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Featured Application: Developed research may be applied to the digitization of the operation of
industrial objects.

Abstract: The current industrial facility market necessitates the digitization of both production and
infrastructure to ensure compatibility. This digitization is presently accomplished using Building
Information Modeling and digital twin technologies, as well as their integrated usage, which enhances
convergence and adds further value to facility assets. However, these technologies primarily focus
on the physical components of industrial facilities, neglecting processes, requirements, and functions.
To address these gaps, the inclusion of the Model-Based System Engineering approach, a proven
benchmark in systems engineering, is essential. This inclusion is the main objective of this research.
This article outlines methods and principles for integrating Model-Based System Engineering into
the informational modeling of existing industrial facilities to address current market gaps. It offers
practical steps for such integration and compares it to other methods, positioning Model-Based
System Engineering as a pivotal tool for enhancing the value of industrial facility digital assets. The
main findings include the proposal of BIM and MBSE integration, which aims to create a competitive
advantage for industrial facilities by improving customer service and operational efficiency, requiring
collaboration from various stakeholders.

Keywords: building information modeling; model-based system engineering; industrial facilities;
factory of the future; facility management

1. Introduction

Digital transformation is the process of rewiring the work of an enterprise using the
latest digital technologies and solutions to increase the competitiveness of production,
manage operations, interact with customers, and create new business models [1,2]. In
particular, the digital transformation of the industrial facility infrastructures (IFIs) is an
integral part of Industry 4.0 and is critical to their competitiveness [3–5]. Therefore, the
digital transformation of existing industrial enterprises should include BIM (Building
Information Modeling) technology [6]. BIM plays the role of a key tool for the effective
management and visualization of building and infrastructure data [7]. BIM also helps
to streamline planning, collaboration, and communication processes between different
project participants, improves coordination, and reduces the risk of errors and conflicts [8].
Technologies for data analysis, forecasting production processes, and optimizing resource
use within the framework of the digital transformation of the enterprise must be aligned
with BIM technology [9].
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The operation of industrial facility infrastructures using the synergistic approach
of Building Information Modeling (BIM) and Model-Based System Engineering (MBSE)
holds immense relevance in today’s industrial landscape. Firstly, this integrated approach
streamlines facility management by providing a comprehensive digital representation of
the entire infrastructure, facilitating efficient monitoring and maintenance. Secondly, BIM
and MBSE ensure data accuracy and reliability, reducing operational errors and enhancing
the overall efficiency of industrial systems.

Furthermore, this combination promotes sustainable practices by enabling the real-
time data analysis and prediction of resource consumption, such as energy and water,
thereby aiding in cost reduction and environmental conservation [3]. Lastly, BIM and
MBSE’s automation capabilities expedite routine tasks, optimizing the operation of in-
dustrial facility infrastructures and ensuring they perform as intended throughout their
lifecycle. In essence, the integration of BIM and MBSE is a powerful means to improve the
operational effectiveness, sustainability, and overall management of industrial facilities.

The goal of digital transformation, outlined in the latest book McKinsey Rewired: A
McKinsey Guide to Outcompeting in the Age of Digital and AI (Wiley, 20 June 2023), should
create a competitive advantage via continuous deployment at scale (deploying) technologies
to improve customer experience and reduce costs [3]. Digital technologies allow you to
optimize and automate production processes. In addition, it is expected that the result of
digital transformation will be an improvement in operational efficiency: digital solutions
allow you to collect and analyze large amounts of data on production operations. During
this process, it becomes possible to identify bottlenecks in production processes, as well as
predict and prevent failures and accidents.

Currently, BIM is an object-oriented technology [8,10,11]. BIM technology is currently
used to digitize information about IFIs, including their geometry, materials, construc-
tion, etc.—i.e., only components. Researchers have declared that the development of
BIM technologies is moving towards the creation of more complex and detailed mod-
els [12–14] that can provide information on various aspects of design, construction, and
operation [10,15–18]. However, if you do not also begin to formalize and digitize the
requirements, functions, and processes in IFI, then there is a problem of incomplete infor-
mation for modeling when building a system model of the enterprise. Such an approach
can be provided in conjunction with the methodology of system engineering, and its current
state—MBSE (Model-Based System Engineering).

For example, if we do not formalize and digitize the client’s requirements for IFI
as a whole, we may miss important details that can significantly affect its functionality.
Comparatively, without digitizing the infrastructure components and the production part
of a building or structure, such as ventilation, electricity, or water supply systems, we will
not be able to adequately model and analyze their interaction and performance [10,19,20].
Without digitizing IFI requirements, such as room utilization, cross-departmental collabora-
tion, or user needs, we will not be able to adequately model and evaluate the effectiveness
and usability of IFIs.

Until now, BIM, as a design tool, assumed that requirements, functions, and processes
are not formalized or digitized; they are only in the head of the design subject based on
regulatory documents and customer requirements.

The understanding of IFI information modeling at the moment rested on its develop-
ment as an understanding of the technology that describes the objects of the physical world:
building structures, engineering networks, landscaping elements, etc. [16,21,22]. If BIM
developed systematically, then not only objects of the physical world would be digitalized.
The principles of application of BIM described in ISO 19650 [23] are currently insufficient
for a modern industrial enterprise because they consider digital technologies for buildings
and structures not consistent with the digital technologies of the enterprise, such as manu-
facturing technologies. At the same time, production technologies are evolving very quickly
in Industry 4.0, and BIM technologies describe more conservative entities. Therefore, new
principles of the operation of the infrastructure of industrial enterprises are required—a
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necessary basis for an enterprise that seeks to defend itself competitively in the market. At
the same time, it is obvious that in the gas_cal world, there are not only objects. Physical
objects and their systems can perform certain functions, such as electricity, gas, and water
supply, ensuring the strength of structures, maintaining certain microclimate parameters,
and others [2,4,17]. In addition, within the framework of a building or structure, various
processes can take place: air conditioning, the movement and heat dissipation of equipment
and people, dynamic loads from equipment, and others. Finally, any existing industrial
enterprise assumes the requirements for IFI, ranging from the economical and investment
characteristics of the project to the requirements of production or design parameters. It
should not be forgotten that in addition to the objects, functions, processes, and requirements
of the physical appearance of IFI, there are relationships between these entities. For example,
microclimate requirements affect the processes of heating, ventilation, and air conditioning
and, at the same time, depend on them. And the functions performed via building structures
and engineering networks directly depend on the parameters of these objects. Modern
approaches require that all digital technologies of the enterprise develop harmoniously
since, at the moment, they are quite isolated from each other.

BIM technology cannot evolve in a vacuum to be in demand, as it requires the inter-
action and collaboration of various stakeholders. The smooth integration of BIM into the
process of the digital transformation of an enterprise is successful only when all participants
in the process actively interact and exchange information in a single digital environment.
Only such cooperation allows you to maximize the potential of BIM. Without collabora-
tion and data sharing, BIM technology will not be able to realize its full potential and be
in demand.

Consequently, the purpose of this study is the principles of the joint application of
BIM technologies and MBSE via the decomposition and subsequent formalization and
digitization of the requirements, functions, components, processes, and relationships between
them related to a certain IFI. This study has the following objectives:

• To analyze the literature in the field of digital operation of industrial enterprises and
identify current gaps in this area (state of the art);

• Identify challenges based on the need to formalize and digitize requirements, functions,
and processes within IFI;

• To propose a conceptual model and principles of the operation of the infrastructure of
industrial enterprises using BIM technology in conjunction with MBSE;

• To identify practical steps and considerations for the implementation of the proposed
conceptual model for the operation of the infrastructure of industrial enterprises using
BIM technology in conjunction with MBSE;

• Identify the limitations of the proposed transformation model and suggest possible
improvements;

• Show the limitations of the proposed model and the advantages of the proposed
approach over the existing ones;

• Offer directions for further research.

There is a need to create IFI information models in accordance with the MBSE method-
ology, with the corresponding transformation of BIM technology. The technology itself
must respond to the challenges that arise in the modern world. Therefore, the research
question is how to optimize the management of facility assets using BIM and MBSE. The
main study objective is to formulate a conceptual model and principles of the operation of
the infrastructure of industrial enterprises using BIM technology in conjunction with MBSE.

2. Materials and Methods

The methodology of this research is represented as the process of forming the concept
and principles of implementing BIM to improve the operation of industrial buildings as it
is shown in the Figure 1. Let us break down this method in more detail:
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Figure 1. MBSE implementation for BIM.

Stage 1: In the initial phase, the analysis of existing studies involves a comprehensive
review of the current state of research in the field of BIM technology and its application in
industrial building management. This analysis provides a foundation for understanding
the existing body of knowledge.

Stage 2: Building on the insights from Stage 1, Stage 2 involves the systematic iden-
tification of the gaps and limitations in the current use of BIM technology for industrial
facility infrastructure (IFI). These gaps serve as critical points of focus for the research to
address specific challenges in the field.

Stage 3: The development of an algorithm for the formation of principles represents a
crucial step in this research methodology. This algorithm is designed to guide the creation
of a set of principles that will underpin the integration of BIM and MBSE for enhanced
operational efficiency.

Stage 4: Once the principles are identified, Stage 4 focuses on building a priority
structure for these principles. This hierarchy will help in organizing and prioritizing
the principles based on their significance and interrelationships, ensuring a coherent and
systematic approach.

Stage 5: The synthesis of principles, as outlined in Stage 5, is the process of combining
and refining the identified principles to create a comprehensive framework for the sustain-
able management and operation of industrial buildings. This synthesis ensures that the
principles work together synergistically.

The overarching goal of this methodology is to establish a sustainable and efficient
system for managing and operating industrial buildings, harnessing the advantages of
BIM and MBSE technologies. By addressing the existing gaps and developing a well-
structured set of principles, this methodology aims to optimize processes and enhance
overall efficiency within the realm of industrial facility infrastructure management.

3. State of the Art
Literature Review

The current breakdown of BIM articles by year is shown in the graph below (Figure 2).
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A large number of articles are devoted to DT. However, the following aspects should
be noted:

1. The place of BIM technology is not clearly marked.
2. A unified methodology for transformation has not been defined.

The greatest success in digital transformation has been achieved in the aerospace
industry. BIM does not occupy the place that we believe it should occupy in the process
of digital transformation. Instead, the methodology of system engineering and MBSE
is used to a limited extent, while system engineering has become very widespread in
related industries.
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The state of the art in implementing Building Information Modeling (BIM) and Model-
Based System Engineering (MBSE) in the management of industrial facilities represents
a cutting-edge approach that is revolutionizing the way such facilities are planned, con-
structed, and operated.

• Digital Twins: BIM has evolved to include the concept of “digital twins”. This involves
creating a real-time digital replica of the industrial facility, allowing for the monitoring
of its performance, condition, and operational data. Digital twins are instrumental in
predictive maintenance and optimizing efficiency.

• Lifecycle Management: BIM and MBSE are increasingly being applied across the entire
lifecycle of industrial facilities. From the early design and construction phases to
ongoing facility management and even eventual decommissioning, these technologies
provide a unified platform for managing data and information.

• Interoperability: The industry is making significant strides in improving interoper-
ability among various BIM and MBSE software platforms. This ensures that data can
seamlessly exchange between different stages and stakeholders, improving collabora-
tion and data accuracy.

• IoT Integration: Integration with the Internet of Things (IoT) is becoming common-
place. IoT sensors are embedded in industrial facilities to gather real-time data on
equipment performance, environmental conditions, and energy consumption, which
are then incorporated into the BIM and MBSE models.

• AI and Machine Learning: Artificial intelligence and machine learning algorithms
are employed to analyze the vast amounts of data generated via BIM and MBSE.
This data-driven approach allows for predictive analytics, helping to optimize facility
operations and maintenance.

• Regulatory Compliance: BIM and MBSE are increasingly being used to ensure compliance
with safety and regulatory standards. This is crucial in industries with strict safety and
environmental requirements, such as chemical processing, energy, and manufacturing.

• Sustainability and Energy Efficiency: BIM and MBSE are instrumental in designing
and managing sustainable energy-efficient facilities. They enable detailed analyses
of energy consumption and environmental impact, leading to more eco-friendly and
cost-effective designs.

• Remote Monitoring and Control: The integration of BIM and MBSE allows for the
remote monitoring and control of industrial facilities. This is particularly relevant in
situations where facilities are geographically dispersed or where access is limited.

• Data Security and Privacy: As the reliance on digital technologies increases, ensuring the
security and privacy of sensitive facility data becomes a paramount concern. State-of-the-
art solutions incorporate robust data security measures to safeguard critical information.

• Education and Training: As these technologies become more prevalent, there is a
growing emphasis on educating professionals in their use. This includes training
programs and certifications to ensure that the workforce is equipped with the necessary
skills to implement BIM and MBSE effectively.

The state of the art in implementing BIM and MBSE in industrial facility management
is marked via a holistic approach that encompasses the entire facility lifecycle, leverages
advanced technologies like IoT, AI, and digital twins, and prioritizes sustainability, safety,
and data security. It represents a paradigm shift in how industrial facilities are designed,
built, and operated, with a strong emphasis on data-driven decision making and efficiency
optimization. Distribution of articles by keywords “Digital Twin MBSE” is presented in the
Figure 4.

According to the current research, the gap in implementing BIM in IFI management is
that mostly only objects of physical objects are digitized, not taking the processes, requirements,
and functions under consideration.
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4. Results and Discussion
4.1. Conceptual Model and Principles of Operation of the Infrastructure of Industrial Enterprises
Using BIM Technology in Conjunction with MBSE

MBSE, which has proven itself in systems theory and mechanical engineering as an
effective tool for the decomposition of complex systems and their analysis, is the current
challenge for [24–26]. MBSE allows you to decompose a building or structure, considered a
complex system (system of systems), into requirements, functions, components, and processes,
as well as take into account the relationships between them [27]. Such a decomposition
significantly increases the adequacy of the BIM model to the physical world [28]. At the
same time, using MBSE, there is a transition to a systematic coordinated application of
BIM technologies.

Modern BIM technology is being actively introduced into the IFI operation process,
offering significant advantages over traditional IFI management methods [29,30]. BIM
provides a complete digital two- or three-dimensional IFI model that integrates geometric
information with data on the properties and behavior of components.

When BIM is implemented in the operation of IFI, first of all, a single database is
created containing all the necessary information about IFI, including geometric configura-
tion, architectural and engineering solutions, materials, equipment, and documentation.
This database allows you to manage IFI [31] at all stages of its life cycle, from design and
construction to operation and repair.

BIM provides the ability to visualize IFI in real time [32,33]. IFI operating scenarios
help to optimize processes and increase efficiency [34].

A BIM system allows you to automate many routine tasks, such as scheduling mainte-
nance and controlling spare parts and inventory. Automating these processes allows you to
reduce the number of errors and increase the accuracy of information, as well as reduce the
time spent on these tasks.

With the use of BIM in the operation of IFI, it is possible to carry out an effective
analysis and forecasting of the consumption of resources such as energy and water. Based
on the results of these analyses, it is possible to develop and implement measures to reduce
energy consumption and improve the environmental efficiency of IFI. BIM also allows you
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to create and maintain online IFI documentation, including information about the repairs,
replacements, updates, and changes to IFIs.

The ontological model and the semantic model are two different approaches to the repre-
sentation of knowledge and semantics in information systems. Here are their main differences:

Ontological model: Ontology is a formal description of concepts and the relationships
between them in a particular subject area. The ontological model represents knowledge
in the form of an ontology that defines classes of concepts, attributes, and relationships.
An ontological model is usually used to formalize knowledge and ensure consistency and
uniqueness in the subject area. It defines concepts and their relationships but does not
always contain detailed semantic descriptions or logical relationships between them.

Semantic model: The semantic model represents knowledge in the form of semantic
networks or graphs, where nodes represent concepts and edges represent the relationships
between them. In the semantic model, relationships have explicit semantic meanings that
describe the relationships between concepts. The semantic model pays more attention to
the representation of the meaning and semantics of the data. It can be used for natural
language processing, semantic retrieval, or semantic analysis in a text.

Thus, the main difference between the ontological and semantic models is that the
ontological model focuses on the formalization of concepts and connections in the subject
area, while the semantic model pays more attention to the semantics and meaning of data.

The principles of operating the infrastructure of industrial enterprises using BIM
technology in conjunction with MBSE can be formulated as follows (in priority order):

• Data integration and centralization: Create a common centralized information plat-
form that combines data from BIM models and MBSE models to provide a single
source of truth about the state of enterprise objects and systems.

• Lifecycle Integration: Integrate design, construction, operations, and change man-
agement into a single cycle through consistent BIM and MBSE models to minimize
switching between systems and reduce the risk of errors.

• Full visibility and transparency: Ensure that up-to-date data and models are available
to everyone involved in the project and operations, allowing you to quickly respond
to changes and optimize processes.

• Knowledge and Experience Management: Implement a BIM- and MBSE-based knowl-
edge management system that allows you to retain and transfer knowledge about the
design, construction, and operation to ensure business continuity.

• Process Analysis and Optimization: Use BIM and MBSE to model and simulate processes
in the enterprise to identify bottlenecks, optimize resources, and improve efficiency.

• Risk Forecasting and Management: Use BIM- and MBSE-based analytical tools to
anticipate operational risks and develop strategies and plans to manage them.

• Collaboration and communication: Promote collaboration between different disci-
plines and project participants, using collaborative BIM and MBSE models as the basis
for effective communication and collaboration.

• Flexibility and adaptability: Create flexible BIM and MBSE structures that can adapt to
changes in the requirements and conditions of the enterprise, ensuring the long-term
sustainability of the system.

• Staff training and development: Train staff to work with BIM and MBSE to maximize
the potential of technology and provide skills for effective infrastructure management.

• Regulatory Compliance: Maintain compliance with processes, data, and models to
regulations and standards that ensure quality, safety, and industry compatibility.

These principles will help provide a more integrated, efficient, and sustainable ap-
proach to managing the infrastructure of industrial enterprises using BIM and MBSE.

The Figure 5 illustrates the place of BIM in digital transformation based on the inter-
connections between the physical and digital worlds.
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Based on the MBSE approach, IFI should be considered in terms of a number of
requirements, functions, components (systems and subsystems in accordance with the
construction information classifier), and processes. To identify relationships, the method
involves the compilation of pairwise matrices RBS-FBS, RBS-PBS, RBS-WBS, FBS-PBS,
FBS-WBS, and PBS-WBS.

At the same time, it is proposed to distinguish the following entities in an enlarged way:

• Requirements (RBS); Requirements for the reliability of structures;
• Functional requirements;
• Requirements for space-planning solutions;
• Cost requirements;
• Functions (FBS);
• Project Initiator (Investor–Owner/Order);
• Gen. contractor;
• Contractor;
• Contractor (Operation);
• Components (PBS);
• According to the Construction Information Classifier;
• Processes (WBS);
• Projection;
• Construction;
• Exploitation;
• Disposal (demolition).

In industrial facility infrastructures (IFIs), which encompass both production and
production infrastructure, digitalization involves the integration of Building Information
Modeling (BIM) and digital twin (DT) technologies. The approach to maintaining buildings,
structures, and life support systems via information modeling technologies centers on the
creation of a digital asset—an enterprise’s digital resource capable of generating economic
benefits. This digital asset comprises a set of digitized requirements, functions, components,
and processes.

The proposed method aligns with Model-Based System Engineering (MBSE), an
operated building that can be viewed as a complex technical system, often referred to as
a “system of systems”. Digitalizing operations is a vital component of the construction
industry’s broader digital transformation. The graphical representation of the MBSE
method is illustrated in the figure below, featuring digital depictions of individual systems
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and their interconnections (Si and Cj). However, genuine digital transformation is only
achieved via the digitalization and integration of subsystems and their connections.

Another significant challenge pertains to the substantial resource consumption and
extensive computational time required for efficient research models, as well as uncertainties
stemming from simplifications in these models. While certain simplifications and ideal-
izations may not significantly affect a specific model’s operation, their cumulative impact
in a consolidated model can lead to substantial errors. A potential solution to this issue
involves developing well-fitted simplified models that can be integrated into a unified
model. Even with their inherent simplifications, within a sufficiently large system and with
extensive data utilization, these simplified models can naturally rectify each other.

In the classical MBSE approach, the process involves gathering a comprehensive set of
data about the system, categorized into requirements (R), functions (F), components (W),
and processes (P) as it is shown in Figure 6. Subsequently, pairwise matrices of influence
are generated to depict the relationships between the system’s functions, processes, compo-
nents, and their corresponding requirements. The intersections of columns and rows in
these matrices indicate the connections between the various elements.
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We propose to add two more categories to the classic version: the system and the
product. Then, we determine the following:

• The system is the element in question;
• Requirements are the boundary conditions for the system;
• Functions are what the system is capable of doing (it has the function of photographing,

and photographing is a process);
• Components are how components implement the functions of the system;
• Processes are what the system does;
• The product is a separate result of the system.
• MBSE involves using a model to describe problems and determine the optimal solution.

4.2. Practical Steps and Considerations for the Implementation of the Proposed Conceptual Model
for the Operation of the Infrastructure of Industrial Enterprises Using BIM Technology in
Conjunction with MBSE

An algorithm for applying the MBSE method to create a digital image of a complex
system based on IFI, presented in the digital world in the form of a BIM model:

• Define the purpose of the MBSE model;
• Set SoS boundaries;
• Identify the lifecycle stages that exist in the SoS;
• Define system requirements breakdown (RBS);
• Define component decomposition (PBS) and function decomposition (FBS);
• Process the breakdown definition (WBS);
• Define the list of attributes (a) used to define the system;
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• Form the semantic definitions and their assignment to the concepts used in the model;
• Parameterize the components, functions, requirements, and processes;
• Analyze hierarchies for SoS requirements;
• Construct the matrices of relationships between RBS, FBS, and PBS;
• Rank the importance of relationships;
• Define the boundaries of relationship modeling (determine which relationships are

modeled in the digital world);
• Identify the components, functions, requirements, and processes required for modeling;
• Define standards and ensure model interoperability and form a platform solution;
• Define the model ontology for individual systems and components;
• Model the components, functions, and processes;
• Conduct relationship modeling (parameterized meta-model);
• Determine a decision-making strategy based on the display of changes in the physical

world in the digital world and scenario modeling (generativity);
• Determine the methodology for verification and validation of the SoS model;
• Perform a verification of a single SoS model (iterative);
• Perform SoS model validation (iterative);
• Repeat the iteration.

4.3. Limitations of the Proposed Model and the Advantages of the Proposed Approach over the
Existing Ones

Limitations of the proposed principles:

• Complexity of implementation: Creating and maintaining a centralized information
platform requires significant investments in IT infrastructure, software, and staff training.

• Compatibility with existing systems: Integration with existing data management and
storage systems can be difficult due to differences in data formats and structures.

• Data Quality Dependency: The effectiveness of the system will depend on the rele-
vance and accuracy of the data in the BIM and MBSE models. Poor-quality data can
lead to errors and unreliable analyses.

• Complexity of changes: Making changes to established BIM and MBSE models can be
complex and require significant effort, especially in the later stages of the life cycle of
an object.

• Barriers to staff skills: Working with BIM and MBSE may require new skills for
employees, which can be a challenge when transitioning to a new methodology.

Advantages of the proposed approach over the existing ones:

• Improved visibility and control: A centralized information platform provides all
project participants with access to up-to-date data, improving coordination and reduc-
ing the risk of errors.

• Lifecycle integration: Combining BIM and MBSE reduces switching between systems
at different stages of the lifecycle, which reduces time delays and improves consistency.

• Process optimization: The ability to analyze and simulate processes using BIM and
MBSE can lead to improved operational efficiency and resource optimization.

• Risk management and predictability: The use of analytical tools based on BIM and MBSE
allows you to more accurately assess risks and develop strategies for their management.

• Collaboration and communication: Common BIM and MBSE models facilitate more
effective communication between project participants and different disciplines.

• Adapting to change: Flexible BIM and MBSE structures make it easy to make changes
to the system, which is important in the face of changing requirements.

• Knowledge retention: The implementation of a knowledge management system based
on BIM and MBSE allows you to preserve and transfer experience, which ensures the
continuity of the enterprise.

• Compliance: The approach promotes easier compliance with regulations and stan-
dards, which contributes to improved quality and safety.
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5. Directions of Further Research

Future research will focus on the deep interintegration of three key methodologies:
BIM, MBSE, and Analytical Hierarchy Process. The intersection of these methods is an area
of active research effort to improve the management, design, and operation of complex
systems, including buildings and infrastructure.

The progressive integration of BIM, MBSE, and the hierarchy analysis method is
aimed at creating synergies between them. This will allow you to effectively structure
projects, manage their life cycle, and make informed decisions based on many aspects. This
line of research promises to significantly improve the way complex system processes are
integrated and optimized, with the potential to greatly increase the efficiency and reliability
of engineering solutions in the future.

This study on integrating Building Information Modeling (BIM) and Model-Based Sys-
tem Engineering (MBSE) into the management of industrial infrastructure offers valuable
insights for future research in various domains. Here are some practical implications and
potential research avenues that need to be considered:

• Interdisciplinary Collaboration: The integration of BIM and MBSE often requires
collaboration between professionals from different backgrounds, including civil engi-
neering, systems engineering, and information technology. Future research should
explore effective strategies for promoting interdisciplinary collaboration and knowl-
edge exchange in industrial infrastructure projects.

• Standardization and Interoperability: Ensuring that BIM and MBSE systems can
communicate effectively is a key challenge. Future research can focus on developing
and evaluating standardization protocols and interoperability standards that facilitate
seamless data exchange between these two technologies.

• Data Management and Integration: Managing large datasets generated via BIM and
MBSE systems is critical. Research can delve into innovative data management tech-
niques and tools, including data storage, version control, and data integration strate-
gies, to optimize information flow in industrial infrastructure projects.

• Cost–benefit Analysis: Investigating the cost-effectiveness and return on investment
of integrating BIM and MBSE in industrial infrastructure management is essential.
Future studies should analyze the long-term financial implications of this integration
and identify areas where cost savings and efficiencies can be realized.

• Technology Adoption and Training: Research should explore the factors affecting the
adoption of BIM and MBSE in the management of industrial infrastructure. This includes
assessing the training needs of professionals and the development of effective training
programs to ensure the workforce is well prepared to utilize these technologies.

• Risk Management: Assessing the potential risks and challenges associated with the
integration of BIM and MBSE is crucial. Future research can investigate risk mitigation
strategies and contingency plans to address issues that may arise during implementation.

• Project Lifecycle Management: Future studies should explore how BIM and MBSE
can be applied throughout the entire project lifecycle, from design and construction
to operation and maintenance. This involves investigating the benefits of continuous
information flow and decision support across all phases.

• Performance Measurement and Optimization: Developing performance metrics and
methodologies for assessing the effectiveness of BIM and MBSE integration in im-
proving the management of industrial infrastructure. Research can also focus on
optimization techniques to enhance decision-making based on real-time data.

• Sustainability and Environmental Considerations: Investigating how the integration of
BIM and MBSE can facilitate sustainable practices and environmental impact reduction
in industrial infrastructure projects. This includes evaluating how these technologies
can support energy-efficient designs and resource conservation.

• Case Studies and Best Practices: Collecting and disseminating case studies and best
practices that showcase successful implementations of BIM and MBSE in industrial
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infrastructure management. These real-world examples can offer valuable insights
and guidance to industry professionals.

In conclusion, the integration of BIM and MBSE in industrial infrastructure manage-
ment presents numerous research opportunities across various aspects, from technology
integration to interdisciplinary collaboration, cost-effectiveness, and sustainability. Fu-
ture research should address these practical implications to advance the adoption and
effectiveness of these technologies in industrial infrastructure projects.

6. Conclusions

Digital transformation is a rethinking of the company’s work via the integration of
the latest digital solutions to increase competitiveness. An important component of this
process for industrial enterprises is the use of BIM technology, a key tool for managing
building and infrastructure data [35] BIM streamlines planning, communication between
project participants, and coordination, reducing the risk of errors.

The goal of digital transformation is to create a competitive advantage via the deploy-
ment of technology to improve customer service and reduce costs. It is also expected to
improve operational efficiency by analyzing data and identifying weaknesses in produc-
tion processes. BIM technology is used to digitize data on infrastructure facilities, but its
development requires the cooperation of various stakeholders.

In this way, digital transformation and BIM technology together contribute to the
effective management and optimization of production processes in industrial enterprises.

MBSE is an effective tool for analyzing and decomposing complex systems such as
buildings and structures. By decomposing into requirements, functions, components, and
processes, MBSE improves the compliance of the BIM model with the real system, providing
system interaction with BIM technologies.

The implementation of BIM in the operation of IFI brings significant benefits. BIM
creates a digital IFI model, combining geometric information with component data, and
provides management of the object at all stages of its life cycle. Real-time visualization and
virtual scenario simulation allow you to quickly monitor the condition of the facility and
optimize its operation.

BIM automates routine tasks, improving data accuracy and reducing turnaround time.
BIM also allows you to analyze and predict the consumption of resources, such as energy
and water, to develop effective measures to reduce costs. IFI’s electronic documentation,
including repair and change information, is also managed via BIM.

Building Information Modeling (BIM) and Model-Based System Engineering (MBSE)
are both powerful tools for improving the design, construction, and management of indus-
trial buildings. When used together, they can automate routine tasks and enhance data
accuracy in various ways. Using automated 3D modeling BIM allows for the creation of
detailed 3D models of the building, which can be automatically generated from design and
engineering data. This model can include information about architectural, structural, and
MEP (mechanical, electrical, and plumbing) systems. MBSE, on the other hand, focuses
on creating system models, which can be integrated into the BIM model. This integration
ensures that the building systems are correctly designed and can be managed efficiently. By
providing data integration and interoperability, BIM and MBSE tools are designed to work
with a wide range of data formats and software applications. This integration allows for
the seamless data exchange between different stages of the building’s lifecycle, from design
to construction to operation. It ensures that the most up-to-date information is always
available, improving data accuracy. BIM and MBSE tools also provide data validation and
error detection which often come with built-in validation checks. They can automatically
detect clashes or inconsistencies in the design, helping to maintain data accuracy and
reduce rework during construction.

By combining BIM and MBSE, industrial building management can benefit from
improved automation of routine tasks, enhanced data accuracy, and better coordination
between architectural, structural, and systems engineering components. This integrated
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approach helps ensure that the building performs as intended and is more efficiently
managed throughout its lifecycle.

Thus, the implementation of BIM and the application of MBSE enrich the approach to
IFI management and operation, optimizing processes and increasing efficiency.

Author Contributions: Conceptualization, N.B. and V.B.; Data curation, X.R.; Formal analysis, V.B.
and N.B.; Funding acquisition, V.B., Investigation, N.B., X.R. and A.C.; Methodology, N.B.; Project
administration, V.B.; Supervision, V.B.; Validation, X.R.; Writing—original draft, N.B. and X.R.;
Writing—review and editing, V.B. All authors have read and agreed to the published version of
the manuscript.

Funding: The research is partially funded by the Ministry of Science and Higher Education of
the Russian Federation as part of the World-Class Research Center Program: Advanced Digital
Technologies (contract No. 075-15-2022-311 dated 20 April 2022).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data were taken from open sources: Scopus database, ResearchGate,
and Science Direct.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Badenko, V.L.; Bolshakov, N.S.; Tishchenko, E.B.; Fedotov, A.A.; Celani, A.C.; Yadykin, V.K. Integration of Digital Twin and BIM

Technologies within Factories of the Future. Mag. Civ. Eng. 2021, 101, 10114. [CrossRef]
2. Bangwal, D.; Tiwari, P.; Chamola, P. Workplace Design Features, Job Satisfaction, and Organization Commitment. SAGE Open

2017, 7, 2158244017716708. [CrossRef]
3. Suntsova, O. The Definition of Smart Economy and Digital Transformation of Business in the Concepts Industry 4.0 and 5.0.

Technol. Audit Prod. Reserv. 2022, 4, 18–23. [CrossRef]
4. Bangwal, D.; Tiwari, P.; Chamola, P. Green HRM, Work-Life and Environment Performance. Int. J. Environ. Work. Employ. 2017, 4,

244–268. [CrossRef]
5. Bolshakov, N.; Badenko, V.; Yadykin, V.; Tishchenko, E.; Rakova, X.; Mohireva, A.; Kamsky, V.; Barykin, S. Cross-Industry

Principles for Digital Representations of Complex Technical Systems in the Context of the MBSE Approach: A Review. Appl. Sci.
2023, 13, 6225. [CrossRef]

6. Guo, J.; Zhao, N.; Sun, L.; Zhang, S. Modular Based Flexible Digital Twin for Factory Design. J. Ambient Intell. Humaniz. Comput.
2019, 10, 1189–1200. [CrossRef]

7. Volk, R.; Stengel, J.; Schultmann, F. Building Information Modeling (BIM) for Existing Buildings—Literature Review and Future
Needs. Autom. Constr. 2014, 38, 109–127. [CrossRef]

8. Tolmer, C.E.; Castaing, C.; Diab, Y.; Morand, D. Adapting LOD Definition to Meet BIM Uses Requirements and Data Modeling
for Linear Infrastructures Projects: Using System and Requirement Engineering. Vis. Eng. 2017, 5, 1–18. [CrossRef]

9. Coupry, C.; Noblecourt, S.; Richard, P.; Baudry, D.; Bigaud, D. BIM-Based Digital Twin and XR Devices to Improve Maintenance
Procedures in Smart Buildings: A Literature Review. Appl. Sci. 2021, 11, 6810. [CrossRef]

10. Keskin, B.; Salman, B. Building Information Modeling Implementation Framework for Smart Airport Life Cycle Management.
Transp. Res. Rec. 2020, 2674, 98–112. [CrossRef]

11. Tolmer, C.-E. Improving the Use of BIM Using System Engineering for Infrastructure Projects. Int. J. 3-D Inf. Model. 2018, 6, 17–32.
[CrossRef]

12. Ye, Y.; Ma, X.; Yang, Z.; Liao, C.; Chen, L. Design of Information Consultation System for the Whole Process of Construction
Engineering Based on BIM Technology. In Advanced Hybrid Information Processing; Lecture Notes of the Institute for Computer
Sciences, Social-Informatics and Telecommunications Engineering, LNICST; Springer: Cham, Switzerland, 2023; Volume 468.

13. Kalasapudi, V.S.; Turkan, Y.; Tang, P. Toward Automated Spatial Change Analysis of MEP Components Using 3D Point Clouds
and As-Designed BIM Models. In Proceedings of the 2014 2nd International Conference on 3D Vision, Tokyo, Japan, 8–11
December 2014; pp. 145–152.

14. Tarek, H.; Marzouk, M. Integrated Augmented Reality and Cloud Computing Approach for Infrastructure Utilities Maintenance.
J. Pipeline Syst. Eng. Pract. 2022, 13, 04021064. [CrossRef]

15. Bosch, A.; Volker, L.; Koutamanis, A. BIM in the Operations Stage: Bottlenecks and Implications for Owners. Built Environ. Proj.
Asset Manag. 2015, 5, 331–343. [CrossRef]

16. Keskin, B.; Salman, B.; Koseoglu, O. Architecting a BIM-Based Digital Twin Platform for Airport Asset Management: A Model-
Based System Engineering with SysML Approach. J. Constr. Eng. Manag. 2022, 148, 04022020. [CrossRef]

https://doi.org/10.34910/MCE.101.14
https://doi.org/10.1177/2158244017716708
https://doi.org/10.15587/2706-5448.2022.265105
https://doi.org/10.1504/IJEWE.2017.087808
https://doi.org/10.3390/app13106225
https://doi.org/10.1007/s12652-018-0953-6
https://doi.org/10.1016/j.autcon.2013.10.023
https://doi.org/10.1186/s40327-017-0059-9
https://doi.org/10.3390/app11156810
https://doi.org/10.1177/0361198120917971
https://doi.org/10.4018/ij3dim.2017070102
https://doi.org/10.1061/(ASCE)PS.1949-1204.0000616
https://doi.org/10.1108/BEPAM-03-2014-0017
https://doi.org/10.1061/(ASCE)CO.1943-7862.0002271


Appl. Sci. 2023, 13, 11804 15 of 15

17. Redmond, A.M. Measuring the Performance Characteristics of MBSE Techniques with BIM for the Construction Industry. In
Proceedings of the International Conference on Developments in eSystems Engineering, DeSE, Kazan, Russia, 7–10 October 2019;
Volume 2018.

18. Szeligova, N.; Faltejsek, M.; Teichmann, M.; Kuda, F.; Endel, S. Potential of Computed Aided Facility Management for Urban
Water Infrastructure with the Focus on Rainwater Management. Water 2023, 15, 104. [CrossRef]

19. Figueiredo, K.; Pierott, R.; Hammad, A.W.A.; Haddad, A. Sustainable Material Choice for Construction Projects: A Life Cycle
Sustainability Assessment Framework Based on BIM and Fuzzy-AHP. Build. Environ. 2021, 196, 107805. [CrossRef]

20. Cepa, J.J.; Pavón, R.M.; Alberti, M.G.; Ciccone, A.; Asprone, D. A Review on the Implementation of the BIM Methodology in the
Operation Maintenance and Transport Infrastructure. Appl. Sci. 2023, 13, 3176. [CrossRef]

21. Matos, R.; Rodrigues, H.; Costa, A.; Rodrigues, F. Building Condition Indicators Analysis for BIM-FM Integration. Arch. Comput.
Methods Eng. 2022, 29, 3919–3942. [CrossRef]

22. Chen, Z.S.; Zhou, M.D.; Chin, K.S.; Darko, A.; Wang, X.J.; Pedrycz, W. Optimized Decision Support for BIM Maturity Assessment.
Autom. Constr. 2023, 149, 104808. [CrossRef]

23. UK BIM Alliance. UK BIM Framework Information Management According to BS EN ISO 19650-Guidance Part 1: Concepts; UK BIM
Alliance: London, UK, 2019.

24. Hendriks, T.; van den Aker, J.; Suermondt, W.T.; Wesselius, J. Creating Value with MBSE in the High-Tech Equipment Industry.
INSIGHT 2022, 25, 35–41. [CrossRef]

25. Liu, J.; Liu, J.; Zhuang, C.; Liu, Z.; Miao, T. Construction Method of Shop-Floor Digital Twin Based on MBSE. J. Manuf. Syst. 2021,
60, 93–118. [CrossRef]

26. Chaudemar, J.C.; De Saqui-Sannes, P. MBSE and MDAO for Early Validation of Design Decisions: A Bibliography Survey. In
Proceedings of the 15th Annual IEEE International Systems Conference, SysCon 2021, Vancouver, BC, Canada, 22–25 March 2021.

27. Noguchi, R.A.; Martin, J.N.; Wheaton, M.J. (MBSE) 2: Using MBSE to Architect and Implement the MBSE System. INCOSE Int.
Symp. 2020, 30, 18–35. [CrossRef]

28. Salehi, V. Development of an Agile Concept for Mbse for Future Digital Products through the Entire Life Cycle Management
Called Munich Agile MBSE Concept (MAGIC). Comput. Aided. Des. Appl. 2020, 17, 147–166. [CrossRef]

29. Bolshakov, N.; Badenko, V.; Yadykin, V.; Celani, A.; Fedotov, A. Digital Twins of Complex Technical Systems for Management of
Built Environment. IOP Conf. Ser. Mater. Sci. Eng. 2020, 869, 062045. [CrossRef]

30. Pärn, E.A.; Edwards, D.J.; Sing, M.C.P. The Building Information Modelling Trajectory in Facilities Management: A Review.
Autom. Constr. 2017, 75, 45–55. [CrossRef]

31. Yildiz, E.; Møller, C.; Bilberg, A. Demonstration and Evaluation of a Digital Twin-Based Virtual Factory. Int. J. Adv. Manuf. Technol.
2021, 114, 185–203. [CrossRef] [PubMed]

32. Badenko, V.; Volgin, D.; Lytkin, S. Deformation Monitoring Using Laser Scanned Point Clouds and BIM. In Proceedings of the
MATEC Web of Conferences, Bandung, Indonesia, 18 April 2018; Volume 245.

33. Badenko, V.; Samsonova, V.; Volgin, D.; Lipatova, A.; Lytkin, S. Airborne LIDAR Data Processing for Smart City Modelling. In
Lecture Notes in Civil Engineering; Springer: Berlin/Heidelberg, Germany, 2020; Volume 70.

34. Love, P.E.D.; Matthews, J. The ‘How’ of Benefits Management for Digital Technology: From Engineering to Asset Management.
Autom. Constr. 2019, 107, 102930. [CrossRef]

35. Badenko, V.; Fedotov, A.; Zotov, D.; Lytkin, S.; Lipatova, A.; Volgin, D. Features of Information Modeling of Cultural Heritage
Objects. IOP Conf. Ser Mater. Sci. Eng. 2020, 890, 012062. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/w15010104
https://doi.org/10.1016/j.buildenv.2021.107805
https://doi.org/10.3390/app13053176
https://doi.org/10.1007/s11831-022-09719-6
https://doi.org/10.1016/j.autcon.2023.104808
https://doi.org/10.1002/inst.12409
https://doi.org/10.1016/j.jmsy.2021.05.004
https://doi.org/10.1002/j.2334-5837.2020.00705.x
https://doi.org/10.14733/cadaps.2020.147-166
https://doi.org/10.1088/1757-899X/869/6/062045
https://doi.org/10.1016/j.autcon.2016.12.003
https://doi.org/10.1007/s00170-021-06825-w
https://www.ncbi.nlm.nih.gov/pubmed/33716375
https://doi.org/10.1016/j.autcon.2019.102930
https://doi.org/10.1088/1757-899X/890/1/012062

	Introduction 
	Materials and Methods 
	State of the Art 
	Results and Discussion 
	Conceptual Model and Principles of Operation of the Infrastructure of Industrial Enterprises Using BIM Technology in Conjunction with MBSE 
	Practical Steps and Considerations for the Implementation of the Proposed Conceptual Model for the Operation of the Infrastructure of Industrial Enterprises Using BIM Technology in Conjunction with MBSE 
	Limitations of the Proposed Model and the Advantages of the Proposed Approach over the Existing Ones 

	Directions of Further Research 
	Conclusions 
	References

