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Abstract: The design of integrated energy systems (IESs) is a challenging task by reason of the
highly complex configurations of these systems, the wide range of equipment used, and a diverse
set of mathematical models and dedicated software employed to model it. The use of digital twins
allows modeling in virtual space for various IES configurations. As a result, an optimal option of
IES is obtained, which is implemented in the construction or expansion of a real-world IES. The
paper proposes the principles of building digital twins for solving the IES design problems. The
paper presents a new methodological approach developed by the authors to design an IES with the
help of its digital twin. This approach includes the following components: the architecture of the
software platform to create digital twins, a set of technologies and tools to implement the platform,
methods to automatically construct a digital twin based on the Model-Driven Engineering concept,
an algorithm to design an IES based on its digital twin, and principles to organize a computational
process using a multi-agent approach. The results of the computational experiment using the software
implementation of the IES digital twin components are presented for a test energy supply scheme.
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1. Introduction

The establishment of a new energy production structure on the basis of several sepa-
rately functioning energy (electricity, heat/cooling, gas, and others) systems in the form
of an integrated energy system (IES) significantly expands their functionality, ensures the
interchangeability of energy carriers, and implements a synergistic effect providing reliable,
safe, economical, and environmentally friendly energy supply [1-3]. IES is a sophisticated
engineering system characterized by the complex configuration of these systems, a wide
range of equipment employed, and the need to provide various operating conditions and
coordinate individual systems as subsystems of a single IES. The IESs are systems with
a high cost of design, construction, expansion, management, and maintenance during
operation. Moreover, these systems are of great importance for the economy and social life
of society. Changes in the IESs and control actions on them must be justified and not have
negative implications. The listed features of IESs dictate the need to rely on scientifically
and theoretically substantiated tools to design and develop them. It is also necessary to
apply mathematical tools, which integrate mathematical models, modern methods of com-
putational mathematics, and effective software implementations of algorithms. The study
of IES on computer models addresses various IES construction options, which involve
building or changing the configuration of a real-world energy system, as well as altering
the operating conditions. This allows for avoiding the risks of economic losses and the IES
operation conditions that do not meet technical requirements.

Research is underway to build digital twins to design IESs. The digital twins enable
modeling in virtual space and considering various IES configurations. The advantage of
digital twins is that the properties of a real-world system can be transferred to an object that
exists in a virtual space and study this object using computer and mathematical models.
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Solving this problem provides an optimal scientifically and economically justified version
of the IES, which can be implemented in the construction or development of a real IES
(see Figure 1). The use of digital twins allows for enhancing the efficiency of design and
boosting the quality of design decisions.
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Figure 1. Designing an integrated energy system based on its digital twin.

2. Prerequisites for the Transition to Digital Twins

Objective trends in the structure and properties of future energy systems complicate
their manageability. It is also essential to consider the following trends when designing
and developing IESs: the power supply quality and reliability requirements increase; the
consumer becomes more active (can choose the type of power supply and the type of
energy carrier, participate in demand response, and others); the systems switch to real-time
remote monitoring of production assets, which is integrated into corporate control systems,
to more efficiently optimize operating conditions and improve the processes of operation,
repair, and replacement of equipment according to its condition, thereby reducing overall
system costs; and the need arises to provide fast processing of a large amount of data to
manage the integrated power systems.

The digitalization of infrastructural energy systems develops at a fast pace. There
are numerous examples of successful implementation of intelligent digital technologies
in power, heat, and gas systems. The advantages of energy digitalization are determined
by a significant increase in the reliability of energy supply and the quality of energy and
energy services, a radical change in the paradigm of relations between energy supply
stakeholders based on the principles of the Internet of Energy, the implementation of large-
scale economic effects for all stakeholders, and an increase in the efficiency of decisions
made and the performance of company personnel. Efficient intelligent energy systems
are impossible without the active involvement of modern advanced information and
communication technologies and digital intelligence tools, which provide the possibility of
the flexible management of the IES expansion and operation, coordination of subsystems,
and accomplishment of system-wide objectives. All this makes energy systems complex
cyber-physical systems and points to the need to use digital twins, which operate in the
virtual space and have bidirectional connections with the physical space to reflect solutions
from one space to the other.

The idea of the digital twin was first proposed by David Gelernter [4], and the digital
twin concept was applied to a manufacturing process by Michael Greaves. At present,
the term “Digital Twin” means a representation of all components of an object over its
life cycle relying on physical data, virtual data, and data on the interaction between
them [4-6]. According to experts, the digital twin is one of the promising approaches to
the implementation of the Fourth Industrial Revolution (Industry 4.0) [6-10]. Industry 4.0
paradigm suggests the creation of cyber-physical systems and employs the concept of a
digital twin and the technology of the Internet of Things, which enhances the efficiency of
the maintenance and operation of engineering systems, including energy systems. With
digital twins, one can study the behavior of newly installed equipment even before it is
installed at real-world energy facilities, its compatibility with other systems, and its impact
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on them; simulate the most complex technical situations, including equipment failures,
changes in energy generation from renewable energy sources and consumer behavior,
external influences, and incorrect actions of personnel ([11,12]; etc.). The study presented
in Ref. [13] explores the potential of methods and approaches based on digital twins, which
are intended to create an intelligent system for optimizing and automating the management
of energy consumption in a residential area with the aid of a data model integrated with
the Internet of Things, artificial intelligence, and machine learning. Pileggi et al. [8] use
the concept of a “cyber-physical power system”, in which the power system control relies
on digital twins. The findings of the research indicate that the digital twin technology
allows for optimizing the size of control actions on the power system and evaluating
its operating parameters. The study in Ref. [14] analyzes the impact of maintenance
policy optimization on energy efficiency and emissions of harmful substances for both
traditional and cyber-physical production systems, with the modeling based on digital
twins. Fathy et al. [15] propose a data-driven, multi-layer digital twin of the power grid that
aims to reflect the actual energy consumption of households using IoT technologies. The
research in [16] develops an approach to the day-ahead prediction of energy consumption
by using data obtained from the building’s digital twin model. The study in Ref. [17]
proposes a DT-based day-ahead scheduling method considering coordination between
different power converters in the IES, thereby improving energy efficiency, cost savings,
and carbon reduction.

Currently, researchers are actively working on the methodological framework for the
creation and use of digital twins. Voropai et al. [18] propose an approach to building an IT
infrastructure to create intelligent control systems for the development and operation of
energy systems based on the findings of the systems studies in the energy industry, which
use modern concepts (digital twins and digital images). Tao et al. [19] make a review of the
state of digital twin research in terms of the key components, current developments, and
major applications of digital twins in the industry. The study in Ref. [20] identifies the most
important requirements for digital twins of industrial energy systems. Currently, there are
works examining the specific features of the application of digital twin technology to IES.
Li et al. [21] discuss the technical framework for the digital twin technology of integrated
energy systems and analyzes its application. Chen et al. [22] explore an approach to using
digital twin technologies in an integrated energy system and proposes a hardware-based
digital twin solution infrastructure. A digital twin structure is proposed in Ref. [23] to solve
IES control problems. The authors present a process of the model generation automation to
ensure that the digital model in the virtual space reflects the physical system.

Some researchers suggest using semantic networks to create digital twins [7,24,25].
Ontologies can serve as a basis for developing digital twins. Let us consider examples of
ontologies used for the implementation of digital twins. The study in Ref. [26] analyzes
the problems of digital twin data management. The authors propose using ontologies
to solve these problems. The proposed approach provides the flexibility of knowledge
storage throughout the life cycle of the digital twin. The work discussed in [27] presents
the general architecture of digital twins of industrial energy systems to ensure flexibility
and optimize the operation of these systems. Ontologies are employed to store information
about resources and services. A hierarchical approach to design, which consists of an
upper-level ontology and a domain ontology, is used. In Ref. [28], ontology is viewed as a
representation of a digital twin in the context of cyber-physical systems. In Ref. [29], the
prerequisites for applying the ontological approach to building digital twins are considered
relying on the results available in the field of ontological engineering of energy systems.

Next, we will consider approaches and software tools for the creation of digital twins.
Microsoft has founded the Azure Digital Twins service, which provides the construction
of digital twins of real-world objects and uses ontologies to describe them [30]. IBM
has developed and implemented a system for creating digital twins “IBM Engineering
Lifecycle Optimization” [31] aimed at assessing the technical condition of the equipment.
A comprehensive solution enabling the development of digital twins from Siemens is
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MindSphere [32]. This solution has functionality for working with energy systems and
a wide range of open MindSphere APIs, including analytical services and MindSphere
Store with ready-made applications. General Electric develops and implements digital
twin technology based on the PREDIX platform [33]. This product is intended for the
industry and makes it possible to work with digital twins. The American company Paladin
Gateway has developed and implemented the Power Analytics platform [34], which is a set
of electrical energy services with the possibility of hosting them in the cloud. These services
allow for creating digital twins, exchanging the information obtained by monitoring power
systems with management tools. To create a versatile cross-industry environment, ABB has
created the ABBADility product [35] with the aid of the AspectObject technology, through
which a digital twin of real-world equipment can be created.

The above review focuses on the studies that reflect the conceptual principles of digital
twins, tools, and approaches used in their development and practical application. The
advanced experience of creating digital twins in the energy sector has been studied. The
review indicates that digital twins of energy facilities are built using ontologies, which bring
knowledge into a form suitable for its active use as an independent resource. An analysis
of the research on the applicability of the digital twin concept confirms the relevance of
digital twins when built for designing integrated energy systems.

3. Principles of Building Digital Twins for Designing Integrated Energy Systems

The digital twin of an IES is an imitation of a real-world physical IES. Therefore, when
solving the problems of designing an IES or developing (optimizing) an existing one, its
digital twin should reflect the current state of the system, and its possible states in the
future in different time periods, for which the scope and sequence of implementation
of design solutions are determined in order to achieve the required indices of IESs. The
resulting design solutions are based on calculations conducted to find a rational change in
the IES, its structure, and parameters, given the set conditions, constraints, and scenarios
in question. Digital twins of the IES should make it possible to monitor the dynamics of
the IES development over time, build the design solutions for various time periods, and
consider possible development scenarios of the system.

When designing an IES with the aid of a digital twin, one should take into consid-
eration that the IESs are complex technical systems and their studies rely on approaches
based on hierarchical modeling, which allows for investigating various IESs. IESs consist
of various types of energy systems, which are subsystems in the IES. Each of the subsys-
tems contains its set of components. These components can be grouped according to the
following energy functions: generation, transmission, distribution, and consumption. In
turn, each component has its set of equipment according to the energy functions performed
and the type of energy system it belongs to. Modeling is carried out for all subsystems,
their set of components, and equipment. At the same time, there are characteristic features
of modeling when systems of various types are considered jointly within the IES frame-
work. These features are associated with technical and technological integration solutions,
which is why it is necessary to perform modeling of individual subsystems to ensure the
coordination of subsystems and the implementation of system-wide targets. The use of
hierarchical modeling also provides the possibility for the joint study of systems of different
scales, through the aggregation of information on individual systems of a smaller scale
and presenting it for the coordination of larger systems, or vice versa, to coordinate the
operation of large systems with smaller ones through the disaggregation of information.

In the 1960s, the Soviet scientist Viktor Khasilev [36,37] laid the groundwork for the
hydraulic circuit theory, which is a scientific discipline that integrates the achievements
of various branches of science to build a common physical and mathematical basis for
the analysis, design, and control of pipeline systems. Within the framework of the study
presented in the paper, this theory underlies the modeling of pipeline systems of various
types and purposes as part of the IES. The IES modeling requires flexible organization of the
computational process in order to take into account the dynamics of changes in the energy
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supply parameters for the IES subsystems during the calculation period, the presence of
active components and subsystems in the IES, and to coordinate their work. In [38], an
approach based on multi-agent technologies is proposed to model the IES considering the
described features.

A unified methodological approach needs to be developed to combine mathematical
models and methods of the hydraulic circuit theory and electric circuit theory [39], i.e., an
approach to IES modeling based on multi-agent technologies into a single methodological
framework. The software implementation of this approach poses a problem associated with
the high difficulty of keeping up to date the entire set of necessary software components,
which implement mathematical models of the equipment of various IES subsystems. To
overcome this problem, it is necessary to involve programming paradigms focused on
the automation of the software design stages. Based on the research, the Model-Driven
Engineering (MDE) methodology is proposed, which represents a set of principles and
approaches to the automated construction of complex software systems based on pre-
developed models [40—42].

Energy systems of a certain type have these type-specific properties, a set of applied
problems, and dedicated software used to solve them. Knowledge about them must be
stored in a form suitable for processing by software systems and used in solving various
design problems. To do this, it is necessary to organize the storage of this knowledge in
the form of ontologies [40,43,44]. The construction and application of digital twins rely on
ontologies that enable a formal description of the domain objects, their properties, and the
relationship between these objects.

The construction principles of digital twins intended to solve the IES design prob-
lems include:

e  Complex engineering calculations are done to find the best ways to transform the IESs
in order to improve the efficiency and reliability of their operation;

e  Modeling of IES, including various types of energy systems with their individual
characteristics, given the hierarchical principle of its construction;
A single information space organized to solve the IES design problems;
Bidirectional communication between the external environment and the digital twin
of the IES to track changes and update information in the digital twin and generate
IES design solutions;
Tracking the dynamics of IES development over time;
Consideration of the plurality of decision-making centers for the supply of energy
of various types with the possibility of converting one type into another one when
solving the IES design problems;
The need to consider a large number of IES components with complex behavior;
The knowledge about the IES, its subsystems, the software used, and the features of
solving the IES design problems.

4. Approach to Designing an Integrated Energy System Based on Its Digital Twin

A methodological approach to designing an integrated energy system based on its
digital twin is developed based on the principles formulated in Section 3. The proposed
approach involves the construction of a computer model of the IES by an engineer. Based
on this model, a digital twin is built in an automated mode, and the simulation results
obtained with the digital twin are used to prepare real design solutions and, ultimately,
build a real-world IES. In turn, with the data on the characteristics of a real-world IES, its
computer model can be built and used to create a digital twin in an automated mode.

This methodological approach includes the following components:

An architecture of the software platform for creating digital twins;

A set of technologies and tools for the platform implementation;

Methods for automated construction of a digital twin based on the MDE concept;
An algorithm for solving the problem of IES design based on its digital twin;
Principles of organization of the computational process using the multi-agent approach.
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The architecture of the software platform for creating digital twins is shown in Figure 2.
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Figure 2. The architecture of the software platform for creating IES digital twins.

The development of a methodological approach to building a software platform
relies on elements of structural, object-oriented, and component-oriented programming,
the theory of algorithms, and database theory. The Java programming language, the
JDK compiler, mathematical libraries (Parallel Colt, JAMA, Lpsolve, etc.), the Eclipse
development environment, and the Firebird database management system are used as
software implementation tools. Java is used as the base programming language because
it has the following advantages: (1) it supports modern technologies of object-oriented,
component, and functional programming; (2) it has built-in support for metaprogramming
technologies; and (3) it has a wide range of technologies and tools to provide distributed
and parallel computing. The software platform is developed relying solely on free software.

The methods proposed to build the software platform are based on the Model-Driven
Engineering (MDE) concept of software development. This concept is further developed
through the adaptation to the IES design objectives and the use of ontologies and modern
metaprogramming technologies that provide high flexibility to dynamically design the
components of a software system and make necessary changes to it [45,46].

The main steps of the proposed algorithm for designing an IES based on its digital
twin are shown in Figure 3.

Step I suggests building a computer model of an IES based on the given initial data.
The computer IES model can be represented as an aggregate of a graph, which describes
the configuration of this system, and a set of graphical and mathematical models, which
define the properties of its subsystems and components.
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—»l. Design a computer model of IES

L]

[1. Build a model of a digital twin of an IES based on its
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Y
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Figure 3. Diagram of the algorithm for solving the problem of IES design based on its digital twin.

Step Il involves creating a model of the IES digital twin in an automated mode based
on the knowledge stored in the form of a system of ontologies. This model includes the
following components:

Description of data structures of IES and its subsystems;

Description of software components that implement mathematical models and meth-
ods for solving an applied problem;

A graph describing the computational process;

A set of data structures, which describes input and output parameters.

Step III is responsible for the automated construction of a digital twin based on its
model using the knowledge stored in the form of a system of ontologies.

Digital twin is a way of organizing a space for solving a set of applied problems,
including the following components:

e  Computer model of the IES (data structures describing the configuration of the system
and the properties of its constituent components);
Mathematical tools (including mathematical models and algorithms);
Software components (graphic, system, applied mathematical, typical models of
components of the IES subsystems) integrated into a single software system;
Interactive graphical user interface, including a graphical computer model;
Data storage that contains the values of the properties of the system and its components
at different points in time;

e  System of data exchange with the external environment.

The construction of a digital twin is an automated integration of its listed components
into a single information space. The concept of MDE is the basis for the automated
construction of a digital twin. A specific feature of this concept implementation within
the framework of the developed approach is the wide use of modern metaprogramming
technologies [47,48], which provide high flexibility for the dynamic design of the software
system components and necessary changes in the system.

Step IV involves computer and mathematical modeling of the IES using a multi-agent
approach [38,49,50], mathematical models, and algorithms, which are implemented as
software components. The computational process is controlled by knowledge from the
ontology system and runs in an automated mode. The modeling will provide the data
based on which the design solutions will be prepared for newly designed IES or existing
IES to be optimized.

Step V implements the obtained design solutions in practice to build an IES.
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Step VI provides the collection of data on the characteristics of IESs during their
operation in various periods of time. Next, the transition to Step I is made to refine the
computer model of the IES using the collected data.

The principles of a computational process based on the multi-agent approach are
proposed. This computational process allows for modeling the changes in the dynam-
ics of the IES development and functioning over time, considering a great number of
decision-making centers for the supply of various types of energy with the possibility of
conversion from one type to another. According to the proposed principles, objects in
the IES are divided into three groups: consumers, networks, and energy sources. Each
object is represented by its agent, which reflects its behavior in the system, links with
other agents, characteristics, parameters, and individual restrictions. The hierarchy of
interaction between agents is described by three levels (see Figure 4). At the first level
(the level of development), there is a development agent and its auxiliary local agents (an
agent for the development of energy sources, a network development agent, and a diagram
construction agent).

Level 1 The development
E— Development agent level
4

of energy sources

[Agent for the development]

Level 2 Centralized system || Distributed subsystem No 1 || Distributed subsystem No 2

Network agent of
distributed
subsystem No |

Network agent of
distributed
subsystem No 2

Network agent of a
centralized system

!

Centrali;r:d Agents of Consumer
generation network agents
agents sections

Level 3

\'

Agents of
network
sections

Agents of
network
sections

Prosumer
agents

Prosumer
agents

|
|
|
|
|
|
|
|
|
|
|
|
|
1
I E]
}
|
|
|
|
|
|
|
|
|
|
|
|

Data exchange

Figure 4. The structure of a multi-agent system for solving the development problem.

The agents of the development level prepare data for the calculated scheme, generate
a redundant IES scheme, and send the necessary data to the calculation level, then analyze
the received data and generate a solution for the IES development. They also display
statistics in the form of graphs and diagrams to users. The second and third levels of
functioning of the objects are combined at the calculation level. At the second level, there
are coordinating agents: a network agent of a centralized system and network agents of
distributed subsystems. The network agent of the centralized system coordinates and
controls the formation of a solution for centralized generation facilities. It exchanges
information with the development agent and network agents of distributed subsystems.
Distributed generation sources located at prosumers are coordinated and controlled by
network agents of distributed subsystems. They, in turn, exchange data on the generated
solution with the development agent and the network agent of the centralized system.
If necessary, the network agent of the centralized system and the network agents of the
distributed subsystems correct the obtained solutions. At the third level, there are consumer
agents, agents of network sections, centralized generation agents, and prosumer agents.
They simulate the operation of IES objects and participate in the formation of a solution for
their subsystems, by exchanging data with the agents associated with them.
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5. Implementation of the Digital Twin of the Integrated Energy System

The software implementation of individual components of the IES digital twin is
performed. A multi-agent IES model is built in the AnyLogic software environment.
The developed multi-agent model is applied to run a computational experiment on the
development of IES. The scheme of the modelled IES is shown in Figure 5. It includes the
following components: ordinary consumers and prosumers, electric boilers, photovoltaic
systems, power transmission lines, heat mains, gas mains, electrical and heating energy
sources, and a gas distribution station.

CHPP

Consumer No 3

GMNo ff GM Neo 12

~—

PTL No T

Consumer No 1~ 4
i X"
.

PTL No 1]

H o 10

Consumer
No2 GM No !

] GM No 5
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i
=i
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PTL No 5

PTL No 4

@ — Combined heat and power plant 21— Power distributed @ — llcat node == Ber transinissibys
(CHPP) station (PDS) (HN) line (P1L)

@ — Hydropower power plant (HPP) [[7] — Cleetric boiler — Consumer ——— — Heat main (HM)
A _ Boiler house @ — Photovoltaic system () — Prosumer —+—— Gas main (GM)
|- Gas distribution station (GDS) _| — Chiller L —Gas node (GN)

Figure 5. The scheme of the modelled integrated energy system.

The problem of the modelled IES development is solved by using the software compo-
nents developed by us. These software components are dynamically integrated within a
single computing process based on knowledge from ontologies. The interaction between
agents and software components used in the multi-agent system provided an optimal
solution, based on which the necessary measures for the construction of the network and
generating facilities were determined and implemented. A visual representation of the
obtained solution is shown in Figure 6, the network sections involved in the energy sup-
ply are highlighted in the corresponding color. The calculation results are presented in
Tables 1-3. The computational experiment indicates the possibility of using a digital twin
to solve the problem of IES development.
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Figure 6. Results of the integrated energy system calculation
Table 1. Calculation results for energy sources
Name Heat Generation, Gcal/h  Electricity Generation, MW Gas Supply, m3/h Workload, %
CHPP 350.0 300.0 - 50.0
HPP - 420.9 - 84.2
Boiler house 200.0 - - 50.0
GDS - - 87,240.0 58.2
Table 2. Calculation results for prosumers.
. Heat Electricity Cold
Name Egzztrll\za‘l/lv ngali;)l? d, Gas Load, m3 COIISI{:\? ad, Generation, Generation, Generation,
! Gcal/h MW MW
Prosumer No 1 150.0 180.0 6000.0 30.0 40.2 60.0 30.0
Prosumer No 2 120.0 150.0 5000.0 27.0 100.0 50.0 27.0
Prosumer No 3 90.0 120.0 4000.0 21.0 70.0 55.0 21.0

The costs for energy supply of prosumers with the found configuration of the IES
are shown in Figure 7. The values are given for three prosumers for electricity supply,
heat supply, and gas supply (cooling costs are included in the costs of electricity and heat
supply). The total energy supply costs for the first prosumer amounted to EUR 9313.99, for
the second prosumer they were EUR 7400.98, and for the third prosumer, they were equal
to EUR 5793.82. The total energy supply cost for the three prosumers was EUR 22,508.8
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Table 3. Calculation results for network sections.

Name TPL Electric Power Flow, MW Name HM Heat Transfer, Gcal/h Name GM Gas Flow Rate, m3/h
TPL No 1 0.0 HM No 1 200.0 GM No 1 44,705.0
TPL No 2 15.0 HM No 2 85.9 GM No 2 3030.0
TPL No 3 405.9 HM No 3 36.1 GM No 3 41,675.0
TPL No 4 375.9 HM No 4 78.1 GM No 4 4040.0
TPL No 5 128.3 HM No 5 144.2 GM No 5 35,110.0
TPL No 6 459 HM No 6 0.0 GM No 6 2525.0
TPL No 7 0.0 HM No 7 57.8 GM No 7 6060.0
TPL No 8 108.9 HM No 8 202.0 GM No 8 5050.0
TPL No 9 0.0 HM No 9 0.0 GM No 9 24,000.0
TPL No 10 68.3 HM No 10 65.1 GM No 10 42,535.0

TPL No 11 51.5 HM No 11 148.1 GM No 11 39,000.0

TPL No 12 300.0 HM No 12 83.0 GM No 12 3535.0

TPL No 13 71.4 - - - -

TPL No 14 0.0 - - - -

TPL No 15 30.0 - - - -

TPL No 16 0.0 - - - -

Electricity Heat
4000 6000
i 3508 5215
3500 S5
. 3000 2863 - S
4000
= 200 2153 o 3247
% 2000 < 3000
S s o]
1500 s
1000
- 1000
0 0
1 2 3 1 2 3
Prosumer number Prosumer number
Gas Total
700 10,000 0314
aig = zgg 7401
493
500 7000
é oo 304 § fost 5794
¥ % 5000
G 300 S 4000
200 3000
2000
100 1006
0 0
1 2 3 1 2
Prosumer number Prosumer number

Figure 7. The energy costs for prosumers.

6. Conclusions

Integrated energy systems grow in significance due to their high importance for
industry and utilities. In today’s context, the optimal design of these systems, which has a
scientific, engineering, and economic justification, becomes ever-relevant. The design of
IES is a challenge due to the highly complex configuration of these systems, a wide range
of equipment employed, and a diverse set of mathematical models and dedicated software
used to model it. The use of digital twins enables an effective exploration of various objects,
providing the formation of their various options in the virtual space, thereby allowing more
effective design solutions to be created.
This paper proposes the principles of building digital twins to design IES. These
principles are used in the study to develop a methodological approach to designing an
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IES based on its digital twin. Within the framework of this approach, the architecture of
the software platform for creating digital twins has been developed. A set of modern tech-
nologies and tools for the implementation of the software platform is proposed. Methods
for the automated construction of a digital twin based on the MDE concept have been
developed, following the design features of the IES. MDE implementation relies on formal-
ized knowledge in the form of ontologies and modern metaprogramming technologies.
An algorithm for solving the problem of IES design based on its digital twin has been
developed. The principles are proposed to organize a computing process using a multi-
agent approach, which allows for selecting of the configuration and equipment parameters
for the IES, considering the dynamics of changes in the characteristics of its subsystems
and components.

The results obtained during the computational experiment using the software imple-
mentation of the IES digital twin components are presented for a test energy supply scheme.
The experiment performed with the developed digital twin has allowed for building an
optimal IES diagram for energy supply to consumers, considering the system conditions
and constraints.

This methodological approach can be applied by research, design, and operation
organizations engaged in the reconstruction and expansion of IESs. Its application can
enhance the efficiency of the design process, improve the quality of the resulting design
solution, and automate labor-intensive computational operations performed when selecting
the parameters and configuration of an IES under design.
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