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Abstract: The notions of a collaborative virtual power plant ecosystem (CVPP-E) and a cognitive household
digital twin (CHDT) have been proposed as contributions to the efficient organization and management of
households within renewable energy communities (RECs). CHDTs can be modeled as software agents
that are designed to possess some cognitive capabilities, enabling them to make autonomous decisions on
behalf of their human owners based on the value system of their physical twin. Due to their cognitive
and decision-making capabilities, these agents can exhibit some behavioral attributes, such as engaging
in diverse collaborative actions aimed at achieving some common goals. These behavioral attributes can
be directed to the promotion of sustainable energy consumption in the ecosystem. Along this line, this
work demonstrates various collaborative practices that include: (1) collaborative roles played by the CVPP
manager such as (a) opportunity seeking and goal formulation, (b) goal proposition/invitation to form
a coalition or virtual organization, and (c) formation and dissolution of coalitions; and (2) collaborative roles
played by CHDTs which include (a) acceptance or decline of an invitation based on (i) delegation/non-
delegation and (ii) value system compatibility/non-compatibility, and (b) the sharing of common resources.
This study adopts a simulation technique that involves the integration of multiple simulation methods
such as system dynamics, agent-based, and discrete event simulation techniques in a single simulation
environment. The outcome of this study confirms the potential of adding cognitive capabilities to CHDTs
and further shows that these agents could exhibit certain collaborative attributes, enabling them to become
suitable as rational decision-making agents in households.

Keywords: collaborative networks; digital twins; cognitive software agents; sustainable energy
consumption; collaborative decision-making; energy communities; energy ecosystems; decision
support system; smart city

1. Introduction

According to the related literature, renewable energy communities (RECs) have been
suggested to aid in boosting the integration of renewable energy sources in the electrical
grid [1]. Additionally, this notion aims to improve “energy democracy” and minimize
“energy poverty”, by raising public awareness and interest in the patronage of renewable
energy-related issues [2,3]. The European Parliament and the Council of the European
Union [4] has claimed that open and voluntary participation usually forms the foundation
on which RECs are formed. It is further claimed that actors (stakeholders) that participate
in RECs are often autonomous, heterogenous, distributed, and mostly situated close to
the energy resource. Members of RECs can produce their energy, which can then be used
locally, stored, sold, or shared with others within the community or neighborhood.

To help increase the penetration of RECs in member countries, the Union, as per [4],
mandates member states to ensure that the final consumer, particularly household con-
sumers, be allowed to participate in RECs while keeping their rights and obligations as final
consumers. Furthermore, these EU members shall ensure that consumers create, consume,
store, and sell renewable energy through renewable energy purchase agreements.
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According to estimates from sources such as [5], there are currently more than
7700 RECs, involving over two million people, in the European Union. These RECs con-
tribute an estimated capacity of no less than 6.3 GW, amounting to 7% of the installed
capacity of the Union’s energy stock. Furthermore, an approximate amount of 2.6 billion
Euros has also been invested in RECs so far. Similarly, the United Kingdom has over
5000 RECs that have also added more than 60 MW of energy to the kingdom’s energy
supply and over 23 million pounds for the benefit of local communities.

The problem that is often associated with RECs is that having to organize and manage
them efficiently is often a challenging feat. This is because they require the proficient
management of the interactions that occur between the involved actors, who have already
been described as autonomous, heterogenous, and distributed entities, each of which has
its unique needs, preferences, priorities, objectives, and expectations. Furthermore, in
an ecosystem where sharing behaviors are predominantly practiced, managing trust, value
creation, and the sharing of rewards could be problematic if not managed adequately.

Although several useful contributions have already been recommended in the litera-
ture to address these challenges, many open issues remain. As an additional contribution,
the notions of the cognitive household digital twin (CHDT) and collaborative virtual power
plant ecosystem (CVPP-E) are two complementary concepts that have been suggested to
help in the same line [6]. The central and underlying principle in these two complementary
concepts is the use of “collaboration” as a mechanism for the management of and decision-
making in the REC ecosystems. The CVPP-E can be represented by a digital twin (DT),
i.e., a virtual representation of an REC environment. The CHDTs can also be represented
by a digital twin. The advantages of adopting these concepts are that: (a) the participating
actors can actively engage in pro-sustainable endeavors within the ecosystems without
necessarily having to compromise their individual needs, preferences, priorities, objectives,
and expectations; (b) the DT concept is identified in the dominant literature as a key tech-
nology enabler that can help to increase the efficient management of energy systems as
claimed by [7]; and (c), DTs are claimed to have the potential to be optimized to best serve
the current and future energy needs of occupants within the built environment [7].

The potential applicability of these concepts has been demonstrated in some earlier
works using prototype models of the CVPP-E and CHDTs. For instance, in [6], CHDTs are
modelled to adopt collaborative behaviors to promote sustainable energy consumption.
Similarly, in [8], the notions of DT and IoT integration into these concepts are presented
and discussed. Furthermore, the ability to delegate some autonomy levels to these CHDTs
is demonstrated in [9] and, finally, the ability to influence the decisions of these CHDTs is
also briefly explored in [10].

In this article, our key objective is to show how these CHDTs can engage in collabora-
tive behaviors, using software simulation techniques. To help focus on this objective, the
following research question is defined:

RQ-1: Using multimethod simulation techniques, how can the following collaborative
behaviors within the CVPP-E be demonstrated?

a. Collaborative roles/behaviors played by the CVPP manager such as

- opportunity-seeking and goal-formulation;
- goal proposition/invitation to form a coalition or Virtual Organization;
- formation and dissolution of coalitions.

b. Collaborative roles/behaviors played by CHDTs. These may include acceptance or
decline of an invitation based on:

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

RQ-2: How can the sharing of a common resource such as a community energy storage
system be demonstrated in the CVPP-E?

The relevance of the selected research questions is threefold. First, to verify the
adequacy of the modelling technique. The need to test this adequacy is due to the fact
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that the behaviors under investigation are complex, multifaceted, and non-deterministic.
Furthermore, since this is an area that has been little explored in terms of modeling,
it is necessary to first explore or evaluate how the adopted modelling techniques can
adequately support this study. Second, collaboration is the fulcrum around which our
proposed ecosystem revolves, where collaborative behaviors form the mechanism that
underpins the management, survival, and operations of these ecosystems. Therefore, it
is necessary to (a) identify the key players in the ecosystem, (b) define their collaborative
roles, and (c) perform simulations to determine how the coordination of these roles can
help achieve the general objective of the community. Third, the sharing of resources is a key
element in any collaborative ecosystem. Thus, these research questions are proposed to
serve as a general guide for the entire study.

In terms of contribution, this work aims to show that, through their cognitive intelli-
gence, and autonomous decision-making capabilities, CHDTs can act as complementary
decision support systems within energy ecosystems. Through their “cognitive intelligence”
elements, CHDTs can engage in collaborative endeavors and mechanisms that can facilitate
sustainable energy consumption within renewable energy communities.

This article extends and refines a preliminary version presented at the DoCEIS 2022
conference [10]. Subsequent sections of this study are as follows: Section 2 focuses on the
background concepts and knowledge, followed by a brief overview of related works in
Section 3. Section 4 addresses the modeling methodology while Section 5 focuses on the
simulation models of collaborative behaviors. Finally, in Section 6 we discuss the simulation
results and draw some conclusions as well as provide recommendations for future works.

2. Theoretical Background
2.1. Collaborative Networks

It is evident in the literature regarding the domain of collaborative networks (CN)
that its knowledge base has expanded significantly during the last 20 years [11]. The rapid
growth in this scientific domain has arisen from the numerous challenges that today’s
society is facing as we pursue the “digital transformation” agenda, which is expected to
transition our current society to a digitalized society, namely, Society 5.0 [12]. 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/IoT, is
likely to lead to future scenarios where billions and billions 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, mech-
anisms, and models that can facilitate understanding and support these challenges in
a collaborating environment.

At its 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 [13], Industry 4.0 [14], Society 5.0 [12],
internet of things [8], cyber–physical systems and digital twins [15], etc. According to [15],
collaboration is known to bring benefits to the involved parties, and so forms the basis and
motivation to pursue collaboration in a digitalized and hyperconnected society. As claimed
by the same authors in [16], collaboration is a process by which a set of entities strengthen
their mutual capabilities. The process entails the participants’ mutual participation 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.



Computers 2023, 12, 39 4 of 38

2.2. Overview of Related Works

From a literature analysis, it can be seen that several studies already apply the DT
concept in the context of smart building [17] and building automation [18]. Smart buildings,
according to [17], are buildings that exhibit increased energy performance while simulta-
neously ensuring that the indoor living conditions or thermal comfort of the occupants
are maintained or improved. In this context, a “digital twin” of a smart building should
be able to provide a virtual representation of the actual building behavior in real time
and support simulations that take into account aspects such as air quality and energy
efficiency. In line with this background, a framework that helps monitor energy use and
building performance was discussed in [17,19]. For instance, the TwinERGY concept was
introduced in [20], in which intelligent digital twins are adopted for the optimization of
demand response of residential buildings. The aim is to also ensure the well-being of the
building’s occupants. In the context of smart cities, and as cited in related studies such
as [21,22], DTs are used to forecast energy demand and consumption in buildings. On
a much larger scale, [23] describes the Rinascimento III neighborhood project in Rome. This
neighborhood consists of 16 eight-story buildings comprising 216 apartments. The study
uses artificial intelligence/machine learning and digital twin techniques to explore ways
and possibilities to create an intelligent optimization and automation system to manage
different energy-efficient intervention scenarios. Other works in the context of buildings
found in the literature include [24], where the DT concept for conducting energy audits in
households is discussed. Energy performance certification using digital twin technology
is discussed in [25]. From another perspective, the DT concept has also been adopted for
the purpose of managing intelligent buildings as discussed in [26,27]. A cybersecurity DT
application for monitoring residential energy storage systems using a cloud-based energy
management system is also introduced in [28].

Considering its application in related domains other than households, it has been
found that the digital twin concept is used for energy management, for instance, in the
manufacturing sector of Industry 4.0 [29]. The digital twin of a lithium-ion battery system,
which has the capability to enhance the situational awareness of battery management
systems and facilitate the optimal functioning of the battery storage system is discussed
in [30,31]. In [31] it is stated that an accurate evaluation of a battery’s state of charge can
indicate its condition, offer vital information for maintenance and extend the battery’s
service life. The digital twin of an office building and data center complex is also addressed
in [32]. The digital twin is adopted for energy measurement and prediction of building
energy consumption using artificial neural networks. The integration of IoT, artificial
intelligence and digital twins for energy management of a smart campus is discussed
in [33].

However, despite the mentioned examples, the exploitation of collaborative facets
together with digital twins is still in its infancy.

3. Conceptual Background
3.1. The CVPP-E Concept

A CVPP-E can be perceived as a business ecosystem [34] that involves prosumers who
own roof-mounted photovoltaic systems and can consume locally generated energy and
may store or share their surplus with other members who are identified as consumers.
Membership in such ecosystems is motivated by common goals, which might include sus-
tainability, economic, social, or technological goals. Although the synergy of the ecosystem
is based on some common goal(s), the notion of collaboration enables individual members
to contribute flexibly to the achievement of these goals without having to compromise
heavily on their needs, preferences, priorities, objectives, and expectations. Furthermore,
from the lens of collaborative networks, the CVPP-E concept can be perceived as a virtual
organization breeding environment (VBE) that creates the enabling conditions (prepared-
ness) for a subset of its members (a virtual organization) to pursue a collective objective
when an opportunity is found.
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Conceptually, the CVPP-E is constituted of two major layers as shown in Figure 1. The
first layer is the cyber/collaborative layer and is composed of (1) the CVPP-E manager, and
(2) the digital twins of the physical households that are located within the ecosystem, hereby
referred to as cognitive household digital twins (CHDTs). The second layer is known as the
physical layer which is composed of (1) the aggregation of physical household appliances,
(2) the community energy storage system, (3) energy sources (e.g., photovoltaic), and
(4) the power grid. The governing structure of the CVPP-E is suggested to be polycentric
and decentralized, with a manager who plays coordination, opportunity brokerage, and
administration roles.
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3.2. The CHDT Concept

A digital twin is a virtual model created to reflect a physical object in cyberspace [35].
The object may include a variety of sensors, which produce data regarding various aspects
of the performance of the physical object, including energy output, temperature, and
weather conditions, among others. This establishes a connection between the DT 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 also be used to control the 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 REC
ecosystem by its replica in the form of a digital twin counterpart within cyberspace.

In the developed prototype, each CHDT is modeled as a software agent that mimics the
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 CVPP-E. CHDTs are also designed to
possess some cognitive capabilities, allowing them to serve as complementary decision-making
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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 2,
the logical structure of the CHDT is shown. This includes: (1) a cognitive block, (2) a decision
block, (3) a control block, and (4) an influence block. Key aspects of the CHDTs model are
discussed in subsequent paragraphs.
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3.2.1. The 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: (1) the community goal(s); (2) the
digital profile, constituted of (a) the value system of the physical twin, and (b) the delegated
autonomy of the physical twin assigned to the CHDT; and (3) the IoT data block, constituted
of (a) the historic data, and (b) the current states of embedded appliances.

� Community goals: As mentioned earlier, the focus of the CVPP-E is usually to achieve
some specific global goals(s) which 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.

� Value system: A value system in this context represents the preferences, choices, and
options of the physical household that have been transferred to its equivalent CHDT.
In our prototype, the value system of a CHDT is a list of preferences that represent the
values of the owner. This informs the kind of choices and decisions that the CHDT
makes. Technically, the value system of individuals may differ from one person to
another, therefore, the notion of a value system enables members of the ecosystem to
flexibly pursue their expectations and preferences in line with the collective objectives
of the ecosystem without having to adversely compromise.

� Delegated autonomy: The notion of delegated autonomy is the specific instruction
that a household owner gives to its CHDT to be followed in carrying out or executing
its value system. In the implemented prototype, this may include the delegation of
control over a single appliance or a set of appliances. For instance, deferring the use
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of any of these appliances until a later time, if needed, without affecting the quality
of service to the user. Further information about delegated autonomy is provided in
Section 6.2.

3.2.2. The Decision Block

This block forms the central decision-making component of the CHDT. It is the com-
ponent where all CHDT decisions are made. The community goals block, the digital profile
block, the IoT data block, and the influence block are all sources of input for the decision
block. A thorough explanation of the decision-making procedures used by the decision
block is given in [8].

3.2.3. The Control Block

This block connects the CHDT to each of the embedded household appliances. The
decision 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). At this stage of the work, 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.

3.2.4. The Influence Block

The motivation for people to change behaviors can be achieved by giving some form of
incentive to help influence the expected change. According to [36], “incentive” refers to the
process of modifying external conditions while mobilizing internal forces to help a motivated
person’s behavior evolve in the way the motivator intends. An incentive can either be positive
or negative. Positive incentives are often rewarding and could have a positive influence on
the recipients because they can help boost productivity since people naturally want to acquire
things. Similarly, a negative incentive can influence the recipient to enhance productivity by
making the person not want a specific outcome. In the context of energy conservation, various
incentive schemes [37] have been proposed to help alter energy consumption behaviors in
households. In the context of the CVPP-E, the influence block is used to model scenarios that
can help to understand how incentives can influence decision-making. Two components of
this block are:
� Exogenous influence: which represents influences that result from incentives that

originate from the external environment of a CHDT. This may constitute, for instance,
an influence from the manager.

� Endogenous influence: The type of influence that results from internal motivation or
factors. The origin is usually from inside of a CHDT.

3.3. The CVPP-E and CHDT in the Context of a Smart City

The CVPP-E concept can also be extended to the context of a smart city. The CVPP-E
could be a digital twin representing the top layer of the city which, in terms of digital
twin technology, can be referred to as a process twin [35]. The middle layer may be
constituted by the households that are located within the smart city. In the context of digital
twin technology, the middle layer can be referred to as unit twins [35]. The bottom layer
constitutes the Asset Twins which may include the household appliances or energy assets
that are located inside the households [35]. To facilitate a seamless exchange of information
(data) between all layers of the digital twins, IoT components such as sensors and actuators,
or even complex devices/machines, can be integrated into the asset twins for data collection
and control purposes. The collected data can be transmitted to the digital twins located in
the digital twin environment where the digital twins are hosted. Figure 3 illustrates the
mentioned layers.
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4. The Modelling Methodology

As claimed in a recent white paper [38] simulation and modeling were historically
based on a single method. This approach had severe limitations because modeling 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 [39].
Due to the limitations and trade-offs associated with single-method simulations, several
researchers, such as [26,40] 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 [41], a multi-
method simulation is defined as a simulation/modeling approach that combines two or more
simulation techniques into one. In [42], 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 modeling and simulation methods helps to
overcome the drawbacks of a single modeling 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 [43], 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 study, 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.
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4.1. System Dynamics

System dynamics suggest that the characteristic behavior 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 modeling technique is often used to analyze the complex and non-linear
processes and synergy that exist between several elements. According to [43] 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 modeling blocks such as stocks, feedback, flows, delays, etc.

4.2. Agent-Based Systems

Multi-agent system (MAS) technology, on the other hand, has gained immense pop-
ularity over the past decade due to its adaptable use in numerous emerging domains,
such as artificial intelligence, distributed computing, software engineering, the smart grid,
electronic commerce, adaptive virtual environments, and social networks [5]. MAS has
been utilized effectively to solve a wide variety of problems spanning numerous disci-
plines. According to [44,45], MAS can be the basis for a simulation technique for modeling
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, behavior, and potentially goal-seeking. 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 their experience.
Due to their autonomous capabilities, agents can be modeled to possess cognitive and intel-
ligent attributes which enable them to perform tasks such as sensing, planning, scheduling,
reasoning, and decision-making.

4.3. Discrete Event Modeling

Discrete event systems (DES) are discrete-state and event-driven systems in which the
state changes depend entirely on the occurrence of discrete events over time. Examples
of discrete- event systems include manufacturing systems, transportation systems such as
urban traffic networks, service systems such as hospitals, communication systems such as
wireless networks, etc. Discrete event modeling techniques are useful for process modeling.
Processes involving queueing, scheduling, priorities, delays, seizing a resource, releasing
a resource, etc., can be modeled in an efficient manner using this modeling technique.
An example of a simulation environment that combines the three modelling approaches
(multi-method or hybrid) is the AnyLogic simulation platform [46]. This simulation tool
was adopted in developing the prototype model that is used for this study.

5. Validation of the Model

Validation is typically defined as a process that ensures or instills confidence that the
creation of a new system, artifact, model, or framework has accounted for all significant
aspects of a specified problem for which the creation is intended to solve. In the context
of the design science research method, validation is accomplished by constructing one or
more artifacts that solve a domain problem in order to generate knowledge about how the
problem can be solved and demonstrate how the solution is novel or superior to previous
solutions. When it is not feasible to do validation in the real world, e.g., with a real energy
community, due to the resources required and the long time it would take, simulation can
be used in combination with the collection of feedback from focus groups. As such, we
adopted this approach to solicit users’ confidence and also to attempt to measure or quantify
the perceived practicability and suitability of the proposed CVPP-E/CHDT concepts for
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their intended purposes. Thus, data were collected from three different groups, constituting
(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. Details of the various groups and the corresponding
events are provided below.

Potential User Group. This group constituted representatives from nine households who
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 nine responded and successfully made it to the validating event. This group
showed great interest in the CVPP-E/CHDT 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.

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 Author-
ity of Ghana (VRA) the Electricity Company of Ghana (ECG), and the Bui Power Authority.
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 CVPP-E/CHDT concepts. The contributions of this
group were skewed towards the technical aspects of the study, particularly from the energy
point of view. They also showed great interest in the concept of collaboration mechanisms
as an energy management technique.

Professional Interest Group 2. This group consists of academic staff from the Re-
gional Centre of Energy and Environmental Sustainability (RCEES), which is a leading
internationally accredited center of excellence providing quality research and postgradu-
ate 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.

5.1. The Validation Processes

The first part consisted of a 20-min presentation that described the overview and
background concepts and knowledge. The second part involved a 30-min demonstration
of the CVPP-E/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-min question and
discussion period, which, in all three events, exceeded 30 min due to the interest that
the ideas generated among the participants. After the discussion, questionnaires were
distributed, one per participant. The questionnaire was 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 1, the questionnaires sought to measure eight major constructs.
Each construct was further broken down into a few dimensions, totaling 28 dimensions. The
definition of each construct and the related dimensions are provided in Table 1. A modified
version of The Unified Theory of Acceptance and Use of Technology model (UTAUT) [47]
was adopted as a guide in developing these constructs and dimensions.
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Table 1. Definition of the various constructs and their related dimensions.

General Definition of Constructs Dimensions of the Construct to Be Measured

PE: Performance Expectancy
The degree to which users perceive
that the CVPP-E/CHDT system can
help them improve their sustainable
energy consumption efforts

PE1—Facilitating Energy use decisions: To measure potential users’ perceptions that
CVPP-E/ CHDT can help them to make the right decision in their sustainable energy
consumption effort.

PE2—Facilitating efficient energy use: To measure potential users’ perceptions that the
CVPP-E/CHDT can help to increase the level of efficiency regarding their energy use
choices behaviors.

PE3—Reduce human interference: To measure potential users’ perceptions that their CHDT
can act on their behalf to make sustainable energy consumption efforts easier.

PE4—Efficient energy management technique: To measure potential users’ perceptions that
managing energy consumption using CVPP-E/CHDT techniques may yield a more efficient
outcome as compared to other known systems.

EE: Effort Expectancy
The degree of ease associated with
the use of CVPP-E/CHDT system.

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

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

EE3—Ease of adaptation: To measure potential users’ perceptions that if a person can use
simple technologies such as a computer or a cell phone, then the person can easily learn
how to use the CVPP-E/CHDT system.

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

SI: Social Influence
The degree to which users perceive
that the acceptance of the
CVPP-E/CHDT can be affected by
the kind of people surrounding them.

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

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

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

FC: Facilitating Conditions
The degree to which users perceive
that the knowledge and skills
required to use the CVPP-E/CHDT
can easily be obtained.

FC1—Pro-sustainable behaviors by close associates: The people around me are interested in
perusing behaviors 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 behaviors are more likely to
endorse the CVPP-E/CHDT System.

FC3—The condition influenced by people’s interest in technology: People who have basic
technological interest may be interested in the CVPP-E/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 CVPP-E/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 CVPP-E/CHDT to help them manage my household’s energy consumption.

UI: Use Intentions
The degree to which users perceive
that they intend to experiment/use
with CVPP-E/CHD system.

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

UI2—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.
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Table 1. Cont.

General Definition of Constructs Dimensions of the Construct to Be Measured

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

GA1—Flexibility: 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 degree to which users perceive
collaboration as a useful management
technique or mechanism to adopt in
managing energy consumption in the
context of a community.

Co1—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 CVPP-E/CHDT system works.

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

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.

The Validation Analysis. A total of thirty-one responses were collected from the
participants from all three validation events. The data from the respondents and the
corresponding analysis are described in the following paragraphs. The Cronbach alpha
technique [48] is used to test the internal consistency/reliability of the collected data. The
SPSS statistical tool [49] is used for data analysis. The overall Cronbach alpha for all eight
constructs was found to be 0.866. This value represents an acceptable internal consistency
and is an indication that the measuring instrument (questionnaire) is reliable, and its
outcome can be trusted.

5.2. The Conclusion of Validation

After a careful analysis of the data, which were collected from the respondents, we
arrived at an overall conclusion from the study which is shown in Table 2. In the table,
the average scores are 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
study is that the respondents agreed to all eight of the constructs and 28 dimensions of the
CVPP-E/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 2. Conclusion drawn from the data which were collected from the respondents.

Construct Dimensions Average Score
(Based on 31 Respondents)

Concluding Remarks
(Based on the Likert Scale)

PE

PE1 4.55 Strongly agree
PE2 4.48 Agree
PE3 4.45 Agree
PE4 4.26 Agree

EE

EE1 4.29 Agree
EE2 4.32 Agree
EE3 4.39 Agree
EE4 4.26 Agree
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Table 2. Cont.

Construct Dimensions Average Score
(Based on 31 Respondents)

Concluding Remarks
(Based on the Likert Scale)

SI
SI1 4.03 Agree
SI2 3.97 Agree
SI3 4.16 Agree

FC

FC1 4.48 Agree
FC2 4.10 Agree
FC3 4.58 Strongly Agree
FC4 4.13 Agree
FC5 4.39 Agree

UI
UI1 4.58 Strongly Agree
UI2 4.55 Strongly Agree
UI3 4.48 Agree

GA
GA1 4.52 Strongly Agree
GA2 4.32 Agree
GA3 4.16 Agree

Co
Co1 4.23 Agree
Co2 4.35 Agree
Co3 4.26 Agree

DG
Dg1 4.23 Agree
Dg2 4.35 Agree
Dg3 4.35 Agree

In Figure 4a–c, we use Radar graphs to compare the results of three of the eight
constructs. For instance, in Figure 4a, Performance Expectancy 1 (PE1), which is the
measure of potential users’ perceptions that CVPP-E/CHDT can help them to manage their
household energy consumption more effectively, obtained the highest score of 4.55 out
of 5. In Figure 4b, Effort Expectancy 3 (EE3), which is the measure of ease of adaptation,
obtained the highest score under Effort Expectancy. In Figure 4c, Co2 is the measure of
potential users’ willingness to try collaborative mechanisms as management techniques for
sustainable energy consumption.
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Figure 4. (a) Performance Expectancy, (b) Effort Expectancy and (c) Collaboration.

The following are some observed limitations to the validation process.

� 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.

� 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. The authors believe the experience
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could have been richer if the community had the opportunity to experience the
practical demonstration of the complete model. This could have helped to generate
interesting discussions concerning the collaborative aspects of the model.

� Geographical distribution: Sustainability and issues concerning sustainable energy
consumption, although “universal”, may be perceived and approached differently
by different people from different geographical regions. The researchers 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 outcome.

� Data sources: The data that were used to model the various households in the model
were sourced from the United Kingdom (UK). The authors share the view that perhaps
the system should also be verified using other data sources since the use-behaviors of
households in Ghana for instance may be different from those of the UK.

These limitations will be addressed in future work.

6. Simulation Models of the Collaborative Behaviors

This section of the study is focused on addressing and discussing research questions
1 and 2. Section 6.1 discusses research question 1a (the collaborative roles played by the
CVPP-E manager), and Section 6.2 discusses research question 1b (the collaborative roles
or behaviors played by CHDTs). Section 6.3 also discusses research question 2 (the sharing
of a common resource). The sections show details of the simulation models that are used
to represent the CVPP-E and CHDT and are intended to be used in answering the stated
research questions. Additionally, to facilitate the discussion and help answer the research
questions, the concepts of “community goals”, “value system”, and “preconditions for
goal formulation”, are introduced and also discussed. Details of this simulation model are
provided in the Supplementary Materials File S1. The material contains an ODD (Overview,
Design Concepts, and Details) report for the model.

(a) Typically, a CVPP-E may pursue multiple goals simultaneously. However, for il-
lustration purposes, in this work we discuss a scenario where the CVPP-E pursues
two community goals concurrently. For example, these two goals may constitute
community goal 1: A vending opportunity (VendOpp) and community goal 2: A grid
management opportunity. Goal 1 describes the case where the community finds an op-
portunity to vend 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 by the grid. This precondition can be represented as “precondition-1A”;

(b) surplus generation of renewable energy available in the community. This precondition
can be represented as “precondition-1B”, and

(c) a high population of CHDTs having “vendOpp” as their value system, also denoted
as “precondition-1C”.

Concerning goal 2, we consider the case where the community uses the control of its
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 loads. The nature of these assets is that their use
can always be deferred to a later time without affecting the quality of service to the user.
Some examples that could be considered as preconditions for this goal may include:

(a) 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 can be represented as precondition-2A;

(b) A high population of delegated CHDTs with grid management as their value system,
also represented as precondition-2B;
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(c) 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 could also be
named as precondition-2C;

For a goal to be pursued, all three preconditions relating to that goal must be satisfied.
The models that are used to simulate these goals are constituted by several components

that are integrated to help each software agent to perform their various collaborative roles.
In the following paragraphs, an overview of the “integrated model” is first presented,
then, subsequently, the components of the integrated model are discussed individually in
more detail. The shown models and their related components were all developed using
either agent-based, system-dynamics, or discrete event modeling techniques. The following
scenario is used to simulate the behaviors:

1. The size of the CHDT population in the model = 100.
2. Percentage of delegated CHDTs is approximately 50% of the population.
3. Goals pursued simultaneously = 2.
4. The minimum number of goals that can be accepted by a CHDT = 0.
5. The maximum number of goals that can be accepted by a CHDT = 2.
6. 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.
7. Simulation period = 5 h.
8. Each household is embedded with nine household appliances. These are (a) washing

machine, (b) tumble dryer, (c) dishwasher, (d) audiovisuals, (e) microwave, (f) electric
cooker (g) lighting, (h) refrigerator and (h) oven. The CHDT households in the model
are categorized into five groups. These include (a) CHDT with single pensioner,
(b) CHDT with single non-pensioner, (c) CHDT with multiple pensioners, (d) CHDT
with children and (e) CHDT with multiple persons with no dependent children. The
CHDT/household categorization and data that were used to model these appliances
were obtained from [50].

6.1. Modelling Collaborative Roles/Behaviors of the CVPP-E Manager

The integrated model of the CVPP-E manager. The integrated model of the manager
is shown in Figure 5. It is constituted of six components that work together to model
the various collaborative roles played by the manager. The considered components are:
(1) the opportunity seeking/goal condition for goal 1 components, (2) the opportunity
seeking/goal condition for goal 2 components, (3) the goal formation component, (4) the
goal proposition and invitation component, (5) the VO formation/dissolution for goal 1,
and (6) the VO formation/dissolution for goal 2 components.

Opportunity Seeking / Determination of Goal Conditions for Goals 1 and 2 Compo-
nents. The types and number of goals to be pursued at any time are often determined by the
manager. The manager may gather inputs from several sources to determine the prospects
of a goal. For instance, the ecosystem manager may consult sources such as weather fore-
casting systems, distribution services operators, 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 [51] an opportunity is a situation or condition that is favorable 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 pursued.
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The model component that is used to simulate “opportunity seeking” or “determina-
tion of goal preconditions” by the manager is shown in Figure 6a,b. Agent-based techniques
are adopted to simulate the precondition for goals 1 and 2. The figure shows six precon-
ditions for each goal. T1 to T12 are stochastic transitions that enable each precondition
to transition between two states, i.e., the true/active, and false/inactive states for every
model iteration. The probability of transitioning between the active and inactive states is
50% for each precondition. Referring to Figure 6a, each precondition can exist in only one
of two states at a time: thus, the “true/active state” or the “false/inactive state.” The active
state is used to represent the prevailing precondition while the inactive state represents the
dormant precondition. The case illustrated in Figure 6a shows that all three preconditions
(1A, 1B, and 1C) representing goal 1, and all three preconditions (2A, 2B and 2C) represent-
ing goal 2 are in the true/active state, implying that they are prevailing preconditions 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 6b, we have a different situation where
precondition 1B is in the false/inactive or dormant state. However, preconditions 1A and
1C are in the true/active or prevailing state. Similarly, considering goal 2 (Figure 6b) it
can be observed that goal 2A, 2B and 2C are all in the true/active or dormant state. The
implication for this scenario (Figure 6b) is that goal 1 cannot be formulated and pursued
however, goal 2 can be formulated and subsequently pursued because all of its three
preconditions are satisfied.

Goal formulation components. The outcome of the opportunity seeking/goal condi-
tion explained using Figure 6a,b may either lead to the formulation of a community goal
or otherwise.
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Figure 6. (a) All three preconditions for community goals 1 and 2 are satisfied. Both community
goals are formulated and pursued concurrently. (b) 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.

The formulation of goals, by the 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 7, TG1 and TG2 are conditional
transitions that are used to monitor the condition 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, and precondition 1B is true, and precondition 1C is true, then formulate goal 1.
Similarly, Transition TG2 is used to monitor the condition for the formulation of goal 2,
i.e., If precondition 2A is true and precondition 2B is true and precondition 2C is true, then
formulate goal 2.

Goal proposition/invitation component. Once an opportunity has been found and a goal
has been formulated, the CVPP-E manager proceeds to invite CHDTs to form a coalition in
pursuance of the specified goal(s). The invitation is broadcast 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 8 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 respectively been formulated. If the condition returns true, a message
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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 8, the label “1”
that is found near each modeling block indicates the “true” condition and the label “0 “signifies
the “false” condition. Referring to Figure 6 above, it is observed that goal(s) 1 and 2 were
formulated. Therefore, D1 and D2 return “true” for both for goals 1 and 2.
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the community.

Invitation acceptance or decline. This aspect of the process is performed by individual
CHDTs. It is, therefore, discussed in detail in Section 5.2 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 responded accordingly.
A summary of the responses to both invitations during simulation is illustrated in Figure 9.

Virtual Organization (VO) formation or dissolution. The VO formation and dissolution
processes are performed by the CVPP-E 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. We considered
a minimum of 25% of the population, thus 25% of 100 CHDTs, 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.
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In Figure 9, 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 VO for goal
1 and a VO for goal 2. Each component of the model includes two possible states, thus,
(1) pre-VO formation state and (2) 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 executed. Event 1 and event 2
are used to trigger the start and finish of both goal 1 and 2 respectively. Schedule 1 and
schedule 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 in Figure 9, 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 CHDTs 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. For this case, it can be seen in Figure 9 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.

6.2. Modelling Collaborative Behaviors of the CHDTs

The integrated model of the CHDT. The integrated model of the CHDT is illustrated in
Figure 10. Each of the CHDTs in the ecosystem is designed according to this model. The in-
tegrated model is constituted by the components that are used by the CHDTs to participate
in collaborations. The integrated model comprises the following components: (1) the com-
munity goal component, (2) the value system component, (3) the delegation components,
(4) the decision-making components for goals 1 and 2, and (5) the delegated autonomy
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component. In the subsequent paragraph, each component and their functionality are
discussed in detail.
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Community goals component. In Figure 11, we show an extract of CHDT number
36 that illustrates how the community goal, which is originally formulated by the CVPP-E
manager, at the upper level of the model (shown in Figure 7), 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 fulfills the notion of a “common goal”
which is a key prerequisite for collaboration.
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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 (1) value system 1 (VSG1)
which corresponds to community goal 1, and (2) value system 2 (VSG2) which corresponds
to community goal 2. A value system can be in one active state at a time, either the “true”
state or the “false” state of the value system. 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 the true state implies that it
is a prevailing value system for that CHDT, while a value system that is in the 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 values system is in the “false” state (dormant), that value
system can be inferred as being non-compatible with the respective community goals.

As an example, we show three different CHDTs, each with different values systems in
Figure 12a–c. In Figure 12a, CHDT 61 has both value system 1 and value system 2 in the
false states. This can be interpreted as a CHDT with no prevailing value systems. Similarly,
in Figure 12b CHDT 87 has one prevailing and one dormant value systems. 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 12c both value systems 1 and 2 of
CHDT 30 are compatible with community goals 1 and 2.

Delegation components. According to [52], delegation refers to the transfer of respon-
sibility 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 13. 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.

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 behaviors. 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. Figure 14a–c are
used to illustrate different scenarios of acceptance and decline of invitations broadcast by
the 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 (c) acceptance or rejection of
the invitation. These steps are explained in detail using Figure 14a–c as a reference.

Checking the delegated 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 the 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 to determine whether to accept or decline the invitation. In Figure 14a, the
behavior of CHDT 61 is shown. It can be observed that this CHDT declined the invitations
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to both goal 1 and goal 2 based on “un-delegation. (The label “1” near each modeling block
shows the “true” condition while the label “0” represent the false condition).
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(b) Example of one prevailing value system (VSG1) for CHDT 87. (c) Example of two active value
systems (VSG1 and VSG2) for CHDT 30.

Checking the value system and goal compatibility: After checking the delegated
condition, if the CHDT is delegated, it proceeds to check the compatibility between the
value system and the community goal. If there is no compatibility the CHDT declines the
invitation based on non-compatible goals. However, if there is compatibility the CHDT
proceeds to accept the invitation. For instance, in Figure 14b the behavior of CHDT 62 is
shown. It can be observed that the CHDT declined the invitation to goal 1, based on
non-compatibility, however, it accepted invitation to goal 2, based on compatibility. Finally,
in Figure 14c, we observe the behavior of CHDT 91 that accepted both invitations to goals
1 and 2 based on delegation and compatibility.
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Figure 14. (a) The decision component shows the “decline” of goals 1 and 2 based on un-delegation.
(b) The decision component shows the “decline” of goal 1 based on non-compatibility and acceptance
of goal 2. (c) The decision component shows the acceptance of goals 1 and 2.

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 carry-
ing out or executing its value system. In this study three appliances were considered for
delegated autonomy, namely: (a) washing machine, (b) dishwasher, and (c) 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 appli-
ances (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
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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 invi-
tation, this process does not occur immediately. This process is usually scheduled, and the
schedule is communicated by the manager. At the level of the manager, schedule-1 is used
to schedule goal 1, and event-1 is used to control the start and finish of the goal 1. Likewise,
schedule-2 is used to schedule goal 2, and event-2 is used to control the start and finish of
goal 2. At the level of the CHDT, schedule-3 and event-3 replicates schedule-1 and event-1
for goal 1, while schedule-4 and event-4 are used to replicate schedules-2 and event-2 for
goal 2.

Figure 15 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, 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, or 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, or
appliances 1 and 3, or appliances 2 and 3. If the 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
example of Figure 15, FD is true, therefore all three appliances are delegated.
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6.3. Modelling the Sharing of Common Resources

Collaborative consumption, also known as the sharing economy, has attracted much
attention as resource sharing is quickly gaining importance in economic and social life.
According to [53] these novel sharing solutions to socioeconomic challenges have the
potential to significantly improve the efficient utilization of scarce resources.

In the CVPP-E 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 the reliance on the power grid, helping to promote sustainable consumption
within the ecosystem. In this framework, 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 16 shows a system dynamics component of the photovoltaic (PV) and battery
storage systems embedded in prosumer CHDTs. The model is constituted of four PV sys-
tems, namely DaSS = 3.22 KW, BrainSystem = 6.93 KW, Helious = 3.99 KW, and BainBridge
= 1.95 KW. The data corresponding to these PV systems are sourced from [54]. 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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For instance, in Figure 17, 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.
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community storage.

o 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.

o Condition 2A: The code “InState(NoLocalDemand)” checks if there is no local demand.
o Condition 3A: The code “instate (PVisAavailable)” is used to check PV availability.
o 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.

o 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.

A model component of the community storage is shown in Figure 18. 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



Computers 2023, 12, 39 26 of 38

output that connects to the grid. The conditions for charging and discharging the batteries
are as follows:
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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%.
Furthermore, in Figure 19 we show the codes that are used to charge the community

storage and in Figure 20 we show the codes for discharging the storage.
Charging: Referring to Figure 19

� Condition 1B: The code “InState(CommunityStorageEmpty)?” checks if the commu-
nity 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: (FlowFrom-
CHDTWithoutChildren + FlowFromCHDTWithChildren + FlowFromCHDTWithMul-
tiplePensioner + FlowFromCHDTWithNONPensioner + FlowFromCHDTWithSin-
glePensioner) is activated. Where:

(i) FlowFromCHDTWithoutChildren = The sum of flows originating from PVs of
all prosumers within the category of household without children.

(ii) FlowFromCHDTWithChildren = The sum of flows originating from the PVs of
all prosumers within the category of household with children.

(iii) FlowFromCHDTWithMultiplePensioner = The sum of flows originating from the
PVs of all prosumers within the category of household with multiple pensioners.

(iv) FlowFromCHDTWithNONPensioner = The sum of flows originating from the
PVs of all prosumers within the category of household with non-pensioner

(v) 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 + FlowFromCHDTWithSinglePensioner) is equal
to zero, which means no flow occurs.
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Discharging: referring to Figure 20,

� Condition 1C: The code “InState(CommunityStorageFull)?” checks if the community
storage is in the “Community 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 2C: If condition 1C returns true, then the expression: (FlowToCHDTWith-
outChildrenPopulation + FlowToCHDTWithChildrenPopulation + FlowToCHDTWith-
MultiplePensionersPopulation + FlowToCHDTWithNONPensionerPopulation + Flow-
ToCHDTWithSinglePensionerPopulation) is executed. Where:

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

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

(iii) FlowToCHDTWithMultiplePensionersPopulation = The sum of flow, equiva-
lent 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.

(v) FlowToCHDTWithSinglePensionerPopulation = The sum of flow, equivalent
to the total demand for energy originating from the category of household
with single pensioner.

n Condition 3C: If condition 1C returns false, then the expression (FlowToCHDTWith-
outChildrenPopulation + FlowToCHDTWithChildrenPopulation + FlowToCHDTWith-
MultiplePensionersPopulation + FlowToCHDTWithNONPensionerPopulation + Flow-
ToCHDTWithSinglePensionerPopulation) is equal to zero, which means no flow occurs.
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6.4. Limitation of the Simulation Model

Despite the promising results, the developed simulation model has some limitations
which need to be addressed in future works:

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 vending 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.

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, 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 up to the expected projections
of the community manager. Therefore, besides the numbers, other technical details could
be useful.

Limited value system: Again, in current implementation it is considered that each
CHDT in the model has two value systems, namely VSG1 for value system 1 and VSG2 for
value system 2. However, in a practical sense, the number of value systems could be higher.

Overrides: 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 may like to override the system and reverse their initial decisions. In this simulation
model, such provisions were not taken into consideration, therefore CHDTs are unable to
override their initial decisions.

7. Results and Discussion

In this section, we discuss the result of the simulation model using four different scenarios.
In the first scenario, we explore the relationship between delegation, acceptance or decline
of an invitation and the subsequent formation of a VO. The second scenario summarizes
the outcome of an earlier study that was conducted to demonstrate the notion of delegated
autonomy which was mentioned earlier in this study. The third scenario summarizes the
outcome of another study that was conducted to demonstrate the notion of mutual influence.
The last case, which is resource sharing, is discussed in scenarios 4a and 4b.

7.1. Scenario 1: Illustrating the Relationship between Delegation, Acceptance/Decline Invitation,
and VO Formation

Under this scenario, we attempt to explore how the population of delegated CHDTs
affects the tendency to accept an invitation and the subsequent formation of a VO. We
considered three different cases as shown in Table 3, namely 10%, 50%, and 90% of the
delegated population. The total population of CHDTs considered in the ecosystem for this
study was 100 and the VO formation threshold was 25, thus 25% of the total population
was used. The model was run for 5 h.

Table 3. Scenario for exploring the relationship between delegation, acceptance of an invitation, and
VO formation.

Case Percentage of
Delegated CHDTs Population of CHDTs The Minimum Threshold for 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
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The outcome of this scenario is shown in Table 4, and subsequently in Figure 21.
It is observed that, when the percentage of delegated CHDTs is low, the percentage of
acceptance of an invitation is equally low. Subsequently, the chances of a VO formation
are low. This can be seen in case 1. However, when the population of delegated CHDTs is
high, the percentage of the population that is likely to accept the invitation would be high
and the chances of a VO formation are equally high, as seen in case 3. At the midpoint,
when the population of delegated CHDTs is about 50 percent, the percentage of CHDTs
that may accept the invitation is difficult to predict. The reason for this is that almost half
of the population is undelegated from the onset. This leaves about 50 percent as delegated.
Considering the threshold of 25% of the total population, it might be necessary to have
more than half of the delegated population (25 or more) accept the invitation before a VO
can be formed. It can therefore be inferred that the chances of a VO formation may depend
on two factors: (1) the minimum VO formation threshold and (2) the size of population
that is delegated in the ecosystem.

Table 4. Results of scenario 1 acceptance to initiation for goals 1 and 2, and VO formation.

Case

Percentage of the
Population That

Accepted the Invitation
to Goal 1

(%)

Percentage of the
Population That

Accepted the Invitation
to Goal 2

(%)

Percentage of the
Population That

Accepted the Invitation
to Goal 1 and 2

(%)

Is VO for Goal
1 Formed?

Is VO for Goal
2 Formed?

Case 1 6 5 3 No No

Case 2 27 21 11 Yes No

Case 3 45 54 25 Yes Yes
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In Table 5, 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 decline to
invitations based on non-delegation. In terms of goals and value systems compatibility, it
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is observed that a low population of delegated CHDTs results in few compatibilities while
a high population of delegated CHDTs results in many compatibilities.

Table 5. Results of scenario 1 for decline of invitation to goals 1 and 2.

Case

Percentage of the Population That
Declined the Invitation to Goal 1

Percentage of the Population That
Declined the Invitation to Goal 2

Due to
UN-Delegation

Due to
Non-Compatible Goals

Due to
UN-Delegation

Due to
Non-Compatible Goals

Case 1 85 9 85 10

Case 2 46 27 46 33

Case 3 10 45 10 36

7.2. Scenario 2: Testing Delegated Autonomy

The collaborative effect of the proposed concepts is seen when the CHDTs make
collective decisions. To successfully make such collective decisions each one of them must
have cognizance of the flowing conditions: (1) the formation of a VO, (2) the waiting time
(schedule of delegated appliances), (3) vending window (duration), and (4) the degree of
delegation (delegated autonomy). Using the scenario described in Table 6, the following
global behaviors are observed for a population of 100 CHDTs.

Table 6. Scenarios for testing delegated autonomy, degree of delegation, and VO size.

Scenarios Degree of
Delegation

Number of Delegated
Appliances VO Population (%) Percentage of

Delegated CHDTs

1 Case 1 Full 3 100 100

2 Case 2 Full 3 10 10

3 Case 3 Full 3 90 90

4 Case 4 Partial 2 90 90

5 Case 5 Partial 1 90 90

The outcome in Figure 21a represents case 1. In this case, a VO constituting all
the population of CHDTs (100%) is formed. All CHDTs were assigned “full delegation”
autonomy. The results, as shown in Figure 22a suggest that all CHDTs were cognizant
of the schedule, duration, and delegated autonomy. It can be observed that all CHDTs
took collective action by implementing their delegated autonomy. This results in zero
consumption within the “vending window”. The reason is that all CHDTS deferred the
use of all three deferrable appliances when the waiting time (schedule) was due, and
the deferral lasted for the duration of the vending window. Consumption was restored
immediately after the period of deferral was over, thus, they all resumed consumption
immediately after the vending period had elapsed.

Figure 22b is based on case 2 which represents the case of VO formation with a low
population of delegated CHDTs. Thus 10% of the delegated autonomy was full. It can
be observed from the vending window that energy consumption was not significantly
affected as the number of CHDTs that formed the VO, and hence deferred the use of their
appliances, were few (10%). The consumption that is observed during the vending widow
is a result of the 90% CHDTs that did not join the VO.

In Figure 22c, we consider case 3, which led to a VO that is constituted of 90% of the
population with full delegated autonomy. It is observed that consumption was significantly
reduced during the vending window. This was because the majority of the CHDTs (90%)
deferred all three appliances during that period. The relatively small consumption that was
recorded could be attributed to the 10% that did not join the VO.



Computers 2023, 12, 39 31 of 38

Computers 2023, 12, x  34 of 42 
 

Table 6. Scenarios for testing delegated autonomy, degree of delegation, and VO size. 

Scenarios 
Degree of  

Delegation 

Number of Delegated  

Appliances 
VO Population (%)  

Percentage of Delegated 

CHDTs 

1 Case 1 Full 3 100 100 

2 Case 2 Full 3 10 10 

3 Case 3 Full 3 90 90 

4 Case 4 Partial 2 90 90 

5 Case 5 Partial  1 90 90 

The outcome in Figure 21a represents case 1. In this case, a VO constituting all the 

population of CHDTs (100%) is formed. All CHDTs were assigned “full delegation” au-

tonomy. The results, as shown in Figure 22a suggest that all CHDTs were cognizant of the 

schedule, duration, and delegated autonomy. It can be observed that all CHDTs took col-

lective action by implementing their delegated autonomy. This results in zero consump-

tion within the “vending window”. The reason is that all CHDTS deferred the use of all 

three deferrable appliances when the waiting time (schedule) was due, and the deferral 

lasted for the duration of the vending window. Consumption was restored immediately 

after the period of deferral was over, thus, they all resumed consumption immediately 

after the vending period had elapsed. 

 
(a) 

 
(b) 

 
(c) 

Figure 22. (a) Case 1: A VO formed with 100% of CHDTs in the population with 100% full delegated
autonomy. (b) Case 2: A VO formed with 10% of CHDTs in the population, with 10% full delegated
autonomy. (c) Case 3: A VO formed with 90% of the population, with 90% full delegated autonomy.

7.3. Scenario 3: Demonstrating Mutual Influence

The notion of mutual influence has been discussed extensively in [9]. This section
shows the simulation outcome of the study concerning mutual influence. This outcome
reflects a simulation for 728 h (30 days) and the following sample behaviors were extracted
from some selected CHDTs. In Figure 23a,b, we show the characteristics of the modeled
influence that was received by two different CHDTs, i.e., CHDT-1 and CHDT-2. The pulses
that appear below the X-axis represent negative influences, whilst the ones above the X-axis
are positive influences. Some examples of positive and negative influences, as well as
attributes such as polarity, intensity, impact, and frequency of transmissions, are discussed
in detail in [9].

In Figure 24a–d, we show how the aggregation of influences over time can be used to
determine the overall behavior of a CHDT. We also illustrate how the overall behavior can
be used in decision-making. For instance, Figure 24a–c show CHDTs 3, 4 and 5 that initially
behaved negatively. However, the duration of their negative behavior lasted differently.
For CHDT4 it lasted longer than for CHDTs 3 and 5. Eventually, all three CHDTs changed
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their behavior from negative to positive. This was because CHDT 3 was highly influenced
positively in comparison with CHDT 4 and 5. For this reason, CHDT 3 exceeded the
decision threshold “∝” and therefore was able to decide within the simulated period
(30 days) but CHDT 4 and CHDT 5 were not. Finally, in Figure 24d, CHDT 6 behaved
positively right from the beginning of the model execution.
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7.4. Scenario 4a: Demonstrating Resource Sharing

This aspect of the study is in response to research question 2. Figure 25a, b illustrates
the notion of resource sharing. In this scenario, a population of 100 CHDTs is used. The
simulation was run for a simulated time of seven days. In Figure 25a, we illustrate the
case where sharing is disabled for the period. This means that surplus energy from the
prosumers was not shared with the community storage. In this case, all the surplus
energy goes to waste. In the second scenario shown in Figure 25b, sharing was enabled.
This means that surplus energy from the prosumers was shared with the community
storage. Comparing Figure 25a,b, it can be observed that for the case where sharing was
disabled, consumption from the grid was about 54% and there was no consumption from
the community storage. However, when sharing was enabled, consumption from the grid
dropped from 54% to 34% and consumption from community storage appreciated from 0 to
9%. 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 [55]. 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 to reduce cost and dependency on gas/electricity utility companies. In a practical
sense, a similar peer-to-peer energy sharing scenario [56] was conducted in South Africa.
The study´s outcome revealed that sharing can substantially help to reduce the prosumers’
operational cost by maximizing the use of the locally generated renewable energy and
storage while minimizing the reliance on the grid.
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7.5. Scenario 4b: Illustrating Level 1 and Level 2 Sharing

For this scenario we also consider a CHDT population of 100. However, for illustration
purposes, Table 7 shows a total of 10 CHDTs constituted by five (5) prosumers and five
(5) consumers. The model was run for a simulated period of seven days with resource
sharing enabled. First, it can be observed from Table 7 that all prosumers had 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, thus,
52.46% of the total energy contributed to the community storage, while prosumer CHDT
5 shared the least, thus, 9%. Perhaps CHDT 3 was able to share more because of the
capacity of the PV system that was assigned (Brainsystem, having a capacity of 6.930 KW).
Concerning level 2 sharing, which involves consuming the energy stored by the community,
all prosumers, except prosumer CHDT 6, also participated in level 2 sharing, although in
fewer quantities as compared with the consumer CHDTs.

Table 7. Results of scenario 4b showing level 1 and 2 sharing.

Prosumer CHDTs Consumer CHDTs Level 1 Sharing
(%)

Level 2 Sharing
(%)

Type of PV
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 (6.930 KW)

CHDT 4 - 9.18 5.46 Helius (3.99 KW)

CHDT 5 - 9 6.51 Dass (3.22 KW)

CHDT 6 - 18.46 0 Helius (3.99 KW)

- CHDT 7 0 16.89 Nill

- CHDT 8 0 8.59 Nill

CHDT 9 - 10.90 2.81 Dass (3.22 KW)

On the contrary, none of the consumer CHDTs was assigned a PV system. Furthermore,
none of the consumer CHDTs was involved in level 1 sharing. However, all consumer
CHDTs participated in level 2 sharing, and thus consumed 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 highest from the community storage thus 14.46%, 32.34%, and 16.89% respectively.
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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, most
prosumer CHDTs would also have sufficient charge available in their local storage systems
concurrently. In this case, the consumers’ CHDTs will most often be the ones to utilize
energy from the community storage. In practice, energy from renewable sources will be
cheaper than energy from fossil sources because energy prices are higher during peak
periods of the day, which often coincide with evening demands. In the prototype mode,
consumer CHDTs have access to only two energy sources, i.e., (1) the grid and (2) 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
CHDTs is in this order: first, to consume directly from the PV source, then from the local
storage, then from the community storage, and 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.

8. Conclusions and Future Work

The objective of this study is to illustrate collaborative behaviors within a CVPP-E.
The considered collaborative behaviors included: (1) collaborative roles played by the
CVPP manager such as (a) opportunity-seeking and goal formulation, (b) goal proposi-
tion/invitation to form a coalition or virtual organization, (c) formation and dissolution
of coalitions; and (2) collaborative roles played by CHDTs which include (a) acceptance
or decline of invitations based on (i) delegation/non-delegation and (ii) value system
compatibility/non-compatibility, and, (b) sharing of common resources. Using a multi-
method simulation technique, a prototype model is developed.

Through the developed prototype, several collaborative scenarios and behaviors have
been explored. For instance, the collaborative role of the manager, the collaborative role
of the CHDTs, and finally resource sharing has been shown. The observed outcome of
the study could be helpful for system designers or even ecosystem managers to develop
policies that will aid in the physical implementation and governance of such ecosystems.

Furthermore, the adequacy of the adopted modeling techniques as a means to investi-
gating the collaborative capacities of the REC ecosystem has been explored. The outcome
has helped in revealing the prospects and feasibility of using collaboration as a manage-
ment mechanism in an REC ecosystem. The study has also evidenced the collaborative
capabilities of the key actors in these ecosystems. Furthermore, the simulated scenarios
have shown the potential benefits of collaborations in a community framework such as an
REC. In this sense, the study has helped to establish that it is feasible for the ecosystem to
autonomously form coalitions or virtual organizations that may be used to address specific
problems or goals.

From a global point of view, different types of VOs can be formed to help solve various
problems currently plaguing the grid. 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 get a delegation 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 CVPP-E manager, a distribution
service operator, the energy market, and the CHDTs themselves.

At the CHDT level, the concept of “delegation” can be a valuable method to help
consumers to overcome repetitive, monotonous, and difficult-to-maintain daily activities.
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Such unexciting activities may involve daily decisions, preferences, and alterations in
consumer behavior towards sustainable energy usage, etc. It is envisaged that through the
“delegation” technique, such tedious tasks can be delegated to CHDTs to be performed on
behalf of their users.

From the perspective of “values systems” it can be claimed that this technique can help
ecosystem members or general citizens to overcome the phenomena of anxieties, fears, and
uncertainties that serve as common and major barriers to the adoption and participation
of consumers in sustainable energy consumption programs such as demand response. By
assigning a “value system” to their CHDTs, individuals can flexibly participate in pro-
sustainable energy consumption activities without necessarily compromising their comfort,
convenience, or quality of service.

In conclusion, the performed experiments show the adequacy of the modelling tech-
nique as well as the feasibility of the proposed concepts.

With regard to future work, the utility and applicability of these notions will be in-
vestigated further by considering different scenarios. 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, CHDTs 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 corre-
sponding physical counterpart. Such data from CHDTs can be used to assess the impact of
the disruptive event and aid in response planning. An ad-hoc EVO can also be formed in
such circumstances to aggregate energy that can be used to support critical infrastructures
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 isolating the physical twin from being susceptible to events or failures
that have the potential to cascade across an entire community.
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