collected from a focus groups, such as
potential users of the system to help validate the model (Slettebg, 2021). As such, we adopted
this approach to solicit potential users” confidence and also to attempt to measure or quantify
their perceived practicability and suitability of the proposed CEE/CHDT concepts for their
intended purposes. Thus, data was collected from three different focus groups, consisting of
(a) potential users, (b) professional interest group 1, and (c) professional interest group 2.
Three separate events were organized at three different locations on three different dates in
Ghana to help validate the model from the perspective of potential users. Details of the various
groups and the corresponding events are provided below.

5.2.1 The Potential User Group

This group constituted of representatives from nine households that have installed
photovoltaic systems of different capacities on their respective residences. They were selected
on a random basis. Invitation letters were sent to a total of 15 households, of which 9
responded and successfully made it to the validating event. This group showed great interest
in the CEE/CHDT concepts because they had practically experienced the benefits of
renewable energy and were interested in learning more about a system that could enhance
their user experience and benefits. This group, for the most part, did not have any technical
knowledge of energy management. They happened to invest in photovoltaic systems to
overcome the unreliable nature of the power supply and also to help curb the rising cost of
energy. The following are excerpts from the questions that were asked by this group.

1. How much such a system may cost if they wanted to invest?

2. Concerns about the notion of “community” as they perceived that the penetration of

photovoltaic systems in Ghana is very low and sparsely distributed.
3. Ease of use and support.
4. Internet connectivity and reliability.
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Figure 5.29—Potential user group validating event.

5.2.2 The Professional Interest Group 1

This group is made up of professionals from Ghana's energy sector. The group was mainly
composed of employees from the Volta River Authority of Ghana (VRA Ghana, 2012), the
Electricity Company of Ghana (ECG Ghana, 2022), and the Bui Power Authority (BPA Ghana,
2023). This was the largest focus group and consisted of 14 members. This group is considered

an interest group because their work ethics and social responsibility mandate them to promote

sustainable energy consumption in households and within their local communities. They also

showed immense interest in the CEE/CHDT concepts. The contributions of this group were

skewed towards the technical aspects of the study, particularly from an energy point of view.

They also showed great interest in the concept of collaboration mechanisms as an energy

management technique. Some questions/concerns that emerged from this group include:

1.
2.

N o O ®w

Can the software/ model be made available to be used on a pilot basis?

Concerns about internet connectivity and the reliability of the system in the local
context.

How tariffs are going to be managed?

Power quality issues

Grid stabilization concerns

Illiteracy and general concern about the lack of ICT infrastructure

Grid connected versus Islanded communities, etc.

144



Figure 5.30— Professional interest group 1

5.2.3 The professional Interest Group 2

This group constituted academic staff from the Regional Centre of Energy and Environmental
Sustainability (RCEES, 2021), which is a leading internationally accredited Centre of
Excellence providing research and postgraduate education in energy and environmental
sustainability. Present at the event were two professors, two PhD holders, and four young PhD
researchers. The contribution from this group was rich, with several constructive suggestions.
Some concerns were raised regarding technical validation. However, it was agreed that for
such novel ideas, finding the right data for benchmarking purposes was difficult, and
therefore other alternative validation approaches, such as the adopted ones, should be
acceptable. They also showed great interest in agent-based simulation and the possibility of
future collaboration. For this group, the focus of the discussion was based on the following
key areas:

1. Technical validation of the energy aspects (physical layer) of the model.
Validation of the collaborative aspects of the model.
Future works.
Sources of data for the PV model.
Collaboration as a management technique.
Potential for collaborative research in multimethod modelling.

N o UL

Potential to train young researchers in the use of Anylogic and agent-based modelling.
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Figure 5.31— Professional user group 2

5.2.4 The Validation Processes

The validation process with focus groups comprised three phases. The first part consisted of a
20-minute presentation that described the overview and background concepts and
knowledge. The second part involved a 30-minute demonstration of the CEE/CHDT model.
The demonstration covered the various components of the model and
the modelling techniques that were adopted. A few selected collaborative scenarios were also
demonstrated. The third part consisted of a 30-minute question and discussion period, which
in all three events exceeded 30 minutes due to the interest that the ideas generated among the
participants. After the discussion, questionnaires were distributed, one per participant. The
questionnaires were based on a 5-point Likert scale that ranged from “strongly disagree,”
having a weight of “1,” to “strongly agree,” having a weight of “5”. As shown in Table 5.10,
the questionnaires sought to measure eight major constructs. Each construct was further
broken down into a few dimensions, totalling 28 dimensions. The definition of each construct
and the related dimensions are provided in Table 5.10. A modified version of the Unified
Theory of Acceptance and Use of Technology model (UTAUT) (Venkatesh et al., 2003) was
adopted as a guide in developing these constructs and dimensions.

Table 5.10 — Definition of the various constructs and their related dimensions

PE1- Facilitating energy use decisions: To measure potential users’ perception that CEE/ CHDT
PE: Performance Expectancy can help them to make the right decision in their sustainable energy consumption effort.

The degree to which users | PE2-Facilitating efficient energy use: To measure potential users’ perception that the CEE/CHDT
perceive that the CEE/CHDT | can help to increase the level of efficiency regarding their energy use choices and behaviours.

System can help them improve | PE3-Reduce human interference: To measure potential users’ perception that their CHDT can act
their sustainable energy | on their behalf to make sustainable energy consumption efforts easier.

consumption efforts. PE4- Efficient energy management technique: To measure potential users’ perception that
managing energy consumption using CEE/CHDT techniques may yield a more efficient outcome
as compared to other known systems.
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General Definition of
Constructs

Dimensions of the construct to be measured.

EE: Effort Expectancy

The degree of ease associated
with the use of CEE/CHDT
System.

EE1- Ease of use: To measure potential users’ perception that using CHDT to manage their
household energy consumption may be an easy task.

EE2- Ease of comprehension: To measure potential users’ perception that delegating a CHDT is a
clear and easy process to understand.

EE3- Ease of adaptation: To measure potential users’ perception that if a person can use simple
technologies like a computer or a cell phone, then the person can easily learn how to use the
CEE/CHDT System.

EE4- Ease of effort: To measure potential users’ perception that it may require very little effort to
use the CHDT.

SI: Social Influence.
The
perceive that the acceptance of the
CEE/CHDT can be affected by
the kind of people surrounding
them.

degree to which users

SI1- Influence of peers: If people have their close associates using the CEE/CHDT system, they
may be influenced try and use it.

SI2- Influence of a superior: If superiors recommend the use of the CEE/CHDT system to their
subordinates, it may influence their intention or decision to use it.

SI3- Influenced by social status: Using the CEE/CHDT system could increase a person’s social
status for example as a “sustainable energy advocate”.

FC: Facilitating Conditions.
The
perceive that the knowledge and

degree to which users

skills required to wuse the
CEE/CHDT can easily be
obtained.

FC1- Pro-sustainable behaviours by close associates: The people around me are interested in
perusing behaviours that could enhance the sustainable energy consumption in their homes.

FC2- Environmental conditions: People’s environments (workplace / community / close associates
etc.) that promote sustainable energy consumption behaviours are more likely to endorse the
CEE/CHDT System.

FC3- The condition influenced by people’s interest in technology: People who have basic
technological interest may be interested in the CEE/CHDT and may like to utilize it to
complement their sustainable energy consumption efforts.

FC4- Availability of helpful materials and resources: If potential users encounter any difficulty in
using the CEE/CHDT, they are most likely to get help from colleagues.

FC5- Willingness to adopt new technology: People’s willingness to adopt a system such as the
CEE/CHDT to help them manage my household’s energy consumption.

UI: Use Intentions:
The
perceive that they intend to
experiment/use with CEE/CHD
system.

degree to which users

UI1- Having passion for new technology: I am a person who likes new things and trying new
technologies.

UlI2- Being an early technology adopter: I often encounter new products, services, and
technologies earlier than the people around me.

UI3- Technology discoverability: One of my key strengths is the discovery of new technologies.

GA: Goal Alignment.

The degree to which users are
willing to flexibly contribute to
community goals that are in line
with their personal goals.

GAL1- Flexible contribution: Willing to flexibly align own goals (voluntarily and regularly).

GA2- Offer of Incentives: Willing to align own goals when incentivized.

GA3- Joining a VO/Coalition: Willing to join a short-term VO, proposed by the community in
line with own value system.

Co: Collaborations.
The

perceive collaboration as a useful

degree to which users

management technique or

mechanism to adopt in managing

Col- Willingness to participate in collaborative endeavours: I am willing to participate in
collaborative endeavours.

Co2- Willingness to know more about collaboration: I am willing to learn how collaboration in
the CEE/CHDT system works.

Co3- Willing to align my value system: I am willing to join a coalition when the goal is in line
with my value system.

energy consumption in the
context of a community.

DG: Delegation/Delegated
autonomy

The degree to which users are
willing to delegate their value
system to their CHDTs.

Dg1- Willing to delegate my value system to a CHDT: I am willing to delegate my value system
to my CHDT to carry out for me.

Dg2- Willing to trust the decision of my CHDT: I am willing to trust that the decision my CHDT.

Dg3- Delegated autonomy: I am willing to give full autonomy to my CHDT if I can trust it.

5241

The Unified Theory of Acceptance and use of Technology Model

Consideration is given to the adaptation of the Unified Theory of Acceptance and Use of
Technology (UTAUT) model when evaluating the CEE/CHDT concept from the perspective
of potential users and interest groups. UTAUT is a technology adoption model that describes
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the extent to which the use of information technology is accepted (Venkatesh et al., 2003).
Venkatesh et al. founded the UTAUT model by combining eight prior technology adoption
models, namely: (a) the innovation diffusion theory (IDT), (b) the technology acceptance
model (TAM), (c) the theory of reasoned action (TRA), (d) the theory of planned behaviour
(TPB), (e) the social cognitive theory (SCT), (f) the motivational model (MM), the combined (g)
TAM and TPB (C-TAM-TPB), and (h) the model of personal computer utilization (MPCU).

According to (Sarfaraz, 2017), the UTAUT model is the most comprehensive model of
technology adoption and acceptance. Initially, the UTAUT model was comprised of seven
constructs: (a) performance expectation (PE), (b) effort expectation (EE), (c) social influence
(SI), (d) facilitating conditions (FC), (e) computer self-efficacy, (f) anxiety, and (vii) attitude
toward using technology (Venkatesh et al., 2003).

Some examples of recent applications that adopted this validation mode include (a)
understanding the use of learning management systems by undergraduate university students
in Saudi Arabia (Al-Mamary, 2022), (b) online shopping adoption during COVID-19 and social
isolation (Erjavec & Manfreda, 2022), (c) investigating mobile acceptance in academic library
services (Parhamnia, 2022), (d) understanding intention to adopt Al and related technologies
among librarians (Andrews et al., 2021), (e) understanding acceptance of “eHealthcare” by IoT
natives and IoT immigrants (Arfi et al., 2021), and (f) adoption intention of electric vehicles in
India (Jain et al., 2022).

The UTAUT model is widely used to predict the intention and behaviour of potential users,
of a proposed information technology (IT) based system (Venkatesh et al., 2003). Referring to
Figure 5.32, the UTAUT model considers the effect of four factors on behavioural intention.
These are: performance expectancy (PE), effort expectation (EE), social influence (SI), and
facilitative conditions (FC). The three fundamental perspectives of UTAUT are as follows:
First, behavioural intention is directly influenced by performance expectancy, effort
expectancy, and social influence. Second, use behaviour is directly influenced by facilitating
conditions and behavioural intention; and third, age, gender, experience, and voluntariness of
use mediate the influence of performance expectancy, effort expectancy, and facilitating
conditions on behavioural intention (Venkatesh et al., 2003).

Performance
Expentancy

intentions pee

Effort expectancy

Social influence

Fascilitating
conditions

[ o ][ . ] [Experince] [vmm::ess)

Figure 5 32— The Unified Theory of Acceptance and Use of Technology (UTAUT) model.
Adopted from (Venkatesh et al., 2003).
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5.24.2  Measuring the Validation Constructs and Dimensions

A total of 31 responses were collected from the participants at all three validation events. The
data from the respondents and the corresponding analysis are described in the following
paragraphs. The Cronbach alpha technique (Taber, 2018) is used to test the internal
consistency / reliability of the collected data. The SPSS statistical tool (IBM, 2016) is used for
the data analysis. The overall Cronbach alpha for all eight construct is found to be 0.866. This
value represents acceptable internal consistency and is an indication that the measuring
instrument (questionnaire) is reliable, and its outcome can be trusted.

After a careful analysis of the data, that was collected from the respondents, the overall
conclusion drawn from the validation is shown in Table 5.11. In the table, the average scores
were either rounded up or down to correspond to one of the points on the Likert scale. For
instance, the average score for PE1 is 4.55. This is rounded up to 5.0, which corresponds to
“strongly agree” on the Likert scale. Similarly, PE2 is rounded down to 4.0, which corresponds
to “agree” on the Likert scale. The general conclusion for the validation is that the respondents
agreed to all eight construct and 28 dimensions of the CEE/CHDT model. This can be
interpreted as a unanimous acceptance of the fact that the developed model/artifact is fit for
its intended purpose.

Table 5.11— Conclusion drawn from the data which was collected from the respondents

Average score Concluding Remarks
Construct | Dimensions (Based on the Likert
(Based on 31 respondents)

scale)

PE1 4.55 Strongly agree
PE PE2 4.48 Agree
PE3 4.45 Agree
PE4 4.26 Agree
EE1 4.29 Agree
EE2 4.32 Agree
EE EE3 4.39 Agree
EE4 4.26 Agree
SI1 4.03 Agree
SI SI2 3.97 Agree
SI3 4.16 Agree
FC1 4.48 Agree
FC2 4.10 Agree

FC FC3 4.58 Strongly Agree
FC4 413 Agree
FC5 4.39 Agree

UlI1l 4.58 Strongly Agree

Ul Ul2 4.55 Strongly Agree
UI3 4.48 Agree

GA GA1l 4.52 Strongly Agree
GA2 4.32 Agree
GA3 4.16 Agree
Co Col 4.23 Agree
Co2 4.35 Agree
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A Concluding Remarks
verage score
Construct | Dimensions 8 (Based on the Likert
(Based on 31 respondents)
scale)
Co3 4.26 Agree
DG Dgl 4.23 Agree
Dg2 4.35 Agree
Dg3 4.35 Agree

In Figures 5.33 to 5.40, we use the Radar graph to compare the results of all the eight constructs.
For instance, in Figure 5.33, Performance Expectancy 1 (PE1) which is the measure of potential
users’ perception that CEE/CHDT can help them to manage their household energy
consumption more effectively, obtained the highest score of 4.55 out of 5. In Figure 5.34, effort
expectancy 3 (EE3) which is the measure of ease of adaptation, obtained the highest score
under effort expectancy. In Figure 5.40, Co2 which is the measure of potential users’
willingness to try collaborative mechanism as a management technique for sustainable energy

consumption had the highest score of 4.35.

Performance Expectancy (PE)

Effort Expectancy (EE)

Figure 5.33—Performance expectancy.

Figure 5.34—Effort expectancy.

Social Influence

Fascilitation Conditions

Figure 5.35—Social influence.
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Figure 5.36—Facilitating conditions.
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Figure 5.37—Use intension. Figure 5.38—Goal alignment.
Delegation Collaboration
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Figure 5.39—Delegation. Figure 5.40—Collaboration.

In conclusion, this validation method has helped to measure each of the 28 dimensions relating
to the 8 constructs of the CEE model. The measuring instrument is designed in the form of a
questionnaire that is based on a 5-point Likert scale, using the Unified Theory of Acceptance
and Use of Technology (UTAUT) model as a guide. In all, a total of 31 respondents participated
in the measuring process. The outcome of this validation approach has shown that the
respondents unanimously accepted the CEE concept and its related principles as fit for their
intended purposes. Furthermore, although the general outcome suggests a unanimous
acceptance, it can be observed from Figures 5.33 to 5.40 that each dimension relating to a
particular construct has different levels of acceptance and that some dimensions were more
acceptable to the respondents than others.

5.3 Validation by the Research Community

A number of publications in peer-reviewed conference proceedings and scientific journals are
also made with the goal of getting qualitative peer validation and disseminating the thesis
results, in addition to the routes of validation indicated above. The list of publications is shown
in Table 5.12, and their respective contributions to various sections of the thesis are also shown
in Table 5.13. In total, there are 5 publications in international journals and 11 articles in the
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proceedings of international conferences that have undergone peer review. One paper
(number 11, Table 5.12) was awarded the best paper in a conference.

Table 5.12— List of publications related to CEE
List of Related Publications
Publication in Journals
Adu-Kankam, K. O., & Camarinha-Matos, L. M., 2018. Towards Collaborative Virtual Power
1 Plants: Trends and convergence. Sustainable Energy, Grids and Networks, 626, 217-230.
https:/ /doi.org/10.1016/j.segan.2018.08.003
Adu-Kankam, K. O., & Camarinha-Matos, L. M., 2022. Renewable Energy Communities or
2 Ecosystems: An Analysis of Selected Cases. Heliyon, July 2022.
https:/ /doi.org/10.2139/ssrn.4112124
Adu-Kankam, K. O., & Camarinha-Matos, L. M., 2022. Delegating Autonomy on Digital Twins in
3 Energy Ecosystems, Int. ]. SMART GRID, vol. 6, no. 4, December 2022, doi:
https:/ / doi.org/10.20508 / ijsmartgrid.v6i4.257.g253
Adu-Kankam, K. O., & Camarinha-Matos, L. M., 2023. "Modelling Collaborative Behaviors in
4 Energy Ecosystems", Computers 12, no. 2: 39. February 2023
https:/ /doi.org/10.3390 / computers12020039
Adu-Kankam, K. O., & Camarinha-Matos, L.M., 2023. Collaborative Digital Twins: The Case of
5 the Energy Communities. SN COMPUT. SCIL.4, 664 (2023). August 2023,
https:/ / doi.org/10.1007 / s42979-023-02050-2
Conference Proceedings
Adu-Kankam, K. O., & Camarinha-Matos, L. M. 2018. Towards Collaborative Virtual Power
Plants. In Camarinha-Matos L. M, Adu-Kankam K. O., (Ed.), Technological Innovation for
Resilient Systems DoCEIS 2018 (pp. 28-39). Springer, Cham. https:/ /doi.org/10.1007 /978-3-319-
78574-5_3
Adu-Kankam, K. O., & Camarinha-Matos, L. M. 2019. Emerging Community Energy Ecosystems:

Item

Analysis of Organizational and Governance Structures of Selected Representative Cases. In IFIP
2 Advances in Information and Communication Technology, Technological Innovation for
Industry and Service Systems. Doctoral Conference on Computing, Electrical and Industrial
Systems 2019. (Vol. 553, pp. 24-40). Springer chem. https:/ / doi.org/10.1007 /978-3-030-17771-3_3
Adu-Kankam, K, O., & Camarinha-Matos, L. M. 2020. A Framework for Behavioural Change
Through Incentivization in a Collaborative Virtual Power Plant Ecosystem. Technological
Innovation for Life Improvement. DoCEIS 2020. IFIP AICT, 577, 31-40, DOI:
https:/ /doi.org/10.1007 /978-3-030-4512. April 2020, https:/ /doi.org/10.1007 / 978-3-030-45124-
0.3

This paper received the best paper award.
Adu-Kankam, K. O., & Camarinha-Matos, L. M. 2020. A Collaborative Approach to Demand Side
Energy Management. In Working Conference on Virtual Enterprises, PRO-VE 2020, Boosting
Collaborative Networks 4.0. IFIP Advances in ICT (Vol. 598, pp. 393-405). Springer chem.
November 2020, https:/ /doi.org/10.1007/978-3-030-62412-5_32
Adu-Kankam, K. O., & Camarinha-Matos, L.M., 2021. Towards a Hybrid Model for the Diffusion
of Innovation in Energy Communities. IFIP Advances in ICT, Technological Innovation for

Applied Artificial Intelligent Systems. Doctoral Conference on Computing, Electrical and
Industrial Systems., 626, 175-188. June 2021, https:/ / doi.org/10.1007 /978-3-030-78288-7

Adu-Kankam, K.O., Camarinha-Matos, L.M. (2022). Modelling “Cognitive Households Digital
Twins” in an Energy Community. In: Bendaoud, M., Wolfgang, B., Chikh, K. (eds) The

Proceedings of the International Conference on Electrical Systems & Automation. ICESA 2021.
Springer, Singapore. March 2022, https:/ / doi.org/10.1007 /978-981-19-0039-6_6
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Item

List of Related Publications

Publication in Journals
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Table 5.13 — Publications and their related contributions to the thesis

Association of Related Publications with Thesis Chapters and Research Questions

Towards Collaborative Virtual Power Plants: Trends and convergence.

Contributes to: Key RQs considered:
a. Theoretical background a. Which collaborative organizations are emerging in the domain
b. Literature review of VPPs? [Organizational forms]

b. Which collaboration principles are being applied in the
emerging collaboration forms? [CN principles]
c.  Which technological elements support collaboration in VPPs?

[Technology]
2. Delegating Autonomy on Digital Twins in Energy Ecosystems
Contributes to: Key RQs considered:
a. Theoretical background a. Using a muti-method simulation approach, how can the
b. Prototype demonstration cognitive intelligence of CHDTs be modelled?

b. In case the ecosystem has a specific goal, such as minimizing
consumption from the grid while maximizing consumption
from renewable energy sources, how can “delegated
autonomy” be used to achieve this goal?

3.  Modelling Collaborative Behaviours in Energy Ecosystems
Contributes to: Key RQs considered:
a. Theoretical background a. Using multimethod simulation techniques, how can the
b. Prototype demonstration following collaborative behaviours within the CEE be

demonstrated?
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Association of Related Publications with Thesis Chapters and Research Questions

1. Towards Collaborative Virtual Power Plants: Trends and convergence.

i Collaborative roles/behaviours played by the CEE-
manager such as
- opportunity-seeking and goal-formulation.
-goal proposition/invitation to form a coalition or
virtual organization.
- formation and dissolution of coalitions.

ii. Collaborative roles/behaviours played by CHDTs.
These may include acceptance or decline of invitation
based on:

- delegation or non-delegation,
- value system compatibility or non-compatibility.

b. How can the sharing of a common resource like a community

energy storage system be demonstrated in the CEE?

4. A Collaborative Dimension for Renewable Energy Communities

Contributes to:
a. Theoretical background
b. Conceptual background

Key RQs considered:
a. What are RECs?
i What are the motivations for RECs?
ii. What are some of the existing cases of RECs?
iii. What are the obstacles / barriers to the advancement of
RECs?
iv. ~ What role can collaborative networks play to help

C.

overcome (some of) the mentioned barriers?
What are Collaborative Renewable Energy Communities
(CRECs)? What are the main aspects of CRECS? (Namely in
terms of structure and organization, governance, involving
mechanisms of collaboration etc.
What are some potential use cases of the CREC concept?

5. Renewable Energy Communities or Ecosystems: An Analysis of Selected Cases

Contributes to:
a. Theoretical background
b. Literature review

Key RQs considered:

a.

How can the interaction between members of the selected
energy ecosystems be described?
What

establishment, operation, and service provision of these

technological enablers and trends underlie the
ecosystems?

How do the characteristics and functions of virtual power
plants (VPPs) compare to those of renewable energy

ecosystems?

6. A Framework for the Integration of IoT Components into the Household Digital Twins for

Energy Communities

Contributes to:
a. Theoretical background
b. Conceptual background

Key RQs considered:

a.

How can the integration of IoT components in household
appliances enable the feasibility and functionality of the
Cognitive Household Digital Twin (CHDT) concept?

How can the integration of IoT components facilitate the
cognitive and decision-making capabilities of the CHDTs?

7.  Modelling Cognitive Households Digital Twins in an Energy Community
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Association of Related Publications with Thesis Chapters and Research Questions

1. Towards Collaborative Virtual Power Plants: Trends and convergence.

Contributes to:
a. Theoretical background
b. Conceptual background
c. Collaborative behaviours
d. Prototype demonstration

Key RQs considered:

a.
b.

How can the cognitive capabilities of CHDTs be modelled?
How can CHDTs utilize these cognitive capabilities to make
decisions that facilitate collaborations?

8. Modelling ‘Delegated Autonomy’ in Cognitive Household Digital Twins.

Contributes to:
a. Theoretical background
b. Conceptual background
c. Collaborative behaviours
d. Prototype demonstration

Key RQs considered:

a.

In the context of collaboration, where excess energy produced
by prosumer CHDTSs can be shared with the community (CEE),
how can the use of “delegated autonomy” be used to enhance
sustainable consumption?

In the case that CHDTs have access to multiple sources of
energy and can therefore choose from any preferred source,
even if that source demands that the CHDT wait until the
preferred source is evaluable, how can “delegated autonomy”
be used to enhance sustainable consumption?

9. Towards Collaborative Virtual Power Plants.

Contributes to:
a. Theoretical background

Key RQs considered:

a.

What are the key drivers or motivation for collaboration in the
domain of VPPs? [Seeking to identify motivation for
collaborations]

Which collaborative organizations are emerging in the domain
of VPPs? [Seeking to identify organizational forms]

Which collaborative principles are being applied in the
emerging collaboration forms? [Seeking to identify CN
principles]

Which technological elements support collaboration in VPPs?
[Seeking to identify collaborative technological]

Who are the key players, agents or systems that participate in
these collaborations? [Seeking to identity key players in the
collaborations]

10. Towards a Hybrid Model for the Diffusion of Innovation in Energy Communities.

Contributes to:
a. Conceptual background

Key RQs considered:

a.

How do DIT and TTM models compare from both the
contextual and structural perspectives?

Based on the observed contextual and structural similarities or
differences, how can these models be hybridized into a single
model?

11. A Collaborative Approach to Demand Side Energy Management.

Contributes to:
a. Theoretical background
b. Conceptual background

Key RQs considered:

a.

How can collaborations and antecedent interventions enhance
the behaviour of consumers towards the delegation of
deferrable loads within an energy ecosystem?

How can collaboration through the sharing of experience and
knowledge (technical and professional) enhance membership
fluidity in an energy ecosystem We

12. Emerging Community Energy Ecosystems: Analysis of Organizational and Governance

Structures of Selected Representative Cases
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Association of Related Publications with Thesis Chapters and Research Questions

1. Towards Collaborative Virtual Power Plants: Trends and convergence.

Contributes to:
a. Theoretical background
b. Conceptual background
c. Literature review

Key RQs considered:
a. How are these RECs organised? (Which can include as sub-
questions:
i. What are the roles and responsibilities?
ii. How are these RECs governed?
iii. What relationship exists between roles?
b. How do these RECs interact with the power grid? and
c.  What role does collaborations play in these RECs?

13. A Framework for Collaborative Virtual Power Plant Ecosystem.

Contributes to:
a. Theoretical background
b. Conceptual background
c. Collaborative behaviours

Key RQs considered:

a. What framework can support the modelling of each
collaborative behaviour by a population of CHDTs within a
CEE?

i. Communication and information exchange towards
coalition formation (Joining a Virtual Organization (VO)

ii. Communication and information exchange towards the
execution of a specific goal:

iii. Sharing common resources: In this context we consider
the scenario were CHDTSs share energy that is stored in a
common community storage.

iv. Collective actions. The behaviour exhibited by members
when they all act in the same way in order to achieve a
collective objective.

14. Modelling Mutual Influence Towards Sustainable Energy Consumption.

Contributes to:
a. Conceptual background
b. Collaborative behaviours
c¢. Prototype demonstration

Key RQs considered:

a. In the context that “influencer” CHDTs could convey either
positive or negative influence on “infuencee” CHDTs in a CEE,
how can the aggregation of these influences over time be used
to determine the overall behaviour of a CHDT?

b. How can the overall behaviour of a CHDT be used in decision-
making?

c. Considering that CHDTs could be influenced to alter their
decisions, how can “mutual influence” be used to alter the
decisions of CHDTSs towards sustainable energy consumption.

15. A Framework for Behavioral Change Through Incentivization in a Collaborative Virtual Power

Plant Ecosystem.

Contributes to:
a. Theoretical background
b. Conceptual background

Key RQs considered:
What kind of incentives can suitably be used in a REC environment
The model tests effectiveness of

a. one-size-fits-all and

b. customized incentives”

16. Collaborative Digital Twins: The Case of the Energy Communities

Contributes to:
a. Theoretical background
b. Conceptual background

Key RQs considered:
a. What architectural framework is suitable to support the
conceptualization of a Collaborative Digital Twin (CDT)?
b. How can the CDT concept be demonstrated and assessed in
renewable energy communities?
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5.4 Limitations of the Validation Process

The following are some observed limitations to the validation process:

1. Limited number of photovoltaic system users: Although nine of the respondents had
practical experience using photovoltaic systems, the researchers would have preferred
to have a much higher number than this. This could have helped by providing more
diverse and practical feedback from the potential user group.

2. Validation from the Collaborative Networks Community: The validation from this
community was primarily based on feedback from peer-reviewed journal publications
and international conferences. Although this feedback was very constructive and
useful, it addressed different sections of the model at different times. We believe the
experience could have been richer if the community had had the opportunity to
experience the practical demonstration of the complete model. This could have helped
generate interesting discussions concerning the collaborative aspects of the model.

3. Geographical distribution: Sustainability and issues concerning sustainable energy
consumption, although "universal," may be perceived and approached differently by
different people from different geographical regions. We have the view that having the
demonstration in different geographic regions (countries) could have also enriched the
outcome, although we do not expect a significant variation in the final outcome.

4. Data sources: The data that was used to model the various households in the model
was sourced from the United Kingdom (UK). We share the view that perhaps the
system should also be verified using other data sources since the use-behaviours of
households in Ghana, for instance, may be different from that of the UK. However, It
was not possible to get such data during the realization of this work.

5.5 Limitations of the CEE and CHDT Models

1. Assessment of the energy aspects: Since Anylogic is not a dedicated tool for the
simulation of energy consumption and generation, the results in relation to the energy
aspects may not be accurate. However, since the focus of the work is to show that the
mentioned collaborative behaviours can have some impact on the energy
infrastructure, the obtained results can have a reasonable level of acceptance on these
grounds.

2. Assumptions: Several assumptions were made in the design of the model and also
during the simulation runs. For instance:

a. Allhouseholds were embedded with the same number of appliances, although this
may not be the case in a physical community.

b. Additionally, these households were assumed to have two value systems at a time,
which may not be the case in a real household.
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c. Regarding the preconditions for the formation of community goals, it is also
assumed that 3 preconditions are needed, although in a real-world
implementation, the actual preconditions may involve several factors such as
technical, economic, environmental, and financial.

d. The “decision constant” is a tentative value on which the CHDTs make decisions.
This number can be altered upwards or downwards, and, in each case, it can affect
the outcome of the model. This makes it a subjective quantity, that depends on the
modeller. The current literature has limited information in this area.

These limitations however open opportunities for future work.

5.6 Addressing Ethical Concerns Relating to the CEE Concept

The CEE concept is designed to be less intrusive and would not require users to submit
sensitive personal data besides their digital profiles, which reside in the users' CHDT memory
and will not be shared with any third party inside or outside the community. Furthermore,
the notion of influence will be designed in conformance with only the principles of “reward”
and “punishment,” which are popular concepts that are used mainly for behaviour
modifications. This technique helps to keep the behaviour of subjects on the expected path and
make the maximum use of their capabilities. No other forms of influence would be permitted.
In this way, it is possible to prevent the scenario where CHDTs are influenced in a manner
that could be inimical to the community objectives. Again, the proposed influence is targeted
mostly at free-rider and other non-conforming CHDTs who are part of the community but
have not defined their digital profiles, and therefore their behaviours are inimical to the
collective interest of the community. This is a common phenomenon in communities where
some members do not conform to community norms. A typical example is the notion of the
“tragedy of the commons,” where some members abuse or overexploit a shared community
resource for their personal or parochial gains. Furthermore, since this is a closed community,
it could be easier to integrate security mechanisms that could help to minimize the possibility
of CHDTs encountering external and malicious influences.

5.7 Addressing Some Potential Conflicts in RECs

Renewable energy communities can bring about various benefits, but they can also encounter
conflicts arising from different factors. Some possible conflicts in renewable energy
communities include:

1. Resource Allocation: In communities where renewable energy resources are shared,
conflicts may arise over how resources are shared/allocated. Some members might feel
they are not receiving their fair share of the energy generated or the economic benefits.
Collaboration can play a crucial role in resolving these problems. It can bring together
diverse stakeholders, expertise, and resources to help develop a comprehensive solution
that addresses this challenge effectively and holistically. These may include:
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Community Engagement: Engaging with the local community through
collaborative workshops, town hall meetings, and educational programs can
foster a sense of ownership and participation. Involving community members
in the decision-making process ensures that their needs and preferences are
considered in resource allocation strategies. In the CEE, this can be achieved
when human users or delegators assign their preferences by way of their value
systems to their CHDTs to be considered during collective decision-making
processes, including resource sharing and allocation. Moreso, the CEE manager
can engage the community through invitations that are tailored towards a
specific goal. Community members, through their CHDTs, can also engage
through the various responses (acceptance or decline) to invitations.

Sharing Knowledge and Expertise: Collaboration allows different parties,
including researchers, engineers, policymakers, and community members, to
pool their knowledge and expertise together. This cross-disciplinary approach
can lead to innovative solutions that consider various perspectives and
insights. Knowledge sharing can help members to share their resources more
flexibly.

Scale and Impact: Collaboration enables the scaling up of solutions. When
multiple entities, communities or regions work together, they can collectively
achieve larger-scale projects that have a greater impact on the community. With
respect to the CEE, it is possible to scale up by integrating entities, such as
security services, municipalities, and emergency response service providers, to
help provide prompt and decisive emergency response services in emergency
situations.

Decision-Making: Renewable energy community decisions, such as where to place

renewable energy infrastructure or how to manage the generated energy, might not be

universally agreed upon due to individual preferences. Conflicts may arise if decision-

making processes are not transparent and inclusive. Collaboration can significantly

contribute to resolving the problem of decision-making in renewable energy

communities by bringing together diverse perspectives, expertise, and resources to make

well-informed and effective choices. Here's how collaboration can help address decision-

making challenges:

a.

Collective Intelligence: Collaboration involves the pooling of knowledge and
insights from various stakeholders, including community members, experts,
policymakers, and industry professionals. This collective intelligence enhances
the quality of decision-making by considering a wide range of perspectives.
Regarding the CEE, the decision to form a virtual organization (VO) to either
pursue or decline a particular business opportunity is dependent on the
collective feedback that is received from all the involved CHDTs, in relation to
that opportunity. In such instances, the final decision is mostly based on the
input of diverse community members (via their CHDTs), with different
objectives and preferences, which are usually in line with their value system.
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Informed Decision-Making: Collaborative discussions and information sharing
lead to more informed decisions. Different stakeholders can provide data,
analysis, and viewpoints that might otherwise be overlooked, leading to better-
rounded and comprehensive choices. For instance, the CEE manager can often
make informed decisions based on the data that it collects from its members
(CHDTSs). This data may include information such as which CHDT is delegated
or not, the degree of autonomy for delegated CHDTs, the type of resources
available for sharing, etc. These pieces of information help the manager make
informed decisions.

Risk Management: Collaborative decision-making allows for the identification
and mitigation of potential risks. When a group is involved in decision-making,
it typically brings together individuals with different backgrounds,
experiences, and expertise. This diversity of perspectives can help identify and
assess risks that might not be apparent to a single decision-maker. By
considering a broader range of viewpoints, the group can better anticipate
potential pitfalls and challenges. For instance, renewable energy investment
cooperatives are cooperatives that are formed by community members who
pool their resources to invest in renewable energy projects, such as solar or
wind farms. By making investment decisions collectively, community members
can share financial risks, making it more accessible for individuals to
participate in clean energy initiatives.

Balancing Trade-offs: Many decisions in renewable energy communities
involve trade-offs between economic, environmental, and social factors.
Collaboration helps find a balance among these aspects by considering diverse
stakeholder interests and values. For example, choosing the location of
renewable energy projects can be a trade-off between maximizing energy
generation and minimizing environmental impact. Again, communities can
strike a balance by conducting thorough environmental impact assessments
and selecting sites that minimize harm to ecosystems, wildlife, and local
communities while still generating a significant amount of clean energy.
Stakeholder Engagement: Collaboration engages all relevant stakeholders in
the decision-making process. This fosters transparency, accountability, and
inclusivity, ensuring that decisions align with the needs and aspirations of the
community. For instance, in the CEE, decisions are made in alignment with
community goals, which are often the key objectives of the community.
Furthermore, aspects of inclusivity are achieved when members are given
equal opportunity to participate in community goals or business opportunities
via invitations, which leads to coalition formation. In such cases, each
stakeholder is given the opportunity to contribute to the overall decision-
making and value co-creation process.
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t.  Consensus Building: Collaborative processes encourage consensus building.
When multiple stakeholders are involved in decision-making, the resulting
choices are more likely to be accepted and supported by the community. For
instance, in community-owned renewable energy projects, building consensus
on financial models and ownership structures is essential. This might involve
discussions on financing, profit-sharing, and the governance of the community.
Consensus building is a typical decision-making process in the CEE. The CEE
manager builds consensus by collecting feedback form CHDTs in the
community, regarding every specific goal. The principle of “quorum
formation” is also mimicked in the CEE using the principle of “minimum
threshold” just as is the case in consensus decision-making.

g. Shared Vision and Goals: Collaborative discussions help align stakeholders
around a shared vision and common goals. This shared understanding
provides a foundation for making decisions that are consistent with the
community's overall objectives. Some examples of shared vision and goals may
involve the goal of becoming energy-independent, reducing reliance on fossil
fuels and external energy sources. In this example, the community members
envision generating and using locally sourced renewable energy, contributing
to energy security and self-sufficiency. Again, the community may have a
shared goal, such as trying to significantly reduce greenhouse gas emissions
within the community. This may include commitments to achieve specific
emission reduction targets, aligning with national or global climate
agreements, etc. Generally, the CEE concept is based on the core values of
“shared vision” or “common goals,” as it has been mentioned severally in the
thesis. Membership in the CEE is based on these common or shared interests.
Additionally, all collaborative endeavours or business opportunities are driven
by these common goals.

h. Flexibility and Adaptation: Renewable energy communities often face
dynamic and evolving challenges. Collaborative decision-making allows for
flexibility and adaptation in response to changing circumstances, ensuring that
decisions remain relevant and effective. For example, flexible contributions by
members” towards community goals in the CEE can contribute to the
management of dynamic and evolving circumstances. Through the concepts of

s

“value system,” “value system compatibility,” and coalition formation, the CEE
manager can make quick and informed decisions in response to dynamic
situations like demand response etc. Furthermore, resource diversification can
help communities diversify and adapt renewable energy sources to include not
only solar and wind but also biomass, geothermal, and hydroelectric power,
ensuring a more adaptable and reliable energy mix.

3. Economic Benefits: If the community generates surplus energy, disagreements might

arise regarding how the economic benefits, such as revenue from selling excess energy

back to the grid, should be distributed among members.
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Cost Sharing and Resource Pooling: Collaborative efforts allow communities
to share the costs of renewable energy infrastructure and resources. By pooling
financial resources, communities can collectively invest in larger and more
efficient projects, leading to economies of scale. For instance, residents and
businesses within a community can co-invest in a common resource, such as
energy storage systems like batteries. This pooled resource allows for the
efficient storage of excess renewable energy generated during peak periods,
reducing the need to rely on the grid during low-production times and
resulting in cost reduction.

Shared Financing Models: Collaborative financing models, such as community
solar or crowdfunding campaigns such as Solar Bankers (Solar Bankers, 2018),
can enable community members to collectively invest in renewable energy
projects. This spreads financial risks and rewards among participants. Some
typical examples include green bonds. These are shared financing models in
renewable energy communities. In this example, communities, local
governments, or renewable energy developers issue green bonds to raise
capital for sustainable energy projects. Investors purchase these bonds, and the
funds are used for projects like wind farms, energy-efficient buildings, or grid
enhancements. Interest is paid to bondholders, and the capital is repaid over
time from project revenues. Furthermore, governments and private sector
entities can enter into public-private partnerships (PPP) to finance and develop
renewable energy projects. These partnerships combine public funds with
private investment to support infrastructure development, such as renewable
energy facilities or grid enhancements. These financing models can also be
applied to the CEE concepts. For instance, the burden of acquiring a centralized
storage system, which is capital-intensive, can be eased through the issuance of
green bonds or PPP agreements. If bondholders happen to be members of the
ecosystem, it may be possible to modify the intelligence of their CHDTs so that
they can be used to monitor their investments and related dividend payments
and schedules.

Partnerships with Industry: Collaborating with renewable energy companies,
technology providers, and financial institutions can bring expertise and
investment capital into the community. These partnerships can help develop
and implement projects with a stronger economic impact. For example,
communities can partner with electric vehicle charging station companies to
install and maintain public charging infrastructure for electric vehicles. These
partnerships encourage the adoption of clean transportation. In this sense, the
CEE is suggested to involve industry partners such as energy service providers,
and distribution service operators. Other relevant partners may include
municipalities, the financial sector, and academic and research institutions.
Local Job Creation: Collaborative renewable energy projects often require
various skills and expertise. By involving local contractors, technicians, and
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other professionals, communities can create job opportunities and boost the
local economy. Some examples include local communities employing solar
panel installers and technicians to set up, maintain, and repair solar PV systems
on residential, commercial, and community buildings. These jobs include solar
technicians, electricians, and roofing professionals. Additionally, communities
near wind farms can create jobs in the manufacturing, assembly, and
maintenance of wind turbines. Positions may include wind turbine technicians,
engineers, and machinists. Relating this to the CEE concept, jobs like IT
specialists who are knowledgeable in cloud computing, artificial intelligence,
and cyber-physical systems would be needed to help manage the CHDTs and
their related digital twin environments. In addition, technicians with
knowledge of battery storage systems and PV installation will benefit from the
job opportunities that will be created by the CEE.

4. Inclusion and Equity: Ensuring that all community members have equal access and

benefits from renewable energy initiatives can be challenging. Conflicts may emerge if

certain demographics feel marginalized or excluded from participating.

a.

Cultural Sensitivity: Collaboration allows for the incorporation of cultural
sensitivities into project design and implementation, avoiding actions that
might disproportionately impact certain groups negatively. For instance,
ensuring that community members from various cultural backgrounds are
actively involved in the decision-making process for renewable energy projects.
The need to seek input and feedback to address concerns and incorporate
cultural values into project design. Also, indigenous communities usually have
sacred sites that need to be respected. Before starting any renewable energy
project, it's essential to engage with local indigenous groups, learn about their
sacred sites, and adjust project plans to avoid encroachment or disruption. The
CEE concepts can help address aspects of cultural sensitivity by way of
common interests and open and voluntary participation. In this sense, it is
expected that community members who have a common interest, such as
protecting their communities and their related cultural values, can have free
access to the ecosystem to contribute to decision-making that promotes the
protection and sustainability of their communities.

Inclusive Planning: Collaboration allows for the consideration of various
socioeconomic backgrounds, cultural perspectives, and needs when planning
renewable energy projects. This ensures that solutions are tailored to the
specific requirements of different community members. This can be achieved
through collaboration with a wide range of stakeholders, including community
members, local government officials, environmental organizations, and
advocacy groups, to gather diverse perspectives and build consensus. In the
area of inclusive planning, the CEE excels in the sense that the CEE manager
consults all the CHDTs in the ecosystem for their inputs before finalizing plans
or decisions relating to any community goal.
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Equitable Distribution: Collaborative resource allocation strategies can ensure
that the benefits of renewable energy, such as reduced energy costs and
improved air quality, are distributed equitably among community members,
including low-income households. Equitable distribution can be achieved by
ensuring that the cost of accessing renewable energy is affordable for all
community members, including low-income households. This can be achieved
through subsidies, low-cost financing, or community solar programs that allow
individuals to benefit from renewable energy without high upfront costs.
Equitable distribution is a key feature of the CEE. For instance, in the
ecosystem, consumers can benefit from renewable energy that is generated by
prosumers. Besides this, consumers can also contribute to value co-creation by
engaging in the delegation of their deferrable loads. This simple and voluntary
action can earn consumers some revenue or credit to help reduce their energy
costs.

5. Local Environmental Concerns: Depending on the technology and location, there could

be concerns about local environmental impacts, such as disruption to wildlife habitats or

water usage for hydroelectric projects. These concerns might lead to conflicts among

community members.

a.

Holistic Planning: Collaborative efforts allow for comprehensive planning that
considers not only energy generation but also environmental factors such as
habitat preservation, water usage, and land management. For instance, to
ensure the long-term success of the project, a holistic plan would include a
financial analysis that takes into account initial investment costs, operational
and maintenance expenses, potential revenue from energy sales, and the
economic benefits to the community. Beyond the financial aspects, holistic
planning considers the broader social benefits. This can include improvements
in community well-being, reduced air pollution, and increased energy
independence, which can positively impact residents' quality of life
Environmental Impact Assessment: Collaboration with environmental experts
and organizations can lead to thorough environmental impact assessments that
identify potential risks and mitigation measures before renewable energy
projects are implemented. For instance, in a solar energy project, assessing the
impact of land use change, habitat disruption, and potential water usage for
cleaning solar panels. Evaluating the impact on local flora and fauna, including
measures to protect or relocate endangered species, and analysing the visual
impact of solar panels, and addressing concerns from local residents.
Stakeholder Engagement: Collaborative approaches engage local communities,
environmental advocates, and regulatory bodies in the decision-making
process, ensuring that environmental concerns are addressed from the outset.
Organizing focus group discussions with representatives from various
stakeholder groups, including local residents, environmental organizations,
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and businesses, as well as facilitating in-depth conversations to explore specific
issues and concerns, are some examples.

6. External Stakeholders: Conflicts can also arise when interacting with external
stakeholders, such as regulatory agencies, utility companies, and neighbouring
communities. Differences in goals and priorities might lead to tensions.

a. Long-Term Relationships: Collaboration fosters the development of long-term
relationships. Resolving conflicts positively can set the stage for future
collaboration and cooperation. Building lasting partnerships with local
communities, residents, and community organizations to foster trust and
cooperation is a good example of long-term relationship. From another
perspective, maintaining positive, long-term relationships with landowners
who lease their property for renewable energy installations, such as wind
turbines or solar panels is another example.

b. Inclusive Problem Solving: Collaborative problem-solving involves all
stakeholders in developing solutions. This inclusivity increases the likelihood
of finding solutions that are fair and acceptable to all parties. For instance,
utilizing mediation services or third-party facilitators to help resolve conflicts
and disputes that may arise between different stakeholders, such as
landowners and project developers.

c. Win-Win Solutions: Collaborative approaches aim to find win-win solutions
that balance the interests of the renewable energy community and external
stakeholders, minimizing negative impacts and maximizing benefits. Some
examples include developing community solar projects that allow local
residents and businesses to benefit from renewable energy without the need for
rooftop solar panels. This creates a win-win situation by reducing electricity
bills for community members while promoting renewable energy adoption.

In summary, the general conclusions that can be drawn from a validation process are usually
centred around the assessment of the validity, accuracy, reliability, prospects, and compliance
of the artifact under consideration. They guide decision-making depending on the outcome or
results and could often be the basis for providing recommendations for improvement to
ensure that the subject being validated meets its intended objectives, requirements, and
purpose. Some critical decisions that can result from a validation process may involve the
decision to proceed with implementation, make changes, or abandon the concept or method
altogether. In this particular case, it is recommended that a real-world implementation of the
principles, concepts, and methods discussed in this thesis be given critical consideration. This
is because, by considering the outcome of all the validation processes, it can be concluded with
a good level of certainty that the prospects of CEE and CHDT concepts are relatively high.
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CONCLUSIONS AND FUTURE WORK

The conclusion of this research work and final observations on the originality of the study
are provided in this chapter. It Includes an overview of the study’s main topics and
conclusions. It also provides a summary of the completed work, a description of the results
obtained, and suggested avenues for further research.

6.1 Overview of the Work

The main research question that this thesis seeks is:

How can the application of collaborative networks principles and mechanisms
enhance the response of renewable energy communities (RECs)s?

In this context, the following responses are considered:

-Response to demand and supply dynamics using collaborative energy
consumption behaviours.

-Response to challenges in stakeholders ~ satisfaction and flexible participation in
RECs

To address this research question, the design science research method is adopted. An artifact
is created using multi-method simulation techniques. The artifact is composed of two
complementary models, which include (a) a digital twin replica of a Renewable Energy
Community, namely the Collaborative Energy Ecosystem, and (b) a population of digital twin
replicas of the households within the CEE environment, namely CHDTs. The CHDTs are
modelled to be endowed with cognitive intelligence so that they can make autonomous
decisions based on their “value systems,” which represent a set of the user’s needs,
preferences, priorities, objectives, and expectations. CHDTSs can be delegated using the notion
of “delegated autonomy” to carry out the value system of the user. Based on their cognitive
intelligence, CHDTs can make autonomous decisions and engage in collective actions that can
result in sustainable energy consumption within the ecosystem.

The creation of the artifact is preceded by a discussion of background knowledge and a
comprehensive literature review. The thesis discusses the underlying background concepts

167



and theories that are borrowed as foundation principles for the thesis. Principles, mechanisms,
and knowledge are borrowed from the disciplines of collaborative networks, virtual power
plants, renewable energy communities, and digital twin technology to ground the work. The
conceptual frameworks of the CEE and CHDT are also highlighted.

The conclusions that can be drawn from the work are that the CEE and CHDT concepts are
plausible concepts that can help transform the way RECs approach sustainable energy
generation and consumption. In this context, the work has shown that the CEE manager can
aggregate resources within the community to be used in support of grid management
activities. For instance, deferrable loads (DDL) can be utilized to achieve this purpose. In the
CEE ecosystem, the manager could ensure a collective deferral of these loads to ensure that
consumption within the ecosystem is significantly minimized. By adopting these concepts,
several grid management techniques can be deployed. For instance, a grid management VO
can be formed to provide ancillary services, such as helping to shift loads from peak periods
to off-peak periods, using the concepts of “delegated autonomy” and “value system”
compatibility. Similarly, a VO can be formed with the objective of minimizing consumption
from the grid by ensuring that deferrable loads are delegated to make maximum use of
renewable energy sources when available. Additionally, the ecosystem could use the VO
formation techniques to aggregate and export surplus energy from within the community to
the grid, particularly when the ecosystem generates surplus renewable energy. This could be
accomplished through a collaboration effort between the CEE manager, a distribution service
operator, the energy market, and the CHDTs themselves.

Besides the simulation outcomes as a means of validation, the model is also validated in the
research community through peer-reviewed publication and presentation at several
international conferences. The final aspect of the validation was conducted using two interest
groups. The data from these groups is analysed using the SPS software. The conclusion
revealed that the potential users and interest groups unanimously accepted the model as fit
for its intended purpose.

6.2 Novel Contributions

The novelty of this work is shown in Figure 6.1 and discussed briefly below.

1. Background work: Helped to establish (a) a comprehensive understanding and
overview of the current state of research on the subject matter of this thesis, (b) a
summary and well—synthesized arguments about existing views, concepts, thoughts,
and evidence known to this field of study, and (c) an identification of the major
problems that require further investigation on the topic.

2. Concepts: A collection of Collaborative Energy Ecosystem, Cognitive Household
Digital Twins, and Collaborating Digital Twins related concepts is suggested and
defined. By providing a formal definition of these notions, we establish a foundation
for the CEE/CHDT concepts and further provide clarification to their meanings. Other
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concepts suggested include: CEE Virtual Breeding Environment (CEE VBE), and the
CEE Virtual Organization (CEE VO).

Models: Two major models are proposed, namely: (a) the CEE Model, which is a
computer-based software environment that is used to replicate the digital twin of the
renewable energy community; (b) is the CHDT, which is also a software model that is
used to simulate the intelligent digital twin of households that are located within the
CEE environment. The conceptual models are presented using a multimethod
simulation approach that integrates system dynamics, agent-based, and discrete event
simulation techniques.

Method: The proposed methods of (a) opportunity seeking by the CEE manager, (b)
community goals proposition, (c) individual household value systems, (d) value
systems compatibility with community goals, (e) delegation of deferrable loads (DDL),
(f) delegate autonomy are the key methods that are adopted to enable the proposed
models achieve their goals. Additionally, mechanism like incentives and influence
were also tested. The effect of these mechanisms on decision-making was also
explored.

Tools: An artifact constituting a software prototype of the proposed ecosystem was
designed to support the implementation and simulation of the proposed CEE and
CHDT models and methods in an integrated manner.

CEE/CHDT
Prototype Model
S J

Opportunity
Seeking of CEE GOCI"";?'”"'?{]. .
manager asigoposiio

Value System

Value Systm Compatibility

Delegated 5
Autonomy & DDL  Delegation

Incentivization Influences

Concepts

Cognitive
intelligence of
CHDTs

Delegated
Autonomy

Value System

Value System/
Goal
Compatibility

Delegation/
Undelegation

Community
Goals

Background Works

Collaborating Collaborative Virtual Power
Digital Twins Networks Plants

Figure 6.1 — The main contributions of this work.
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6.3 Future Work

6.3.1 Real World Implementations:

In the current stage of the work, only simulation-based developments were performed. For a

real-world implementation, the following strategy is devised:

1.

Identification and Selection of Suitable Sensors and Actuators: Although the market is
saturated with many of these devices, some preliminary studies need to be conducted
to identify the most suitable and compatible units. Additionally, smart appliances will
also be explored to determine how their integrated smart capabilities can be utilized in
this sense.

Digital Twin Service Provider: The service of a suitable “digital twin as a service
provider” needs to be identified, assessed, and procured. This provider may be
expected to provide the digital twin environment (DTE) to host the digital twins.
Further assessment needs to be carried out to determine if the implementation of
intelligent and collaborative algorithms can be supported in their DTEs. Some service
providers that have already been identified include: Ansis Twin Builder, Bosch IoT
suit, IBMs Digital Twin Builder, and Azure Digital Twins.

Other smart home portals that are currently available may also be explored to
determine if they could provide DTE services. Some portals that have already been
identified include: openHAB, Home Assist, ioBroker, Ago Control, OpenMotics, and
Domoticz.

After completing the first 3 milestones, thus steps (a), (b), and (c) a prototype CREC
constituting a few households could be developed. This prototype can be used for
further studies to advance these ideas.

6.3.2 Exploration of Other Collaborative Behaviours

The utility and applicability of the developed notions and mechanisms can be investigated

further by considering different scenarios:

1.

Disaster response management: For example, if a disruptive event or catastrophic
failure occurs anywhere in the ecosystem or community, several potential Emergency
Virtual Organizations (EVO) can be formed to assist emergency response teams in
planning and carrying out necessary disaster response/recovery operations. In such
circumstances, CHDTSs can provide valuable data regarding the operational state of
their physical twin, or in other words, the extent to which the event has affected their
corresponding physical counterpart. Such data from CHDTSs can be used to assess the
impact of the disruptive event and aid in response planning. An ad-hoc emergency
virtual organization (EVO) can also be formed in such circumstances to aggregate
energy that can be used to support critical infrastructure or parts of the community
that are in dire or critical need of energy. Additionally, with their cognitive intelligence
and decision-making capabilities, CHDTs can take autonomous decisions, such as
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isolating the physical twin from being susceptible to events or failures that have the
potential to cascade across an entire community.

Grid agility: In addition to disaster management, the capabilities of CHDTs to
aggregate surplus energy to support the grid will also be investigated in detail. The
proposed CEE ecosystem could also be a useful base to explore novel concepts like
“antifragility” and how it can help improve the resilience and agility of the power grid.
Value co-creation and reward sharing: Furthermore, the adoption of other
collaborative behaviours such as co-creation of value, estimation of the individual
contribution to goal achievement and value creation, sharing of rewards, and conflict
resolution in such an ecosystem would be explored further. In future studies, data
about the thermal comfort of rooms or the living environment in households may also
be useful for CHDTs in their decision-making, particularly concerning the regulation
of temperature in the living environment.
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Appendix 1

Sample Questionnaire

Thank you for agreeing to participate in this survey. The survey is being conducted by Kankam Okatakyie Adu-
Kankam, a PhD researcher at the Nova University of Lisbon, Portugal. The purpose of the survey is to collect
opinions from experts, professional and potential users of the Collaborative Energy Ecosystem/Cognitive
Household Digital Twin — (CEE/CHDT). I wish to assure participants that all the answers you provide in this
survey will be kept confidential. No identifying information will be provided in the PhD thesis. The survey data
will be reported in a summary form and will not identify any individual person.

1. What is your gender?
O Male.
O Female.

2. Which age category do you fall?
18-29 years old.

30-39 years old.

40-49 years old.
50-59 years old.
60-69 years old.
70 years old or older.

hat is your level of education?
Below high school level.
High school level.
Bachelor’s degree.
Master’s degree.

PhD.

hich of the following category applies to you? (You may choose more than one option if applicable).
I am a PV system user/owner.

[ am an energy expert.

I am a worker in the electricity/energy industry.

I am an academic staff, and my line of activities are around energy/electricity.

OOOO0OE OOOO0OE 0O000O0O0

1. Performance Expectancy (PE)

I think the CEE/CHDT could help me to manage my household energy consumption more | PEI

effectively.
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Strongly . Strongly
Disagree O Disagree ) Neutral Q) Agree O Agree O

I think CEE/CHDT could help me to increase the level of efficiency in the way I make energy- | PE2
6 use choices and decisions. (personal expectation).
]S)lizgr;]e)é O Disagree O Neu[ralo Agree O S:{(;:iyo
Using CHDT-DSS could make my sustainable energy consumption efforts more productive PE3
7 ]S;lrs[:;i}; O Disagree O Neutral O Agree O ngrr\egelyo
I think managing energy consumption using CEE/CHDT could be efficient. (Comparing to | PE4
g other known systems).
;Tﬂ;ﬂi O Disagree () Neutral O) Agree O SX;?S’:YO
2. Effort Expectancy (EE)
Using CEE/CHDT to manage household energy consumption seems to be easy (Theoretically). | EE1
9 [S)tlrszzi}; O Disagree O Neutral Q) Agree O szl:egely O
Delegation of CEE/CHDT is clear and easy to understand. EE2
1 0 ron; ron:
]SDIisagi)é O Disagree O Neulralo Agree O S;\gl_felyo
If I can use a computer/cell phone, I think I can easily learn how to use CEE/CHDT. EE3
11 ror Tor
;lis(;;;i)é O Disagree O NeutraIO Agree O S;Z:ege]yo
I may require very little effort to use the CEE/CHDT (Practical). EE4
12 lS)tlrs(:;g; O Disagree O Neutral Q) Agree O S:télsily O
3. Social Influences (SI)
If people around me such as family members, friends, colleagues, and neighbours, use the | SI1
3 CEE/CHDT, I will also try to use it.
Is)tlrs[;;%?e, O Disagree O Neutralo Agree O ngregelyo
If opinion leaders in my community such as teachers, bosses, or role models recommend the use | SI2
" of the CEE/CHDT to me, it can influence my intention or decision to use it.
]S;;;ngi); O Disagree O Ncutralo Agree O SXZ?iI'yO
I think using the CEE/CHDT could increase my social status as a “sustainable energy | SI3
advocate”.
15
;?::;’i)é O Disagree O NeutraIO Agree O SKZ:S'E]YO
4. Facilitating Condition (FC)
16 I am interested in perusing behaviours that could enhance the sustainable energy consumption | FC1

in my home.
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Strongly O

Strongly
Disagree O

Agree

Neutral Q) Agree O

Disagree O

My environment (workplace/community/close associates etc.) promotes sustainable energy | FC2
17 consumption behaviours and are likely to endorse the CEE/CHDT.
]S;ir;ngi)é O Disagree O Ncutralo Agree O SXZE&I‘},O
I am interested in technologies and systems such as the CEE/CHDT that can help to promote | FC3
18 sustainable energy consumption and practices.
iSD[irs(:;ggr':.’)e; O Disagree O Neutralo Agree O SXZ]:egelyO
If I encounter any difficulty in using the CEE/CHDT, I think I can get help from colleagues. FC4
19 ]S)tlr;:éi}; O Disagree O Neutral O Agree O SX(;rrlegel.yO
I am happy to adopt a decision-support system such as the CEE/CHDT to help me manage my | FC5
20 household’s energy consumption.
Is)[lr;;%z O Disagree ) Neutral Q) Agree O nglsily O
5. Use Intention (UI)
I interested and would like to know more about the usage of the CEE/CHDT. UIl
21
]S)[irs(;;%l)e: O Disagree O Neutralo Agree O ng]:egelyo
I am willing to use the CEE/CHDT UI2
22
]SDEFSC;I;EF,:E)E; O Disagree O Neutralo Agree O ngteg;yo
I am willing to recommend the use of the CEE/CHDT to people around me. U13
2 ]S)t]r;r;i}; O Disagree O Neutral O Agree O ngrrlegiyo
6. Collaborations
I think the use of collaborations as demonstrated in the CE-E is a more efficient technique to | CO1
"y manage renewable energy communities.
ls;irs(:;i); O Disagree O Neutra[O Agree O Szz:egelyo
I am happy to participate in any collaboration activities that is practiced in the CEE. CO2
2 E:Zz;%z O Disagree O Neutral O Agree O sz?iyo
I think the notion of collaboration as demonstrated in the CEE can give me some flexibility in | CO3
26 the way I contribute to or practice sustainable energy consumption.

Strongly O

Strongly
Disagree O

Agree

Neutral O Agree O

Disagree O

7. Goal Alignment
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I am willing to modify my energy-use preferences (voluntarily and regularly) to help my

GAl

7 community (CEE) achieve its goals.
1
[S)tirS[;r;%i); O Disagree () NeutralO Agree O sz:egey O
I will modify my energy-use preferences only when the community (CEE) provides me with | GA2
some incentives.
28
I
gtirszl;%l}; O Disagree O Neutral Q) Agree O S:(g":egey O
I am willing to join short-term coalitions in the CEE if it is in line with my goals. | GA3
29
]S)lir;:;%?; O Disagree O NeutralO Agree O SX;‘:EQIYO
8. Delegation
I am willing to delegate my CHDT to carry-out my energy-use preferences on my behalf. | DGI
30
]S)ti:;;%(le}; O Disagree O NeulralO Agree O szrr‘iyo
Decision making wusing CHDTs could be more convenient than in person. | DG2
31 1
IS)lirs[;;gr‘l}ei O Disagree ) Neutral O Agree O ngl;legey O
I think I can trust my CHDT to make the right decisions on my behalf. | DG3
32

Strongly . Strongly
Disagree O Disagree O Neutralo Agree O Agree O
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Appendix 2

Data from the 31 Respondents
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Appendix 3

Some Selected Interfaces of the CEE and CHDT Models

The Collaborative Virtual Power Plant Ecosystem

Discription of the scenario

-

. Population of 100 households

2. The community manager proposed a goal

w

. Acceptance or decline

4. Three kinds deffable loads (DL)
# Washing machine
# Dish washer

# Clothes dryer
. Delegation DL

w

4. Collaborative decision-making
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Community configuration

+1 CHDT +1 CHDT

+5CHDTs -5 CHDTs. +5CHDTs

+10 CHDTs.
-100 CHDT

+1 CHDT -1CHDT. _ +1CHDT -1CHDT +1 CHDT -1CHDT

+5CHDTs -5 CHDTs. +5CHDTs ~5CHDTs +5CHDTs -5CHDTs.

+10CHDTs | -10CHDTs +10CHDTs = -10CHDTs +10CHDTs | -10 CHDTs.

+50CHDTs | -50CHDTs +50CHDTs | -50CHDTs +100CHDTs ~ -100 CHDTs.
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[root.cHDT_Household_with_single_pensioners[11]]
> cHDT_with_multiple_pensioners [[2 ]
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Appliance sub-model
Console | Events £ @‘

3,698 events scheduled by: Tleft
#©root.cHDT_with_non_pensi... 0.002
0.002
0.003
ildre... 0.01

#©root.cHDT Without_C
#©root.cHDT Without_C
\®root.cHDT Without_C}
#©root.cHDT with_Childrens[... 0.013
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= 5 §©root.cHDT_with_multiple_p... 0.02
S - = = == 0 = = 7 ¢ root.cHDT_with_Childrens[... 0.022
8 7 ro0t.cHDT_with_multiple_p... 0.026
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Controller unit sub-model

5 root.cHDT_Without_Childre... 0.039
root.cHDT_Without_Childre... 0.041

9root.cHDT Without Childre... 0.043
12 §©root.cHDT with_non_pensi... 0.059
13 $©root.cHDT with_Childrens[... 0.069
14 5©root.cHDT with_multiple_p... 0.076
15 5©root.cHDT Without_Childre... 0.079
16 0.083
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0 hours/sec EPS:0 FPS:41 Step: 738,513

Running: 79.69 sec ) 76% of 512M
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Total CHDT Population : 180 Time(hours): 0 Model days: 3
Prosumer population : 98 | Consumer population: 82 | Influencer population : 91 | Influencee population : 89
Namber of 6.930KW PV system: 25 Negative Influencer : 7
) i :
Number of 3.99 KW PV system : 24 Positive weak Influencer : 0
(©as5) i .
Number of 3.22 KW PV system : 22 Positive strong Influencer : 0
Number of 1.950 KW PV system : 27
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® o = 0 o ® DL From P 564,92 (21%) —
® DL Fom Py @ DL From Local Storage. @ DL from Community Storage @ DL From Ls 697.85 (25%)
@ oL From Grid L From CS 0 (0%)
@ DL From Grid 1,466.22 (53%)
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@ Conmuniy Stoage 0 0%) @ G 57703 56%) © ° ®
@ PV 2.461.73 (24%) @ Local Storage 2,156.54 (21%)
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