(2023) 4:664 )
Check for
updates

SN

SN Computer Science
https://doi.org/10.1007/542979-023-02050-2

ORIGINAL RESEARCH

Collaborative Digital Twins: The Case of the Energy Communities

Kankam O. Adu-Kankam'2® - Luis M. Camarinha-Matos'

Received: 23 December 2022 / Accepted: 5 June 2023
© The Author(s), under exclusive licence to Springer Nature Singapore Pte Ltd 2023

Abstract

The process of urbanization is accelerating on a global scale, leading to the rapid expansion of cities and urban settlements.
However, this fast-paced growth poses significant challenges in terms of sustainable development and reducing greenhouse
gas emissions. As cities grow, they require more infrastructure, produce greater amounts of waste, and consume more energy.
To address the energy-related challenges, renewable energy communities (RECs) have emerged as a potential solution,
capturing the attention of policymakers. RECs offer a range of benefits that contribute to the sustainability of communities
and cities. To further enhance their effectiveness, this work proposes the concept of “Collaborative Digital Twins” (CDT)
within a collaborating ecosystem. A CDT represents a replica of a household unit within the REC environment, equipped
with cognitive intelligence to make rational and autonomous decisions that promote collaborative behaviors. Thus, CDTs
can be viewed as intelligent digital twins that adopt a collaborative approach to problem-solving and decision-making. To
demonstrate the cognitive and collaborative capabilities of CDTs, a prototype of a “Cognitive Household Digital Twins”
(CHDT) community is presented using a multimethod simulation technique. The prototype explores various collaborative
scenarios, revealing the potential of CDTs as a viable decision support system for RECs and smart cities. This research high-
lights the positive impact that collaborative digital twins can have on scaling development while simultaneously addressing
some of sustainability challenges associated with urbanization.
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Introduction residents, businesses, municipalities, small and medium-
sized companies, and generation units. Cost-effective green
energy management, minimizing CO, emissions and energy

waste are central to the core objectives of such communities.

In a renewable energy community (REC), a collective of citi-
zens and corresponding households come together motivated

by a common objective, which typically involves the crea-
tion and local sharing of renewable energy. The community
comprises various interdependent entities, including local
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The European Parliament and the Council of the European
Union [1] have stated that membership in RECs should be
free and optional. They are independent and governed by
stakeholders. Members of RECs can produce their own
energy, which can be used, stored, sold, or shared locally
within the community. According to the claims of the
European Commission [2], at least 2 million individuals
are active in more than 7700 RECs in the European Union.
These RECs have delivered about 7% of the Union’s annual
energy production, which is estimated at around 6.3 GW.
RECs have currently received nearly 2.6 billion euros in
monetary investment. In the same vein, over 5000 RECs are
currently in operation in the United Kingdom. These RECs
have supplied over 60 MW of energy to the country’s elec-
tricity pool, with almost 23 million pounds paid into com-
munity benefit funds for the benefit of local communities.
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Considering the ongoing digital transformation and its
corresponding impact on the energy transition, it has become
essential to digitalize all facets of the energy systems,
including renewable energy communities. This shift has
paved the way for the integration and use of artificial intel-
ligence (Al) in the transition process. Al can play a crucial
role in enhancing the integration of renewable sources into
the existing energy grid and improving its overall reliability
[3]. Digital transformation leverages the benefits of infor-
mation and communication technologies (ICT) to enhance
the functionality in both the cyber and physical dimensions
of technological infrastructure. In the energy sector, digi-
talization is gradually blurring the boundaries between the
physical energy infrastructure and its corresponding cyber
components. This technological milestone has resulted in
the hyperconnectivity between the physical and the virtual
components of the power grid.

On one hand, the increasing levels of interconnectiv-
ity between the cyber and physical dimensions of the grid
also subject it to both cyber and physical vulnerabilities.
For instance, the regular occurrence of disruptive events
such as human or naturally induced disasters can affect one
component of the community, and this could have a cas-
cading effect with dire consequences on other components.
This effect can adversely impact the normal activities of
the community due to their level of interdependence. How-
ever, while increased connectivity through digitalization
does bring challenges, it also presents significant opportu-
nities to enhance the reliability, efficiency and penetration
of renewables into the power grid. The extensive data that
can be collected and exchanged through the cyber-physical
interface offer immense potential for advancing traditional
methods of data analysis, visualization, modeling, decision-
making, and problem-solving. By harnessing the power of
digital technologies, including Al and big data analysis, we
can optimize energy management, improve decision-making,
and overcome the complexities associated with the increas-
ing penetration of renewables, benefiting both the power grid
and RECs.

With the ongoing digitalization, digital twin technology
has gained considerable popularity in the area of product
design and manufacturing over the last decade. This trend
has expanded to other industries, including aerospace [4],
automation [5], marine [6], healthcare [7], energy and others
[8]. The energy sector, in particular, is beginning to explore
the potential of this technology [8]. The digital twin tech-
nology promises better energy management and optimi-
zation, better servicing and maintenance, energy-efficient
design, evolution of existing sites, integration with locally
and regionally generated renewable energy [9], cost-effec-
tiveness, and ease of use [10]. For instance, in Ref. [11], we
can find a description of the TwinERGY project which is a
typical/practical example of a digital twin application in the
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energy sector. In this particular case, intelligent digital twins
are integrated into the energy management system of a resi-
dential buildings to help optimize energy demand response
while improving the thermal comfort of the occupants. Simi-
lar use of intelligent digital twin for energy management can
be found in the other recent literature. For instance in Refs.
[12—14] and [15], intelligent digital twins are adopted to help
improve energy consumption in different contexts. However,
the majority of these applications as seen in the literature are
applied on a stand-alone basis and mostly do not involve the
cooperation of multiple digital twins.

As studied in the field of collaborative networks, col-
laboration has been identified as a process by which entities
come together to share information, resources, and respon-
sibilities to jointly plan, implement, and evaluate activities
aimed at achieving some common goals [16]. Collabora-
tion not only promotes mutual benefit but also enhances the
capabilities and competences of the actors involved. It is
recognized as one of the core enablers of Industry 4.0 [17], a
pillar of the digital transformation [18], central to society 5.0
[19], integral to the smart grid [20], relevant in the Internet
of Things [21], Cyber-Physical Systems, Digital Twins [22],
etc. In the energy sector, collaboration has been suggested
as a potential mechanism for facilitating efficient decision-
making/choices [23] and promoting sustainable energy con-
sumption behaviors [24]. Recognizing this background, this
work proposes the concept of collaborating digital twins to
be explored in the contest of RECs.

As with many emerging concepts, there is currently no
clear, consistent and consolidated definition of the “digital
twin” concept and what it is comprised of. Available defini-
tions are currently sector specific [25]. However, the base
idea involves three elements: (a) the real (physical) space, (b)
the virtual space(s), and (c) a linking mechanism connecting
the real space and the virtual space(s) [26]. From another
perspective, IBM in Ref. [27] describes a digital twin as “a
virtual representation of an object or system that spans its
lifecycle. It is updated from real-time data and uses simula-
tion, machine learning, and reasoning to help decision-mak-
ing”. In line with IBM, Amazon Web Services (AWS) [28]
also posits that “digital twins can be used to leverage real-
time data supplied from sensing devices on a physical object
to simulate behaviours and track operations throughout the
object's lifecycle”. The proposers of AWS further state that
many real-world objects can be replicated with digital twins,
from individual factory machinery to complete installations
like wind turbines and even entire cities. Using digital twin
technology, it is possible to monitor the performance of an
asset, spot potential problems, and make better maintenance
and lifecycle decisions. Furthermore, given the increasing
amounts of intelligence currently being integrated into digi-
tal twins, their potential is becoming almost endless [27].
Digital twins can continue to improve products, enhance
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services, and streamline operations, as they can continu-
ously acquire new data for enhanced decision-making [27].
In this line, an Intelligent Digital Twin (IDT), according to
Ref. [29], includes all the attributes of a digital twin, and is
further endowed with artificial intelligence functionalities,
making it an autonomous system.

Aligned with these trends, the objective of this work is
twofold:

(a) To propose an architecture for a collaborating digital
twin (CDT) suitable for RECs, using the IDT architecture as
the base. To achieve this, we identified the key architectural
attributes of IDTs from the literature, through a mini-litera-
ture review. We then extend the identified common attributes
of the IDT architecture to encompass “collaborative intel-
ligence”, thus adding the capability for these digital twins to
engage in collaborative endeavors. This type of digital twins
can be understood as collaborative digital twins (CDT). We
further suggest that a CDT in this sense is a type of IDT that
takes a collaborative approach to problem-solving. The sci-
entific field of collaborative networks [30] has contributed a
repository of rich literature, that suggests how collaborative
mechanisms can be useful in managing energy ecosystems.
According to Ref. [31], collaboration can provide agility and
mutual benefits to the ecosystem and its participants and can
increase the ecosystem’s survivability and dynamic response
in turbulent times. To illustrate the feasibility of the CDT
concept, the case of the Cognitive Household Digital Twins
is, therefore, studied.

(b) To integrate IoT technology into the Cognitive House-
hold Digital Twin (CHDT), as introduced at the IFIP IoT
2022 conference [21]. This article in fact expands the initial
paper presented at this conference.

To help pursue these objectives, the following research
questions are considered:

e  What architectural framework is suitable to support the
conceptualization of a collaborative digital twin (CDT)?

e How can the CDT concept be demonstrated and assessed
in renewable energy communities?

Subsequent sections of this article are as follows:
Sect. “Related Work and Background Knowledge”
focuses on related work and background knowledge. In
Sect. “Related Work and Background Knowledge”, a mini-
literature review on IDTs is conducted and used as a baseline
to propose the architectural frameworks for the CDT. The
functional requirement of the CDT is also discussed in this
section. In Sect. “Cognitive Household Digital Twin”, the
Cognitive Household Digital Twin is presented in detail.
Section “Discussion of Simulation Outcomes” is devoted to
the discussion of some preliminary outcomes using a proto-
type model. Finally, in Sect. “Limitation of the Model”, we

draw some conclusions, and provide some recommendations
for future work.

Related Work and Background Knowledge

Although the concept of digital twin (DT) is relatively
recent, several application initiatives are emerging in the
energy domain. For instance, in Ref. [32], a household data-
driven multi-layer digital twin that aims to mirror actual
energy consumption of households is proposed. Another
study described in Ref. [33] also proposed a forecasting
approach in which the DT of a physical household can use
data from the physical twin to forecast the energy consump-
tion for the next day. Similarly, in Ref. [34], a DT-driven
technique was adopted to improve the energy efficiency
of indoor lighting based on computer vision and dynamic
building information modeling (BIM). A case study reported
in Ref. [35] proposed a battery energy storage system digital
twin that forecasts the state of charge by applying artificial
intelligence. Another novel DT-based day-ahead scheduling
method is proposed in Ref. [36]. In this case, a deep neural
network is trained to make statistical cost-saving scheduling
by learning from both historical forecasting errors and day-
ahead forecasts. Nevertheless, the combination of collabora-
tive facets with Al mechanisms in digital twins is still in its
infancy [8, 21]. Since we aim at introducing collaborative
mechanisms in the energy ecosystem, a brief overview of
collaborative networks follows. Some background on simu-
lation approaches is also briefly introduced.

Collaborative Networks

The literature on collaborative networks (CNs) has wit-
nessed significant growth over the past 2 decades [37]. This
expansion can be attributed to the multitude of challenges
faced by today’s society in its pursuit of the “digital transfor-
mation” agenda, which aims to transition our society into a
digitalized one, namely Society 5.0 [19]. This agenda seeks
to infuse intelligence into all aspects of technology and fos-
ter the hyperconnectivity among millions of organizations,
individuals, and things. With the convergence of virtual and
physical spaces in the realm of Cyber-Physical Systems and
the Internet of Things, we can anticipate future scenarios
in which a vast number of networked actors, smart devices,
intelligent systems, and ecosystems coexist and collaborate.
To ensure the effectiveness, benefits, and reliability of this
merging synergy, the involved parties must learn to collabo-
rate in a trustworthy manner that benefits all participants.
The scientific field of CNs involves the development of con-
cepts, mechanisms, and models that support and compre-
hend the challenges of collaboration in such settings.
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Models, mechanisms, and tools from the field of CNs
emerged as promising enablers in the context of digital
transformation and have subsequently been used to tackle
challenges in various domains. According to Ref. [38], col-
laboration is inherently advantageous for all parties involved,
which provides the rationale and driving force behind pursu-
ing collaboration in a digitalized and hyperconnected soci-
ety. In addition, according to Ref. [38], collaboration is a
process through which a group of entities mutually enhance
their capabilities. It involves collectively addressing a prob-
lem, forming an integral part of the collaborative procedure.
Collaboration not only strengthens an organization’s ability
to compete with comparable entities but also enhances their
resilience in times of turbulence.

Types of collaborative networks: Referring to Fig. 1, it is
evident that numerous types of collaborative networks cur-
rently exist in various domains. This research work focuses
on exploring several emerging collaborative forms that are
relevant to the energy context. The following paragraphs
provide a brief overview of some of these typical classes of
collaborative networks [13, 21]:

Virtual Enterprise (VE): which refers to a temporary
alliance of enterprises that come together to share and
leverage competencies and resources in order to (better)
respond to business opportunities. These alliances are
facilitated by computer networks, which enable seamless
collaboration and information sharing among the partici-
pating entities.

Virtual Organization (VO): a network similar to a virtual
enterprise, but with a broader scope that includes various
types of organizations beyond for-profit companies. In
this context, a Virtual Enterprise can be considered as
a specific case of a Virtual Organization. Situating the
CDT concept in a REC environment, a temporary VO
can be constituted of CDTs which are interested to pur-
sue or achieve some specific goal(s). These CDTs could
come together and form an alliance with the objective of
seizing a business opportunity or achieving a common
goal. In a REC environment, business opportunities or
goals may include aggregating surplus energy generated
by the community and selling it to the grid. Another
potential business opportunity/goal could involve grid

Collaborative
Networks
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\ 4
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Organizations
—| Flash Mob
v v
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Fig. 1 Types of collaborative networks (based on [26])
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management strategies, particularly during peak periods
when the grid is congested and the need to shed some
loads becomes necessary. In such cases, CDTs can con-
tribute to the management strategy by deferring the use
of their “deferrable loads.” Deferrable loads are house-
hold appliances such as washing machines, dishwashers,
and clothes dryers that can have their usage postponed
to a later time without significantly affecting the service
quality they provide to the user.

e Dynamic Virtual Organization: a sub-class of VO that is
established quickly in response to a short-term business
opportunity. This VO can be dissolved when the short-
term objective/goal has been achieved. In the context
of collaborative digital twins within a REC, the forma-
tion of VOs, as described earlier, is proposed to occur
in a dynamic manner. This means that the creation of
a Virtual Organization becomes necessary only when a
viable business opportunity arises. These opportunities
may have varying lifecycles and require prompt response
times, necessitating an agile and adaptable approach. The
capability of CDTs to dynamically form VOs to pursue
these opportunities and having them dissolved when the
opportunity/goal is achieved is key to the CDT concept.

e VO Breeding Environment (VBE): a concept that repre-
sents a long-term association (also known as a cluster) of
organizations and their supporting institutions, that have
both the ability and the desire to cooperate through the
establishment of a long-term “base cooperation agree-
ment” and the adoption of a common or interoperable
infrastructure. Jointly agreed business practices also
characterize this class of network. When one member
(e.g., the community manager), acting as a broker, identi-
fies a business opportunity, some members of the VBE
whose interest are in line with the opportunity can come
together to form a coalition, i.e., a VE/VO to respond to
that opportunity. In the energy context, a REC can be
considered as a type of a VBE where the participating
households have expressed their desire and agreement to
cooperate and jointly pursue some common objectives/
goals. Such agreement could be made between the physi-
cal households within the REC, however, decisions relat-
ing to the implementation of these goals shall be carried
out by the respective CDTs on behalf of the physical
households based on some level of delegation, assigned
by the user. This delegation empowers the CDTs to make
autonomous decisions and take actions in line with the
agreed-upon objectives of the REC, while still repre-
senting the interests and preferences of the participating
households.

e Business Ecosystem: is a class of collaborative network
that falls under the sub-class of long-term strategic net-
works, more specifically a sub-class of VBE. It is defined
in Ref. [39] as “a long-term strategic collaborative net-

work similar to a cluster or industry district.” Accord-
ing to the definition provided in Ref. [39], a business
ecosystem draws inspiration from the mechanisms of
biological ecosystems. It aims to preserve local specifi-
cities, traditions, and culture while frequently benefiting
from government incentives at the local level. This type
of ecosystem fosters collaboration among diverse enti-
ties and promotes synergistic relationships among differ-
ent sectors to drive economic growth and development.
Through the lens of collaborative networks, the organi-
zation of a REC can be viewed as a form of a business
ecosystem. The REC involves the collaboration and coor-
dination of various stakeholders, including households,
businesses, local government entities, and renewable
energy generation units, within a specific geographical
region. Thus, we can refer to collaborative energy ecosys-
tems. The analysis of the REC as a business ecosystem
helps identify opportunities for economic growth and the
establishment of sustainable energy practices within the
community and the wider geographical region.

Other examples of CNs are illustrated in Fig. 1 and
described in detail in Refs. [13, 21].

A Multimethod Simulation Approach

In the fourth section of this work, a simulated prototype of
a CDT, namely the Cognitive Household Digital Twin is
presented. The prototype is developed using a multimethod
simulation approach. This simulation technique involves the
integration of three simulation paradigms namely system
dynamics, discrete event and agent-based simulation.

The traditional approach to simulation and modeling has
often relied on single-method endeavors. However, research
in the literature has revealed significant limitations to this
approach, particularly when dealing with complex systems
that exhibit diverse structures and dynamics. Understand-
ing how a real-world system is structured and how it can
be adequately reflected in a model is crucial for conduct-
ing effective simulations [40]. Recognizing the limitations
of single-method simulations, researchers have proposed a
multimethod strategy for simulation, as discussed in works
such as Refs. [26, 41] and [43].

As discussed in Ref. [42], a multimethod simulation
involves integrating two or more simulation techniques
into one. The popularity of this approach has seen sig-
nificant growth over the past 2 decades, as noted by the
authors in Ref. [43]. The benefit of a seamless integra-
tion of different modeling and simulation techniques is
that it allows the modeler to overcome the limitations of
a single-method and capitalize on the strengths of each
method in the multimethod approach. Combining diverse
techniques can produce more efficient and manageable
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models without relying on workarounds or compromises.
According to Ref. [44], three prominent simulation meth-
ods are often combined to produce a multimethod model:
system dynamics, multi-agent systems, and discrete event
modeling.

System Dynamics Modeling. A technique that is based on
the premise that the behavior of a system is influenced by
the interplay between its constituents and their interaction
with the environment. This technique recognizes that these
constituent elements affect each other within a dynamic and
complex environment over time. This modeling technique
is often used to analyze complex, non-linear processes and
inter-element synergies. According to Ref. [44], system
dynamics facilitates the integration of multiple perspectives
of a dynamic and complex system into a software model,
making it easier to analyze and explore. By adopting a mod-
eling technique that employs a variety of modeling elements
such as stocks, feedback, flows, and delays, it is possible to
reduce complex problems involving numerous variables or
factors to a more manageable dynamic process.

Multi-agent Systems. The area of multi-agent system
(MAS) has gained considerable popularity in recent years,
finding applications in numerous emerging domains, includ-
ing artificial intelligence, distributed computing, software
engineering, smart grid control and simulation, e-commerce,
adaptive virtual environments, and social networks [5]. MAS
has been successfully used to address a wide range of prob-
lems spanning numerous disciplines. According to Refs.
[45] and [46], MAS can serve as the basis for a simulation
technique used to model autonomous, dynamic, and adap-
tive systems based on three fundamental concepts: agency,
dynamics, and structure. The concept of agency implies
that agents are autonomous entities with distinct properties,
behavior, and possible goal-directedness. Dynamics refers to
the growth, transformation, and evolution of both the agents
and their environment. The interaction of agents results in
the formation of structure. Agents inhabit an environment,
perceive it, and choose their actions based on the current
state of the environment, their own state, and predefined
decision rules. Agents may have explicit objectives of mini-
mizing or maximizing some parameter, in addition to the
ability to learn and adapt.

Discrete Event Modeling. Discrete event systems (DES)
are discrete-state and event-driven systems in which the
change of state depends entirely on the occurrence of dis-
crete events over time. Examples of DES include manufac-
turing systems, service systems such as hospitals, transporta-
tion systems such as urban traffic networks, communication
systems such as wireless networks. Discrete event modeling
techniques are mainly useful for process modeling. Pro-
cesses such as queueing, scheduling, prioritization, delays,
seizing a resource, and releasing a resource can be modeled
in an efficient way using this modeling technique.
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An example of a simulation environment that combines
these three modeling approaches is the AnyLogic simulation
software [47], a tool that was adopted in the development of
the prototype used for this study.

Proposed Architecture for the CDT

To develop the architectural framework for the CDT, we
followed a three-step approach. First, we adopted the sim-
ple yet comprehensive definition of “digital twin” from
the Advanced Manufacturing Research Centre (AMRC)
[25]. The rationale for adopting this definition is that it is
simple and can serve as the base on which a more com-
plex definition can be proposed. Furthermore, it provides a
“functional output” component which meets one of the key
requirements, expected of the CDT. Second, we suggested
and discussed the functional requirements of the proposed
CDT based the available literature. Third, we conducted a
concise literature review to identify the key architectural
layers of the intelligent digital twins as recorded in the other
works. Based on the outcome of these three analyses, the
architectural framework for the DT is proposed.

Definition of the Digital Twin from the Perspective
of AMRC

In Ref. [25], a digital twin is defined as “a live digital cou-
pling of the state of a physical asset or process to a virtual
representation with a functional output.” According to this
definition, there are 6 functional components of the digital
twin:

e Live (data): when state data are accessible in a time win-
dow near enough to the underlying event’s timing.

e Digital coupling (medium): a digital carrier medium
being used as the transmission mechanism between the
data source(s) and the data consumption method(s).

e State: the specific state that the physical item or process
is in at a given time.

e Physical asset or process: an entity that has value in
terms of the economic, social, or business.

e Virtual representation: a description or logical model
that is similar to the real asset or process it represents.

e Functional output: data sent to a system or human
observer that can be used to produce value.

Functional Requirements and Expected Behaviors
of the CDT

Insights from the domain of Requirement Engineering
show that the functional requirement of a system is the
concept that describes a system’s requirement, purpose,
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aim, functionality, constraint, quality, behaviors, condi-
tion, or capability [48]. The functional requirements for
the CDT are derived from some earlier studies conducted
in Refs. [23] and [24]. Gleaning from these works, the
requirements for the proposed CDT are expected to endow
the CDT with “cognitive” intelligence and “autonomous
decision-making” capabilities that could enable it to par-
ticipate in collaborative ventures and endeavors within
its prescribed ecosystem. Thus, the proposed functional
requirements involve:

e (Cognitive intelligence: The CDT is expected to exhibit
three kinds of cognitive intelligence:

e Cognizant of its environment: the CDT is expected
to be cognizant of (i) all community goal(s)/business
opportunities in the past, present and future, and (ii) the
schedule(s) associated with each business opportunity
that it has accepted to participate in.

e Cognizant of the self: the CDT is expected to have some
knowledge about itself such as (i) knowing its status
as a consumer or prosumer, (ii) knowing the prefer-
ences of the user (the value system) of the physical
household), (iii) being cognizant of which of the value
system(s) are active and which value systems are dor-
mant at any given time, (iv) be cognizant of its accept-
ance/decline to participate in a current or future coali-
tions, (v) have historical records of all coalitions that it
has accepted, declined or participated in the past, and
(vi) the capacity of installed PV/battery storage system
if it is a prosumer.

e Collaborative/intelligent algorithms: capability ena-
bling the CDT to execute intelligent algorithms that
facilitate collaborative decision-making.

e Autonomous decision-making: comprising decision and
actions carried out by software agents on their own,
based on data, to achieve some specific goal(s). In the
context of the CDT, the decision will be carried out by
the CDT themselves, according to the level of dele-
gated responsibilities. The sources of data for decision-
making may include (i) the current state of the virtual
representation, (ii) input from the user, and (iii) input
from other sources such as the community manager.
The expected objective is to participate in the forma-
tion of coalitions (i.e., VOs) that are meant to achieve
some collective goal(s) or business opportunities of the
community.

e Functional output: supporting collaborative service
provision. The functional output will involve signals
that can be used to control actuators or smart appli-
ances that are located within the physical space. These
control capabilities enable the CDT to control its appli-
ances in line with collaborative endeavors.

A Brief Review of the Attributes and Number
of Layers of Intelligent Digital Twins

To help in the proposition of a suitable architecture for the
collaborative digital twin, we performed a succinct litera-
ture review from 8 knowledge areas to ascertain what the
literature suggests about the architecture of intelligent digital
twins (IDT). These different knowledge areas and domains
of application enabled us to analyze the architecture of
intelligent digital twins from a diversified perspective. The
rationale for reviewing IDT proposals stems from the fact
that our proposed CDT is expected to exhibit some level of
intelligence to be able to engage in collaborative endeav-
ors. In all considered cases, the developed digital twin is
described as having some level of intelligence. The outcome
of this brief review indicates that there is no widely accepted
framework or architecture for the IDTs. As shown in Table 1,
the number of layers that is found varied from 3 to 5. Fur-
thermore, although most of these layers are similar in terms
of their functions, the terminologies that are used to describe
them differ from one application to another. However, a key
finding as shown in Table 1 is that some attributes are found
to be common in all the IDTs, irrespective of the number of
layers or domain of application.

As shown in Table 1, column 4, there are generally 6
common attributes associated with the architecture of the
IDTs: (a) physical layer, (b) data acquisition and synchroni-
zation layer, (c) database/information repository layer, (d)
intelligent application/algorithm layer, (e) digital twin, and
(f) service layer.

Proposed Architecture for the Collaborative Digital
Twin

For the energy ecosystems, we propose a 4-layered archi-
tecture of the CDT as shown in Fig. 2. This architecture is
derived from the merger of the definition of the digital twin
in Sect. “Definition of the Digital Twin from the Perspec-
tive of AMRC”, the functional requirement as suggested in
Sect. “Functional Requirements and Expected Behaviours of
the CDT”, and the attributes and number of layers derived
from the outcome of the literature review that is conducted
in Sect. “A Brief Review of the Attributes and Number of
Layers of Intelligent Digital Twins”. The proposed architec-
ture comprises the following layers:

— Physical layer: which refers to the real-world physical
system or product which is replicated by a virtual Digital
Twin. In the context of RECs, the physical layer may
constitute the physical energy assets such as generation
units, household appliances and energy storage systems.

— Data collection and IoT Gateway: the interface between
the physical and cyber layers of the ecosystem. The IoT
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Table 1 Outcome of a mini-literature review concerning intelligent digital twins

Domain of application and reference

Number of
digital twin
layers

Description of the layers

Common attributes

Intelligent search and rescue in the Mari-
time Industry [49]

Intelligent transportation system
(50]

Intelligent workshop path planning [51]

Intelligent operation of special vehicles
(52]

Intelligent diagnosis of reactor systems
(53]

Intelligent reproduction, predicting and
control of traffic [50]

Providing guidance for developing digital
twin architectures [54]

Intelligent road inspection and mainte-
nance
[55]

4 Modules

4 Layers

3 Layers

3 Layers

5 Layers

5 Layers

3 Layers

4 Layers

Unmanned perception module
Communication link module
Command center module
Operator’s module

Physical layer

Data layer

Connection layer

Services layer

Physical workshop

Digital twin workshop

Path planning

Data collection and transmission layer

Data treatment layer
Digital twin layer
Application layer
Functional layer
Algorithm layer
Database layer
Data layer
Virtual part
Services

Data

Physical part

Connections

Physical twin
Communication/integration medium
Digital twin

Application layer

Server layer

Database layer

Physical later

Physical asset

Data acquisition and synchronization layer
Intelligent application/algorithm layer
Service

Physical layer

Database/information repository layer
Data acquisition and synchronization layer
Intelligent application/algorithm layer
Physical asset

Digital twin

Services layer

Data acquisition and synchronization layer
Database/information repository layer
Digital twin

Service

Service

Intelligent application/algorithm layer
Database/information repository layer
Data acquisition and synchronization layer
Physical layer

Data acquisition and synchronization layer
Digital twin

Database/information repository layer

Intelligent application/algorithm layer/
service layer

Physical asset

Data acquisition and synchronization layer
Digital twin

Intelligent application/algorithm layer
Service layer

Database/information repository layer
Physical asset

components would be responsible for collecting data

e Data from physical assets: containing information that

from the physical asset, and the gateway would enable
seamless exchange of data between the cyber and the
physical spaces. Iol components may be comprised of
sensors and actuators that allow the CDT to control the
connected physical asset. This layer is also responsi-
ble for the synchronization of “live” data between the
physical assets that are located in the physical space
and the digital replica that is also located in the cyber
space.

— Information/data repository: all the data that are col-

lected from the physical asset are stored in dedicated
databases in this layer. In the context of the CDT, three
types of data can be stored:
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is collected form the physical asset. There can be two
types of information:

e Historical data: a database containing historical data

of the physical asset. This database can provide the
CDT with historical information about past operational
states or behaviors of the physical asset.

e Live data: This database provides the CDT information

about the present operational state of the physical asset.
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Data from the user: the CDT is proposed to have a user
interface through which the user can provide its CDT
with some information concerning preferences and pri-
orities in relation to the types of business opportunities
in which it is willing to participate, and which one is of
higher or lower priority.

Feedback data: every decision that is executed by the
CDT would require some sort of feedback to ascertain if
it was successfully carried out or not. This information
gives the CDT cognizance of the outcome of its deci-
sions and also guide it in subsequent decision-making
processes.

Data from other sources: as communication and infor-
mation exchange are paramount aspects of every col-
laborative endeavor, the CDT requires access to infor-
mation that is being shared across the community

network. Such information may include invitations to
participate in collaborative coalitions, schedules of
business opportunities/goals, the availability of incen-
tives, information about emergencies, etc.

Collaborative digital twin (CDT) layer: which refers
to the virtual replica of the real-world physical system
or product. In the context of RECs this layer would
represent the digital replicas of households in the REC
environment. The key component of this layer is the
collaborative layer which accommodates several sub-
layers. Discussed below are the components of the
CDT layer.

Collaborative layer: responsible for the cognitive intel-
ligence that facilitates the collaborative capabilities and

SN Computer Science
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behaviors of the CDT. This layer is comprised of 4 key
components:

e Collaborative services: featuring an output that would be
used to provide different kind of collaborative services
that are provided by the CDT. In the context of RECs
such collaborative services may include participation in
different coalitions that are goal specific, such as grid
management and energy vending coalitions.

e Collaborative/autonomous decision-making: the center
for decision-making. The CDT is capable of executing
decisions that are motivated by collaboration. This is due
to its autonomous capabilities. The cognitive intelligence
enables the CDT to be autonomous, therefore, taking
decision that is in the best interest of itself. However,
these decisions are also made in line with the goals of the
community and also in a collective manner. For instance,
the decision to defer the use of certain appliances in line
with the community objective of a grid management
opportunity requires the CDT to autonomously switch
the appliances off and on at the designated times, in line
with the community schedule.

e Data analysis, processing, visualization, emulation and
simulation

This layer provides the CDT with soft, real-time, and his-
torical information about the physical twin. This layer can be
equipped with different kinds of software, such as data ana-
lytics software for data analysis and processing, emulation
software that can help model current behaviors, and simula-
tion software that can predict future or potential behaviors.
Depending on the kind of software embedded in this layer,
it may also provide the CDT or user with a graphical 3D
visualization of the physical twin.

e [ntelligent layer: enables the CDT to exhibit intelligent
attributes, namely:

e C(Cognitive intelligence: the capability of the CDT
to have rational knowledge about itself as well as its
changing environment, so that it can take decisions or
actions autonomously in order to achieve its individual
or collective goals. Cognitive intelligence may also
help CDTs to improve their performance based on the
acquired knowledge.

Cognizance of the self: the capability of the CDT
to have rational knowledge about itself so that it can make
autonomous decisions or actions in order to achieve its
individual goals or improve its performance based on the
acquired knowledge.

Cognizance of its environment: the capability of the CDT
to have rational knowledge about its environment so that
it can make autonomous decisions or actions in order to
achieve its individual goals or the collective goals of the
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community. It may also improve its performance based on
the acquired knowledge. As suggested earlier, collaboration
could be a useful mechanism for problem-solving in the set-
ting of a REC. In such cases, the REC members may have a
problem or goal that they want to achieve collectively. For
this endeavor to be successful, each CDT must be conversant
with said objective/goal and be able to make autonomous
and rational decisions in accordance with the common goal.

— Intelligent and collaborative algorithms: in general
terms, an intelligent system can model certain types of
human knowledge, competence, and reasoning in order
to solve some specific problem(s). Any algorithm that is
built on this idea and can help achieve these objectives
can be considered an intelligent algorithm.

Collaborative Digital Twin Ecosystem

In this application context, it should be noted that a CDT
cannot exist in isolation but rather in a collaborative environ-
ment, or ecosystem. Figure 3 illustrates a typical example of
a collaborative digital twin energy ecosystem, where mul-
tiple CDTs can exist and collaborate in the same environ-
ment. This ecosystem consists of the following components:
generation units, municipalities, distribution network, small/
medium businesses, and local residents, which can be simple
consumers or also producers (prosumers). The ecosystem is
comprised of 4 layers:

e Physical layer or grid component: This layer is the part
of the ecosystem where the physical assets of the com-
munity are located. The physical layer constitutes all the
physical components of the renewable energy commu-
nity.

e Data collection and IoT gateway layer (with sensors and
actuators): The layer is part of the architecture that lies
between the physical layer and the cyber layer. It consists
of sensors that collect data from the physical layer and
transmit it to the corresponding CDT. These sensors are
responsible for updating the CDT on the state of opera-
tion of the physical asset within the ecosystem. These
sensors will have the ability to inform the CDT if the
asset is malfunctioning, offline, or damaged. This layer
also accommodates actuators that can be used to control
the physical asset.

e Collaborative digital twin layer: This is the layer of the
architecture where the intelligent/collaborative digital
twins are hosted. This could also be known as the digital
twin environment (DTE) which, according to Ref. [56],
is the virtual representation of the physical environment
within which the community components exist.
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Fig.3 Collaborative digital twin ecosystem

e Collaborative network organization layer or collabora-
tion layer: This is a layer, probably in the cloud, where
collaborative endeavors are pursued.

Collaborative network owner/user: This is the entity
within the ecosystem that has ownership or control over the
formation and dissolution of a virtual organization (VO).
The VO may as well include emergency service providers,
City Hall, or third-party entities that may play a relevant role
in the information-gathering and collaborative processes.

Cognitive Household Digital Twin

In this section, we briefly introduce a specific type of col-
laborative digital twin, namely the Cognitive Household
Digital Twin (CHDT). CHDTs will “inhabit” a collabora-
tive energy ecosystem named Collaborative Virtual Power
Plant Ecosystem (CVPP-E).

Concept of Collaborative Virtual Power Plant
Ecosystem (CVPP-E)

The Collaborative Virtual Power Plant Ecosystem (CVPP-E)
concept is the outcome of combining ideas and mechanisms
from the disciplines of collaborative networks and Virtual
Power Plants (VPPs). The CVPP-E, as seen from the per-
spective of CNs, can be perceived as a type of a business
ecosystem which is constituted of prosumers who have solar
panels installed on their roof-tops and are able to share, store
or sell their surplus energy with other community mem-
bers. The community may have common interests such as

sustainability, economic, social, and technological interests.
The result of this synthesis is a type of REC that uses collab-
orative principles and mechanisms in its operation to ensure
sustainable energy consumption and exchange, while exhib-
iting VPP characteristics, such as the ability to aggregate
excess community energy and sell it to the grid. The CVPP-
E represents the community environment in our model.
This ecosystem is a kind of Virtual Organizations Breeding
Environment or more specifically a business ecosystem [57]
in which members approach energy use and exchanges col-
laboratively. As a result, members engage in collaborative
efforts aimed at achieving some goals that can be shared by
the entire community. A CVPP-E in the proposed formula-
tion includes: (a) the community manager who promotes
collaborative activities and behaviors. This manager also has
access to external entities such as weather forecasting sta-
tions, the energy market, regulatory bodies, and distribution
services operators (DSOs); (b) multiple user actors that may
include prosumers and consumers; and finally, (c) a common
community-owned energy storage system.

Notion of Cognitive Household Digital Twin

In the developed prototype, each CVPP-E actor is mod-
eled as a software agent (implementation of digital twin)
that mimics the traits and actions of the real actor. These
software agents are designed to live in and interact with
each other within a digital REC environment, namely the
CVPP-E. A Cognitive Household Digital Twin (CHDT)
represents a household unit in this environment. CHDTs
are modeled to possess cognitive and collaborative intel-
ligence, as described in the case of the collaborative digital
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twins in Sect. “Proposed Architecture for the CDT”. CHDTs
can make logical and independent judgments on behalf of
their owners (owners of the physical households). Thus, we
mimic the population of households in a typical community
by aggregating several CHDTs. Using agent-based tech-
niques, we simulate the uniqueness of each household as an
autonomous software agent possessing distinct behaviors.
Thus, the replica of a community having overall stochastic
behaviors is modeled. In the implemented prototype, the
decisions of CHDTs are based on the users’ preferences,
which are captured as their digital profile. The digital profile
of a CHDT consists of (a) their value system, and (b) their
delegated autonomy.

Value system: The value system represents the prefer-
ences, choices, and options of the physical twin that have
been modeled in the CHDT. This informs the kinds of
choices and decisions that the CHDT can make. Technically,
the value system of individuals may constitute a spectrum
of needs that may differ from one person to another, so the
notion of value system allows the collective objective of the
community to be achieved without compromising the indi-
vidual user’s preferences and expectations. Some examples
of values systems discussed in previous studies such as Refs.
[24] and [21] include:

a) 100% renewable sources: For this type of value sys-
tem, the owner’s preference is to consume energy from
renewable sources only. Any other source of energy that
is not renewable is prohibited to this actor.

b) Mixed energy sources: For this case, the user consid-
ers the use of energy from mixed sources, which may
include a mix of renewable and non-renewable sources.
It may be possible for the owner to specify the preferred
ratio of renewable to non-renewable sources.

c) Free rider: Technically, this is not a value system, rather
it represents an instance where the owner is unable to
define a value system.

d) Cost savings: This represents users whose priority is to
reduce costs and, therefore, prefer to use certain appli-
ances at times when tariffs are the lowest.

e) Revenue or income: This represents homeowners who
want to engage in activities such as demand response
actions to earn revenue or sell energy from their roof-
mounted photovoltaic system (PV system) to earn addi-
tional income.

f) Load management: This value system represents owners
who are willing to have some appliances (interruptible
loads) able to be interrupted for grid load management
purposes.

Delegated autonomy: The notion of delegated autonomy
represents the specific instructions that a homeowner assigns
to his/her CHDT to be followed in carrying out or executing
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his/her value system. In the prototype model, delegated
autonomy is carried out using deferrable loads. These are
appliances whose use can be deferred to a later time without
affecting the quality of service (QoS) the appliance offers to
the user. Three types of appliances can be delegated in the
prototype: a washing machine, a dishwasher, and a clothes’
dryer. Delegation can be accomplished by deferring (a) any
one of the three appliances, (b) any two appliances, or (c)
all three appliances.

CHDT decision-making process: Fig. 4 shows a BPMN
diagram illustrating how decisions are made by the CHDTs.
These decisions are based on several inputs from sources
such as the community goal, the digital profile, data from the
physical twin, and sources of influence. A source of influ-
ence in this sense can be perceived as exogenous or endog-
enous factors that can influence or alter the decisions of the
CHDT. In a practical sense, this could be a form of incentive
or reward that promotes pro-sustainable behaviors.

Testing the Control Capabilities of CHDTs

To illustrate the control capabilities of the CHDTs, we con-
sider a scenario where a CHDT sends a series of control
signals to switch appliances between the “on” and “off”
states. Three appliances, namely a washing machine, a dish-
washer, and a tumble dryer are controlled. Table 2 shows
the time at which the control signals are transmitted and
the corresponding control action that the signal is expected
to achieve. Figure 5 shows the usage behavior of the three
appliances without the control signals. In Fig. 6, we illustrate
the usage behavior of the three appliances when the control
signals are received by these appliances. The period between
each “on” and “off” cycle is 10 h.

To further illustrate the decision-making and control
capabilities of these CHDTs, we discuss in Sect. “Discus-
sion of Simulation Outcomes” some outcomes from previous
studies, which were conducted using two different scenarios.
However, to better understand these case studies, it may be
relevant to provide some insight into the prototype model
that was used for the study. First, the prototype model is
constituted of several sub-models that are integrated to func-
tion as a single model. This technique allows the modeling
of different actors and systems that interact to enable the
CVPP-E to realize its intended functionalities. Some of the
sub-models are as follows:

(a) The PV and local storage sub-model (Fig. 7) which is
used to model the embedded PV systems for prosum-
ers.

(b) The embedded household appliances model (Fig. 8),
which is used to model all embedded appliances. Nine
appliances were considered in the model.
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(c) The prosumer model (Fig. 9), which is used to model
prosumers.
The consumer model (Fig. 10), which is used to

model consumers.

(d)

Depending on the intended use, a sub-model in Any-
Logic [47] can be created using one of three modeling
strategies. For example, all models that display dynamic
behaviors, with continually changing parameters, are
simulated using system dynamics modeling techniques.
The photovoltaic system (PV system) and local storage

sub-model, as well as the embedded household appliances
sub-models, are examples of system dynamics models. The
multi-agent system approach was also used to model the
changing states (active and inactive states) of prosumer
and consumer CHDTS. Finally, all aspects of the model
that required the formation of an entity endowed with
autonomous qualities were also modeled using agent-
based modeling techniques.

Although the prototype model consists of several other
sub-models, those shown in Fig. 13 to 14 form the core of
the prototype. Discussed in the next section are the out-
comes of some simulation studies.
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Fig. 10 An agent-based model
of an active consumer with no
installed PV system
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Table 3 Parameters used to model the various household appliances [58]

Model i

_________________

1
1
4
’
-

nitialization point

~
N
A}

\
:
1
i State
:
1
1

Consumer

1 No installed PV System J

\

/

Cognizant of having no
installed PV system

]

Cognizant of its state as a

consumer

Type of appli-  Annual power (kwh) Peak periods Number of wash
ance - cycles year
Min Average Max P1 P2
Washing 15.00 178 700 5 am—4 pm 5 pm-2 am 284
machine
Tumble dryer 64.25 497 1600 5 am-12 pm 6 pm—11 pm 280
Dishwasher 33.32 315 608 5 am-3 am 6 pm-2 am 270
stle 4, e popul:;tion SiZT of Scenarios Degree of =~ Number of del- Percentage of CHDT
the various HH in the sample delegation  egated appliances population (%)
scenario
Delegated  Undelegated
1 High population of delegated CHDTs  Full 3 100 0
2 Low population of delegated CHDTs  Full 3 10 90
3 High population of delegated CHDTs  Full 3 90 10
4 High population of delegated CHDTs  Partial 2 90 10
5  High population of delegated CHDTs  Partial 1 90 10

Discussion of Simulation Outcomes

In this section, we present the outcome of some preliminary
results obtained using the prototype model to study some
selected scenarios. For this discussion, we consider two illus-
trative examples, namely modeling delegated autonomy and

modeling mutual influences.
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Case 1: Modeling Delegated Autonomy

In Tables 3 and 4, we show some selected scenarios that
were used to test the CVPP-E prototype. The data shown
in Table 3 were obtained from Ref. [58]. For demonstration
purposes, Table 3 shows data from only three out of the nine
household appliances that were embedded in each CHDT.
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Fig. 11 The outcome of collective action behaviors for case 1 (Table 3)

These parameters were used to model the usage behavior
of each of the appliances. Furthermore, in Table 4, we con-
sider different scenarios of varying prosumer and consumer
populations. For each scenario, we tested different degrees
of delegated autonomy. Delegation in this sense means that
the CHDT has been authorized by its owner to make some
rational decisions on his/her behalf. In this example, the
goal is to minimize community consumption within a cer-
tain period, namely the “window of opportunity” (Fig. 11)
to reduce grid congestion. We tested different delegated
autonomy options, i.e., delegating 1, 2, or 3 from any of
the appliances mentioned in Table 3. In Fig. 11, we show
the outcome of one scenario, i.e., scenario 1 from Table 4.
This result shows that, within the window of opportunity, the
CHDTs executed the control instruction (delegated auton-
omy) that consists of deferring the use of these appliances
within the defined period (window of opportunity), thus
resulting in zero consumption within the window.

Case 2: Modeling Mutual Influence of CHDTs

As initially reported in Ref. [59], the concept of mutual
influence was explored. Under this scenario, the following
parameters are assumed: (a) Positive influence: Uniform dis-
tribution (0, 2), (b) Negative influence: Uniform distribution
(=2, 0), (c) Frequency of transmission: Uniform distribution
(0, 3) times per week, (d) Impact: Uniform distribution (0, 5)
hours from the time the influence is received, (e) Decision

Opportunity

PR e, A Rt

9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71

Time (H)

constant (&) =50. Details of other relevant parameters such
as duration of use, appliance power rating, and frequency of
use can be found in Ref. [59].

Table 5 describes two different cases, with different
population sizes, that were considered. In these cases, the
influencer CHDTS try to influence the “influencee” CHDTs
to use the loads mentioned in Table 3 only when the avail-
able energy is from renewable sources, thus directly from
PV sources, local storage, or community storage, to avoid
using energy from the grid. A total population of 50 CHDTs
was used. Two scenarios were considered, as shown in Ref.
Table 5.

In a practical context, an influence could be a kind of
incentive. Positive influence could be a positive incentive
that is offered to reward participants for making specific
choices or taking certain pro-sustainable actions or deci-
sions. For example, deferring deferrable loads, participating
in coalitions to pursue sustainable goals, consuming energy
from the grid only during periods of low tariffs, or consum-
ing energy from renewable sources Negative incentives, on
the other hand, could involve nudges or punitive actions for
making specific choices or taking certain actions that are
anti-sustainable and contrary to the interests of the com-
munity. Some examples may include “free-rider” behaviors,
consumption from the grid when other renewable sources
are available, etc.

At the end of the model run (128 simulated hours),
Fig. 12a, b shows the characteristics of the modeled

Table 5 Two cases with varying

. . Cases Population (%)
population sizes are used to test
collective decision-making Influencer Influencee Positive influ- Negative influ- Prosumer Consumer
population population encer population encer population population  population
A
Case-la  90% 10% 90% 10% 20% 80%
Case-1b  90% 10% 10% 90% 20% 80%
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Fig. 12 a Influences received by CHDT-1. b Influences received by CHDT-2

Fig. 13 a CHDT-3b CHDT-4

influence that was received by two different CHDTs, i.e.,
CHDT-1 and CHDT-2. The pulses appearing below the
X-axis represent negative influences while those above the
X-axis are positive influences.

In Fig. 13a, b, we show how the aggregation of influ-
ences over time can be used to determine the global behav-
ior of a CHDT. We also illustrate how the global behavior
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can be used in decision-making. For instance, in Fig. 13a,
b, we show CHDTs 3&4. Initially, CHDT 3 was nega-
tively influenced, however, the general behavior turned
into a positive behavior after 500 h. This CHDT could not
decide because its behavior (the aggregation of influence)
over time could not cross the threshold “o. In Fig. 13b,
CHDT-4 was positively influenced from the beginning of
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Fig. 14 a Case-1a. 90% positive influencers. b Case-1b. 10% positive influencers

the model run until its end. CHDT-4 was able to make a
decision at 300 h.

By comparing the outcome of case-la and case-1b
(Fig. 14a, b), the model result shows that when the popu-
lation of positive influencers is high (90% in case-1a vs.
10% in case-1b) most CHDTs were positively influenced,
therefore, most were able to make the decision to switch
consumption from the grid to renewable sources, hence con-
sumption from the grid was about 51% as compared to 69%
in case-1b) where the number of positive influencers is low
(10%). In addition, the consumption from community stor-
age, local storage and PV appreciated significantly in case-
1a more than in case-1b. This can also be attributed to the
difference in the population of positive influencers.

Limitation of the Model

Despite the promising outcomes, there are several limita-
tions with the current prototype. In future studies, these limi-
tations will be addressed. Some of the observed limitations
include:

Limited goal conditions: We restricted the number of
goal conditions in this simulation model to three. However,
before a goal can be established in a typical real-life sce-
nario, there may be a number of factors that need to be taken
into account. As an illustration, the formulation of a goal
that makes it easier to sell energy to the grid may require
several criteria or conditions that relate to power quality (fre-
quency and voltage), tariffs, and other contractual terms that
may be found between the grid operators, the energy market,
and the community.

Condition for VO formation: For the current implementa-
tion, the only prerequisite for the formation of a VO is the
threshold technique. However, in a real-world situation, the
sheer volume of accepted invitations might not be enough to
justify the formation of a VO. There may be other technical
considerations. The contribution from each member may
be just as important as the number of invitations accepted,

for example, in the case of exporting electricity to the grid.
For instance, the community manager’s projected predic-
tions must be met by the total contribution anticipated from
everyone who accepted an invitation. As a result, in addi-
tion to the number of accepted invitations, other technical
information may also be relevant and necessary to take into
consideration.

Limited value system: In the current implementation, each
CHDT is thought to have two value systems. In practical
terms, the number of value systems may be higher than the
suggested number.

Overrides: The prototype presupposes that CHDTs would
adhere to their judgments following acceptance of invita-
tions. However, it is feasible that some users may change
their minds a while after acceptance and may prefer to over-
ride the system and go against their earlier preferences. As
a result, CHDTSs are unable to alter their initial decisions
in this simulation model because such provisions were not
taken into account.

Current development was focused on simulation-based
prototyping. In order to move to physical implementation
some additional steps are necessary, e.g.,

Sensors and actuators: Some market survey in order to
determine the most appropriate and compatible sensors that
can support data collection from household appliances.
Additionally, actuators that facilitate remote control of these
appliances need to be identified. Even though the market is
full of such products, for implementing a physical prototype,
a careful study needs to be conducted first. Concerning smart
appliances, it is necessary to assess how their built-in smart
capabilities can be utilized to support the CHDT concepts.

Digital twin platform provider: It is necessary to identify,
evaluate, and procure a qualified “digital twin as a service
provider.” The digital twin environment (DTE), which will
house the digital twins, may be provided by this source
provider. It may be necessary to investigate further if the
integration of collaborative and intelligent algorithms can
be supported in their DTE. Currently, Ansis Twin Builder,
Bosch IoT Suite, IBM's Digital Twin Builder, and Azure
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Digital Twins are a few of the potential service providers
that have been identified.

Smart home portals: Other smart home portals that are
currently available may also be explored to determine if they
could provide DTE services. Some examples include: open-
HAB, Home Assist, ioBroker, Ago Control, OpenMotics,
and Domoticz.

Conclusion and Future Works

Renewable energy communities are gradually becoming an
integral part of the power grid infrastructure. These com-
munities are usually comprised of multiple entities that
are united by a common objective and purpose. The cur-
rent trends reveal that the number of these communities is
growing rapidly within the European Union and beyond.
Furthermore, considering the ongoing digital transforma-
tion and its impact on the energy transition, the use of novel
technologies, such as intelligent digital twins, for problem-
solving and decision-making within the energy landscape
is gradually becoming feasible. Therefore, the first part of
this work aimed at extending the idea of Intelligent Digital
Twin (IDT) with collaborative facets, leading to the notion
of collaborative digital twin (CDT). The architecture of both
the IDT and the proposed CDT are presented and described.

In the second part of the article, a prototype model of the
collaborating digital twin namely the Collaborative House-
hold Digital Twin is also introduced and discussed. Some
partial results from the prototype model are also shown. The
outcome of the study has proven that the idea of collabora-
tive digital twins is a feasible one. The simulation results
also helped in revealing how the collaborative capacities
of these digital twins can be harnessed as a management
mechanism or technique within the framework of a renew-
able energy community.

Furthermore, such collaborative actions can help to facili-
tate sustainable energy consumption within the ecosystem.
In this sense, surplus energy from generating units could be
aggregated into a VO, which is similar to a virtual power
plant (VPP) and can be used to inject some renewable energy
into the grid. This technique can help to maximize consump-
tion from renewable sources and minimize consumption
from the grid within the ecosystem. The CDTSs can also col-
laborate with, say, a distribution service operator to help
provide grid management services such as shifting loads
from peak to off-peak periods, relying on the technique of
“delegated autonomy.”

In future works, the usefulness and applicability of these
concepts shall be explored further. For instance, in the event
of a disruptive event, or catastrophic failure of any aspect of
the grid infrastructure, several potential Emergency Virtual
Organizations (EVO) can be formed to assist emergency
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response teams in planning and executing appropriate dis-
aster response actions. In the occasion where these CDTs are
endowed with cognitive intelligence, and autonomous deci-
sion-making capabilities, they could autonomously collabo-
rate among themselves to determine which aspects of the
grid infrastructure stand the risk of experiencing cascading
failure. The CDTs can then take proactive measures, such
as autonomously isolating certain critical infrastructure, to
protect the grid or prevent subsequent damage to property
and the lives of citizens.

In addition to disaster management, the capabilities of
CDTs to aggregate surplus energy to support the grid will
also be investigated in detail. The proposed CDT ecosystem
could also be a useful base to explore novel concepts like
“antifragility” and how it can help improve the resilience and
agility of the power grid.

The main contribution of this work is the proposition and
development of an architectural framework for the collabo-
rating digital twin concept. This contribution is perceived as
relevant and timely, particularly in this time and era of digi-
talization. Another contribution is that this work brings the
attention of the research community to the fact that CDTs
could be useful in promoting sustainable energy consump-
tion within RECs.
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