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Abstract

:

This article systematizes scientific views on the problems associated with the conditions and patterns of creating a digital model of a sophisticated engineering and technical complex. The main elements of a digital model of the life cycle of an offshore oil and gas platform are considered. An interdisciplinary approach to the study of the essence of the subject space of the life cycle of an offshore oil and gas platform is substantiated on the basis of modeling the subject space of the life cycle of an offshore oil and gas platform using alternative graphs and information technologies. New concepts have been introduced into scientific circulation that reveal the essence of a digital model of the life cycle of an offshore oil and gas platform: life cycle cost, life cycle duration, and the scientific and technical level of the offshore oil and gas platform. The main provisions of the concept of the virtual life cycle of an offshore oil and gas platform are considered. Based on modeling the subject area of the life cycle of an offshore oil and gas platform by alternative graphs, is shown the relationship between the stages of the life cycle. The technology of model-based design of the virtual life cycle of an offshore oil and gas platform is proposed. The developed model of the life cycle of an offshore oil and gas platform based on the display of the life cycle by alternative graphs makes it possible to choose solutions for each stage based on criteria common to the life cycle of an offshore oil and gas platform. A cyclic procedure for managing a virtual life cycle model of an offshore oil and gas platform has been developed. The digital model of the life cycle of an offshore oil and gas platform is constantly updated following the change in physical prototypes, which increases the accuracy of decisions based on it. The application of the model in practice will significantly reduce the number of full-scale tests of everything related to the manufacture of the real material part of a platform.
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1. Introduction


An offshore oil and gas platform is a sophisticated engineering complex designed for drilling wells and extracting hydrocarbons located under the seabed. The creation of offshore oil and gas platforms, offshore drilling, and hydrocarbon production are associated with environmental problems due to technologies used for creating platforms, extracted hydrocarbons, and materials used during drilling operations [1,2,3,4].



The last fifty years can be characterized as a process of transfer by oil companies of their main interest in hydrocarbon production from reserves located on land to offshore hydrocarbon reserves. This is due to the fact that traditional onshore reserves are depleted, while sea and ocean shelves have huge reserves of oil and gas. The extraction of different hydrocarbons, of course, requires different methods of development. The main influencing factors include the level of occurrence of hydrocarbons, as well as the technological features of the equipment necessary for their excavation. Most often, hydrocarbon reserves lie deeper than 500 m from the earth’s surface.



The oil upstream value chain consists of several stages, including exploration and production. The exploration stage includes the following activities: (a) regional geological and geophysical studies, where possible oil and gas zones are identified, deposits are evaluated, and the order of development of reserves is specified; (b) more detailed analysis and preparatory work for drilling to maximum depth; (c) directly drilling and search for deposits “bottom-up”. The purpose of the exploration stage is to prepare deposits for development. The drilling process itself is technologically complex due to its characteristics. It begins with a deepening operation of rock destruction with drilling tools, then, using a fluid or airflow, the drilled rock remains are taken from the wells, the well is cased with pipes, the production pipe is lowered into the productive compartment, and separated from the unproductive horizon by cementing.



For oil-producing processes, it is necessary to build special oil platforms, structures, and wells with round sections and casing them with pipes. Drilling rigs include a complex of drilling machines, mechanisms, and equipment built at the drilling site and creating an independent implementation of the process of drilling and well construction. The oil platform is designed for a large number of production cycles and must have a large margin of production capacity, reliability, and durability [5].



The drilling rig includes four complexes: an execution complex, an energy complex, a complex for the prevention and elimination of incidents, and a complex for managing and controlling technological processes [6].



The execution complex includes equipment for performing operations: tripping; pipe work; solution circulation; installation and transportation; mechanization of labor-intensive processes; ensuring environmentally friendly drilling. Equipment related to the energy complex: power supply; providing hydropower; for the preparation and supply of compressed air; for heating; to provide technical water; to ensure the vital activity of workers. The complex for the prevention and liquidation of incidents includes equipment for the prevention of oil and gas emissions; equipment for the prevention of accidents of mechanisms. The complex for managing and controlling technological processes consists of a system for technological control of drilling parameters, telephone and loud-speaking communication systems, and video surveillance.



All elements of the drilling rig are placed on offshore platforms. If the field is located at shallow sea depths (4.0 m), an artificial island construction option is possible. Drilling rigs are installed on the island. The plant equipment is placed in modules of maximum factory readiness.



The type of structures required for the production of oil and gas on the shelves depends on the depth of hydrocarbons. Some concepts of offshore oil platforms are presented in [6,7,8].



Figure 1 shows a schematic representation of the types of offshore oil and gas platforms.



The concentration of interest of leading oil companies in oil production on the sea and ocean shelf has led to the fact that the sector of offshore oil and gas production today is a high-tech industry that requires high-tech applied knowledge, as well as work with complex technical systems. All stages of oil production, processing, and transportation require complex technical systems and equipment, which in turn require specialized integration and maintenance. The period for which oil reserves can be extracted from an oil field is 15–30 years, and in some cases, it can reach 50 years or more (for giant fields). An oil field has a rather long life cycle, and, therefore, the life cycle of an oil platform, compared to other complex engineering systems, has a longer life cycle.



The life cycle of a modern offshore oil platform, as a complex organizational and engineering complex, takes several decades and covers the stage of design, formation of technical requirements, architecture design and development of the necessary documentation, creation, and production, subsequent integration and commissioning, operation, improvement, and disposal [10]. Offshore oil platforms are expensive and have a long life cycle, a number of climatic obstacles during operation, and high environmental risks. The main competitive advantage of a sophisticated engineering complex, such as an offshore oil platform, is the cost of its life cycle [11].



Projects for the development, commissioning, and subsequent operation of offshore platforms are associated with unique technical, organizational, and investment solutions in conditions of uncertainty and high capital intensity [12,13].



Offshore oil and gas complexes are environmentally hazardous facilities associated with environmental risks and require high costs for environmental study and project support [14,15,16,17,18].



At each stage of the life cycle of an oil-producing platform, from conception to platform decommissioning, there is a need to make technical, economic, organizational decisions: to substantiate the concept of offshore field development; take into account the provisions of the “Circular Economy” in the early stages of platform design; compare options for design projects, equipment manufacturing, testing of elements of offshore oil platforms; choose from alternative concepts the design of the offshore oil platform; structure the goals of systems and equipment; take into account environmental conditions in the design; confirm the correctness of the project; make a decision on putting the platform into operation; develop and improve methods to ensure the reliability of the projected indicators of offshore platforms; monitor the operation process and make improvements in the operation process; compare options and find the best options for decommissioning an offshore oil platform; decommission the platform.



Based on the foregoing, it is necessary to provide an analysis of the problems encountered at all stages of the life cycle of real oil platforms and make decisions. These are qualitatively new tasks that require a revision of most of the approaches that have been formed to date in the design, construction, and operation of complex engineering and technical complexes in the conditions of the continental shelf.



The modern paradigm of research and development of complex engineering systems, including offshore oil and gas platforms, shows that the main tool for solving qualitatively new problems can be a digital model of the life cycle of an offshore oil and gas platform, which digitally represents the characteristics of an oil and gas platform [19,20,21,22,23].



In other words, the digital life cycle model of an offshore oil and gas platform is a virtual offshore oil and gas complex. The creation of a virtual offshore oil complex using information modeling technologies makes it possible to calculate the indicators of a real offshore oil and gas complex and determine many characteristics of the complex even before the actual start of the creation of a real platform, to create 3D models of platform elements, including all related structures and communications for a visual presentation of the project. The development of a digital model of the life cycle stages of an offshore oil and gas platform shows the physical and architectural characteristics and simulates the life cycle of an object, covering the stages of the life cycle of the platform, namely: planning, preparation of technical specifications, design and analysis, issuance of working documentation, construction, operation and repair, re-equipment, decommissioning.



A digital model of the stages of the life cycle of an offshore oil and gas platform is an analog of the life cycle of a real offshore oil and gas platform and consists of the stages of a digital process that affects the moments and states of the digital model from conception to the termination of its use.



The development of a digital model of the stages of the life cycle of an offshore oil and gas platform is based on system engineering, which is a set of fundamental scientific principles, approaches, terms, research methods, postulates, and standards, in accordance with which constructions, generalizations and modeling are carried out in the field of creation and use of a digital model of the stages of the life cycle of sophisticated engineering objects [24,25,26].



Systems engineering is an interdisciplinary approach and a means to create successful systems of any kind. It is an interdisciplinary approach that encompasses all efforts to develop and verify integrated and balanced in the life cycle of a set of system solutions regarding people, products, and processes that satisfy the needs of the customer [27].



In this article, system engineering is understood as an approach to the creation and operation of a digital model as a system that includes the digital life cycle of an offshore platform, the digital architecture of the platform, and the system information model of the platform.



The life cycle of both a real offshore oil and gas platform and a digital model of an oil and gas platform is understood as the stages of the process that affect the moments and states of the platform and the digital model from conception to decommissioning.



Concepts for the development of the life cycle of offshore oil and gas facilities in the information environment are reflected in the literature. The papers present the management of the design of an offshore oil platform in the information modeling environment, as well as the problems that arise during this modeling. The paper [28] presents a view of the management of the life cycle of a product (system, object, service) through the management of cooperation between enterprises that provide support for the life cycle of the product. The management of cooperation between enterprises is considered from a system engineering and economic point of view. It is determined that the main objectives of management at the level of the life cycle are the cooperation of participating enterprises, the project program, and the complete information model of the final product. The contour of the life cycle management and the issues of the effectiveness of the life cycle management system are considered.



The life cycle concepts and processes of Product Lifecycle Management (PLM), including requirements, configuration, change management, and Decision Gates, are described in [29,30,31]. Methods for planning and controlling resources, costs, financial results, and risks at all stages of the product life cycle, for example, Total Ownership Cost and Total Cost Management, can be found in [32,33].



Further development of product life cycle management in production systems follows within the framework of initiatives for the development of industrial intelligent systems and approaches (for example, Industry 4.0 [34], globalization of cooperation (Global Product Development [35])), and development of alliances [36].



The experience of implementing the concept of life cycle management of offshore oil and gas facilities at the company level is described in [37].



The methodology for supporting information modeling of capital construction objects is described in [38]. This book explores the essence Building Information Modeling (BIM) process: BIM and Preconstruction, BIM and Construction, BIM and Close Out. When it comes to BIM and technology, project planning is critical to a construction project and is often the driver for a successful project.



An analysis of the literature shows that the importance of the information model created in parallel with the object, product, and service is increasing. The information model, unlike the material product itself, exists at all stages of the life cycle, from concept to disposal. However, in recent decades, the role of the information model in production has changed significantly.



Previously, an information model was created in a single development center, and production could be in cooperation with contractors-manufacturers. Now both the product development process and the process of creating an information model are carried out in branched cooperation [26]. For example, it is known that the development of Boeing CA aircraft is carried out by several engineering centers in the USA, Australia, and Russia. Similarly, the development of Airbus is carried out.



In the past, information models in the form of blueprints, specifications, and other technical documentation were used only for production, but this is no longer the case. For example, almost from the very beginning of the development of nuclear energy, the confirmation of the safety requirements of power units is based on calculations, that is, on the basis of an information model. In recent years, information models have also been used to certify cars, aircraft, and other technical objects.



To manage the life cycle of products, as a rule, production design programs are used. Production programs are sets of projects and other activities aimed at achieving certain goals [39]—they are almost always systems consisting of systems, as well as enterprise systems [25].



The trend is the dependence of the cost of a sophisticated engineering complex on the cost of its life cycle. The paper [29] shows an increase in the cost of a complex energy complex through the cost of its life cycle. The paper quite clearly presents a comparison of the cost of making a change at various stages of the life cycle of a facility. The paper also identified various changes and ways to eliminate them.



The paper [11] considers three floating wind platforms (which, according to the authors, are the future of the electric power industry), their life cycles, and the costs in different life cycles. The article presents a methodology for estimating the life cycle cost of a complex energy facility in terms of its main costs.



At all stages of the life cycle of an offshore oil and gas platform, it is important to take into account the environmental aspect. The requirements for assessing the impact of the life cycle of a product on the environment are established in the [40].



The analysis shows that there are problems little touched upon by research. These include the lack of developed mathematical models that make it possible to find options for an offshore oil and gas platform with different characteristics, allowing the stage of the concept of an offshore oil and gas platform to take into account not only manufacturing technologies but also the provisions of the “Circular Economy” during operation and decommissioning of an offshore oil and gas platform.



This article touches upon problematic tasks solved by means of information modeling of the life cycle of complex engineering facilities, and in particular offshore oil and gas facilities.



The purpose of the article is to propose a methodology for the formation of a digital model of the life cycle of an offshore oil and gas platform based on the systematic development of the model, refinement of the model, and use of the model at all stages of the life cycle of a real offshore oil and gas platform.



To achieve the goal of the study, the following research objectives are defined:




	–

	
Analysis of problems of the life cycle of offshore oil and gas platforms.




	–

	
Development of a virtual life cycle of an offshore oil and gas platform based on life cycle modeling by alternative graphs.




	–

	
Development of a cyclic procedure for managing a virtual life cycle model of an offshore oil and gas platform.




	–

	
Development of a procedure for finding a set of virtual effective options for the platform lifecycle.









The process associated with the creation, operation, and decommissioning of an offshore oil and gas platform consists of two parallel processes: (a) the creation and maintenance of a digital model of the life cycle of an offshore oil and gas platform and (b) the creation of a real platform and ensuring the viability of the platform life cycle.



The proposed methodology for the formation of a digital model of the life cycle of an offshore oil and gas platform has the following advantages: (a) a digital model of the life cycle of an offshore oil and gas platform is based on an alternative graph, which allows to choose solutions for each stage based on criteria common to the life cycle of an offshore oil and gas platform; (b) it is possible to significantly reduce the number of full-scale tests of everything that is connected with the manufacture of a real material part of a platform; (c) a digital model of the life cycle of an offshore oil and gas platform is constantly updated following the change in physical prototypes, which increases the accuracy of decisions based on it.




2. Materials and Methods


A digital model of the life cycle of an offshore oil and gas platform is an object-oriented parametric 3D model that digitally represents the physical, functional, and other characteristics of the stages of the life cycle of an offshore oil and gas platform, consisting of separate parts of the stages, in the form of a set of information-rich elements. The creation of the life cycle of an offshore oil and gas platform in the form of a digital model provides for the automation of the work of specialists of the design organization both at the stage of creating three-dimensional models (3D models) of individual elements of the stage and at the stage of issuing graphic design documents and drawings.



A digital model of the life cycle of an offshore oil and gas platform, from the standpoint of materialized perception, is an interconnected set of mathematical models and methods, parametric 3D models, software tools, and technologies used to store, process and consume information, hardware, and personnel.



The processes and life cycle stages of such a system are covered by ISO/IEC 15288, a systems engineering technical standard developed by the International Organization for Standardization (ISO) and the International Electrotechnical Commission (IEC) [41]. The ISO/IEC 15288 standard is applicable to the complete life cycle of systems, such as the digital life cycle model, including conception, development, production, operation, and decommissioning. A system similar to the digital life cycle model is referred to as an enabling system in ISO/IEC 15288. Enabling system is a system that serves as an addition to a real system throughout the stages of its life cycle but does not necessarily directly contribute to its functioning. The real system in our article is an offshore oil and gas platform, and an analysis of the life cycle of a real offshore oil and gas platform. Life cycle assessment (LCA) and life cycle inventory (LCI) of a real offshore oil and gas platform are covered by ISO 14040:2006. It does not describe the LCA technique in detail, nor does it specify methodologies for the individual phases of the LCA [40].



The article outlines the provisions of the methodology and methods for the formation of a digital model.



2.1. Basic Provisions for the Formation of a Digital Model of the Life Cycle of an Offshore Oil and Gas Platform


The “digital life cycle model of an offshore oil and gas platform”, in other words, the “digital twin of the life cycle of an offshore oil and gas platform”, consists of digital models of the stages of the life cycle. The digital models of the stages are as follows: (a) digital model of scientific research and design of the oil and gas production platform; (b) digital model of production and construction of an oil and gas production platform; (c) digital model of operation and modernization of the oil and gas production platform; (d) digital model for the decommissioning of an oil and gas production platform. The basis of the digital model of each stage of the life cycle of an offshore oil and gas platform is an alternative graph, which is a mathematical model of the stage and contains information about the modeling object. Computer modeling is performed on the basis of an alternative graph with data obtained from real-life stages of the life cycle or is the results of simulation modeling.



There are three activities that need to be completed to make this happen:




	(a)

	
Modeling the subject area of the life cycle of an offshore oil and gas platform with alternative graphs.




	(b)

	
Parallel processes: creation/operation of a real offshore oil and gas platform and a digital model of the life cycle of an offshore oil and gas platform.




	(c)

	
Continuous development of a digital model of the life cycle of an offshore oil and gas platform.










2.2. Cyclic Procedure for the Process of Analysis and Discussion of the Concepts of the Virtual Life Cycle of an Offshore Oil and Gas Platform


A digital model of the life cycle of an offshore oil and gas platform is formed in accordance with the developed “cyclic procedure for the process of analyzing and discussing the concepts of a virtual life cycle of an offshore oil and gas platform” (Figure 2). The “Cyclic procedure for the process of analyzing and discussing the concepts of the virtual life cycle of an offshore oil and gas platform” was developed both to form a digital model of the life cycle of an offshore oil and gas platform and to create a real offshore oil and gas platform.




2.3. Using the Graph Theory Apparatus for Modeling the Virtual Life Cycle of an Offshore Oil and Gas Platform


To simulate the virtual life cycle of an offshore oil and gas platform, the mathematical apparatus of graph theory is used. A hierarchical graph, the so-called goal tree, depicts the subordination of various goals of the life cycle stages. The model of the entire life cycle of an offshore oil and gas platform is based on an alternative graph. Alternatives at each stage are selected in terms of offshore oil and gas platform life cycle criteria. The model of each stage of the life cycle is also based on an alternative graph. The general sequence of using the apparatus of graph theory can be represented as steps:




	(a)

	
Representation of the structure of the generalized architecture of the digital model of the life cycle of an offshore oil and gas platform as a result of the decomposition of the goal of creating a digital model of the life cycle.




	(b)

	
Building an integrated structure of the virtual life cycle of an offshore oil and gas platform in the form of an alternative graph.




	(c)

	
Representation of the relationship between the duration of the life cycle and the costs of completing the stages of the life cycle and the scientific and technical level of the offshore oil and gas platform.











3. Results


3.1. The Concept of a Virtual Life Cycle of an Offshore Oil and Gas Platform Based on the Use of Alternative Graphs and Information Modeling Technology


Basic provisions of the concept.



	(a)

	
An integrated information model of the life cycle of an offshore oil and gas platform is created, constantly developed, refined, and used at all stages of the life cycle of a real offshore oil and gas platform.




	(b)

	
Takes into account, at the stage of the concept of an offshore oil and gas platform, not only manufacturing technology but also service issues during operation and disposal, “Circular Economy” trends in the disposal of the complex.




	(c)

	
The construction of a digital model of the life cycle of an offshore oil and gas platform is carried out on the basis of modeling the subject area of the life cycle of an offshore oil and gas platform by alternative graphs. The subject area of the life cycle of an offshore oil and gas platform is a certain set of concepts, real objects, and relationships between them in their entirety that make up the object of management throughout the life cycle. Each object has a certain set of properties (attributes).







The subject area of the life cycle of an offshore oil and gas platform is characterized by a variety of used data, knowledge, the complexity of the tasks to be solved, and the relationships between them at the stages of the life cycle.



	(d)

	
The digital model is a virtual offshore oil and gas complex. The stages of the life cycle of a virtual offshore oil and gas platform are temporary complexes of tools, including specialists, technical means, technologies, raw materials, information resources, and software designed to solve specific problems in a certain time interval.







Existing design institutes, enterprises, and construction companies can be used as virtual ones. The formation and functioning of the stages of the life cycle of a virtual offshore oil and gas platform should be carried out on the basis of a single set of mathematical methods for network modeling of the stages of the life cycle. In its activities, such a platform should be based on modern means of communication, on network software and hardware, as well as on the coordination center for the functioning of virtual enterprises, which includes a subsystem for analyzing and managing information, which provides, in particular, solving the problems of control and security when working with information. The basis for solving communication problems for virtual enterprises are the Internet and Intranet networks. The core of the offshore oil and gas platform life cycle subject model is an alternative graph. Based on this core, all other interrelated models are built and developed, which together will make up the required adequate model of the subject area.



	(e)

	
Subject area and life cycle of an offshore oil and gas platform. The subject area covers the tasks of the entire life cycle of an offshore oil and gas platform (tasks solved in the course of scientific research, design, manufacture, testing, operation, development, and disposal). The tasks of the subject area are modeled by means of informatics and artificial intelligence. There is a transition from the traditional staging of life cycle stages to a constant transformation of the subject model as a result of parallel processes.




	(f)

	
Subject model in the form of an alternative graph. Graph theory tools are used as a modeling base to describe the stages of the life cycle of an offshore oil and gas platform, data, and subject knowledge. Deterministic graphs, alternative graphs, graphs with return arcs, directed graphs, tree graphs, and probabilistic graph models are used. A single set of methods for describing the subject area is used, which should be based on network mathematical models. Throughout the life cycle of an offshore oil and gas platform, it is necessary to maintain the integrity of the model of an offshore oil and gas platform, the entire situation that has developed at the stages of the life cycle of an offshore oil and gas platform. The subject network model covers all tasks of the traditional life cycle of an offshore oil and gas platform: design, construction, manufacturing, etc. In order to build an adequate subject network model, classes of network nodes should be distinguished (which, in turn, are network nodes and are included in the network model of the subject area).




	(g)

	
Assessment system. During the life cycle of the platform, the network model of the subject area must constantly evolve, which requires a system of assessments to ensure. The following classes of necessary assessments can be distinguished: ♦ assessments for making a decision on the need for further development of the network; ♦ assessments of network models-solutions of various performers; ♦ resource assessments; ♦ assessments used for self-monitoring of the system. It should be noted that all resources (human, time, financial), technical means, standard procedures used in solving various problems of the life cycle of an offshore oil and gas platform, and others are also represented as network models and are included in the network model of the subject area.




	(h)

	
Basic software of the informatization system. Among the existing ready-made software tools, the EUCLID QUANTUM system from MATRA DATAVISION can be considered a basic tool for creating a network model of the subject area of the complex informatization system [37]. This system has the means to start systematic work on solving the problem of creating an adequate network model of the subject area, as well as the means to use the capabilities of Intranet technology.








3.2. Cyclic Procedure for the Process of Analysis and Discussion of the Concepts of the Virtual Life Cycle of an Offshore Oil and Gas Platform


The process of reviewing and discussing concepts includes the following activities:




	(a)

	
Formulation of general tasks and restrictions.




	(b)

	
Requirements and needs assessment.




	(c)

	
Definition of alternative concepts.




	(d)

	
Characterization of concepts and architectures.




	(e)

	
Identification of critical requirements.




	(f)

	
Assessment of the unity of the life cycle of an offshore oil and gas platform.




	(g)

	
Formulation of initial data.




	(h)

	
Determination of requirements for the life cycle of an offshore oil and gas platform.




	(i)

	
Correlation of requirements with elements of the life cycle of an offshore oil and gas platform.









The analysis and discussion of concepts is an iterative process, gradually concretized both by the requirements and the methods for their implementation. Therefore, we must repeat all the procedures many times for the life cycle of an offshore oil and gas platform as we move through the stages of the life cycle and details at each stage.



Figure 2 presents a cyclic procedure for the process of analysis and discussion of the concepts of the virtual life cycle of an offshore oil and gas platform.



The proposed dynamic cycle of the process of analyzing and discussing the concepts of the virtual life cycle of an offshore oil and gas platform begins with the formulation of the general tasks and constraints of the life cycle model. The development of a life cycle model of an offshore oil and gas platform includes the analysis of influencing factors, the generation of target indicators, the design of the architecture of the life cycle model of an offshore oil and gas platform in the form of a tree graph, the construction of an integrated model based on an alternative graph of the stages of the life cycle of an offshore oil platform, which combines various components and subsystems.




3.3. Generalized Architecture of the Virtual Life Cycle Model of the Oil and Gas Platform


A digital model of the life cycle of an offshore oil and gas platform is developed on the basis of a generalized architecture of a digital model of the life cycle of an offshore oil and gas platform. The generalized architecture of the digital model consists of large blocks: database, subject area, data management system, model management system, knowledge block, and user interface.



The structure of the generalized architecture of the digital model of the life cycle of an offshore oil and gas platform is formed as a result of the decomposition procedure for the purpose of creating a digital model of the life cycle. Figure 3 shows the structure of the generalized architecture of the digital model of the life cycle of an offshore oil and gas platform.



Large blocks and concepts of a digital model of the life cycle of an offshore oil and gas platform are highlighted in green: architecture, data storage, concepts, software, and support subsystems (methodological, software, mathematical).



Subsets of large blocks and concepts of the digital model are highlighted in blue.



Types of subsets of large blocks and concepts of the digital model are highlighted in yellow.



The red color shows variants of types of subsets of blocks of the digital model.



Decomposition is a top-down process, i.e., from the level of the entire life cycle to the lowest level of components.




3.4. Integrated Structure of the Virtual Life Cycle of an Offshore Oil and Gas Platform in the Form of an Alternative Graph


With the complication of production facilities and the expansion of the scope of use of information models, the models themselves become more complex and expensive. Information models contain not only the geometric description and structure of the product, materials and technological maps, and logistics information but also complex models of functioning, movement, and others. Information models are a sophisticated hierarchical multidisciplinary complex.



The virtual life cycle of an offshore oil and gas platform is displayed as an alternative graph. An information model in the form of a graph can be used to visually represent the relationships that exist between the elements of the structure of the virtual life cycle of an offshore oil and gas platform. The alternative graph is the most convenient form for modeling the structure of the virtual life cycle of an offshore oil and gas platform. In the form of an alternative graph, it is also possible to model the relationship between the stages of the life cycle. A conditional general view of the life cycle of an offshore oil and gas platform in the form of a graph of an alternative structure is shown in Figure A1 (Appendix A).



The network G is a set of nodes mi,…, mj, …, mr, connected by the precedence relation    m i  ≤    m j  ≤    m k  ≤ ⋯    m r  .   An alternative network is a directed acyclic network G(J, A), in which the set of nodes   J = M   ∪     D   and   M   ∩     D = ∅    is   given  ,   where M is the set of nodes of program activities without alternatives; D is a set of decision nodes and program activities that have alternatives.



The formulation and development of the phases of the virtual life cycle is divided into successive parts in time. The development team, using a cyclic procedure of the analysis and discussion process, presents each phase of the virtual life cycle of an offshore oil and gas platform in the form of an alternative structure graph. The initial information for the development of the phases of the virtual life cycle is the results of studies carried out with the phases of the life cycle of real offshore oil and gas platforms.



The final phase of the life cycle of an oil and gas platform—the decommissioning of an oil and gas platform and the development of a hydrocarbon field is represented by several alternative columns. Each alternative graph corresponds to the form of decommissioning of the oil and gas platform and the development of hydrocarbon fields.



The complex decommissioning process requires taking into account a significant number of risks and actions, taking into account national and international legislation. In the literature, one can find a discussion of the following activities consistent with the principles of the Circular Economy: reuse, recycling, and disposal of end-of-life blocks and their parts of the platform; the cessation of offshore oil operations in the offshore field and the return of the ocean and seabed to its original state; creation of artificial reefs; formation of a new built environment in the sea after the decommissioning of the platform. The scientific literature outlines studies demonstrating the impact of offshore oil and gas platforms and some forms of decommissioning on the marine environment. The reference [42] provides an overview of reefing practices and options for decommissioning oil and gas platforms around the world, ref. [43] provides decommissioning methodology and cost estimates, and ref. [44] describes the implications of alternative decommissioning options for reef fish aggregations and the consequences of decommissioning policy; the paper [45] analyzes the environmental issues associated with the decommissioning of offshore platforms in California and ref. [46] analyzes the environmental and political issues associated with the decommissioning of offshore oil facilities in the South Gulf of California, ref. [47] describes the Case Study: Brent Spar and the environmental conflict associated with the decommissioning of Brent Spar.



A fairly large number of articles are devoted to the ecological role of oil and gas production platforms and natural reefs for fish. Are oil and gas platforms an important habitat for fish [48] and can oil and gas platforms replace natural reefs for fish [49], such as oil and gas facilities in the Gulf of Mexico [50]? The formation of a new environment on the basis of decommissioned offshore oil and gas platforms is also reflected in publications. Artificial reefs as tools for fisheries preservation are analyzed, and the role of offshore structures between the Gulf of Mexico and the Southern California bight is compared [51]. Coral growth on oil platforms is analyzed in the North Sea [52], in the Gulf of California [53], and the long-term evolution of coral growth and prospects for decommissioning are analyzed in [54]. Specific studies have been carried out on the impact of artificial reefs on fisheries [55,56,57]. Analysis of the results of the study of real offshore oil and gas platforms makes it possible to develop models of the virtual phase of the life cycle—the process of decommissioning an oil and gas platform.



At the next stages, the digital model of the life cycle of an offshore oil and gas platform is systematically developed, refined, and used at all stages of the life cycle of a real offshore oil and gas platform.




3.5. Analysis of a Variety of Virtual Life Cycle Options for an Offshore Oil and Gas Platform


The digital model of the life cycle of an offshore oil and gas platform, presented in the form of an alternative graph, includes many virtual options for the life cycle of an offshore oil and gas platform. Each virtual life cycle option has its own life cycle duration, life cycle cost, and scientific and technical level of the digital life cycle model. The number of options for the life cycle of a digital model depends on the number of alternatives at each vertex. On the graphical representation of the digital life cycle model (Figure 4), this is the number of circles in a triangle.



The representation of the life cycle of an offshore oil and gas platform in the form of an alternative graph allows for solving various problems at different phases of the life cycle. These include: determining the cost of the life cycle and determining the duration of the life cycle. At each stage of the life cycle, tasks specific to the stage are solved for the design and construction stage. A characteristic task is the task of choosing a variant of an oil and gas platform both according to one of the criteria—minimum costs, the minimum duration of creation, maximum scientific and technical level and according to several criteria.



Let us briefly show the problem of choosing a platform variant at the design and construction stage. The design and construction stage is modeled by an alternative graph (Figure 4).



Explanation of Figure 4.



An enlarged view of the stages of the life cycle of an oil and gas production platform is shown in the form of an alternative graph. The stages are separated by dotted lines. An alternative graph is shown as triangles and circles in the figure. The circle represents a certain activity characterized by the duration of execution and costs. The number to the left of the circle is the duration of the activity, and the number to the right of the circle is the cost of doing the activity. The number inside the circle is the job number. The triangle in the alternative graph shows the availability of options for performing the activity. The number inside the triangle is the number of activities that can be completed in different ways.



The main enlarged stages of the life cycle of an oil and gas production platform (from top to bottom in Figure 4):



The stage of scientific research and design of an oil and gas production platform includes activities 1, 2, 3, 4, 5, 6, 7. Activities 2 and 3 can be completed in two ways. The activities of the stage can include seismic surveys, the drilling of exploration wells, and the creation of a digital geological model.



The stage of production and construction of an oil and gas production platform includes activities 1, 2, 3, 4, 5, 6, 7, 8. Activity 3 can be performed in two ways.



The stage of operation and modernization of an oil and gas production platform includes activities 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11.



The stage of decommissioning of the oil and gas production platform includes activities 1, 2, 3, 4, 5, 6. The activities of the stage could include conservation of the field, optimization of the state of the environment, and re-profiling of the offshore platform.



In the process of research, several options for the layout of the platform are considered. Therefore, there are options for using a diesel propulsion system or a small modular reactor. There are two options for the material from which the case can be made: the first is the use of composite materials, and the second is the use of metal alloys.



However, in order to match the platform under consideration with the declared characteristics and conditions in which it will be operated, the option of using a small modular reactor and a metal case is preferable. Thus, according to the proposed graph of the design and construction stages, there are various options (Figure 5).



The graph shows design and construction options for an offshore oil and gas platform. Each option is characterized by the duration of design and construction, costs, and scientific and technical levels. On the graph in the two-dimensional space “cost-duration”, each option is represented by a dot. At the same time, there are three scientific and technical levels of the offshore oil and gas platform. The presence of alternatives in an alternative graph allows us to obtain such a number of options.



All options for program execution are divided into two sets. Options framed by a blue line (28, 23, 24, 35, 30, 2, 3, 16, 17) satisfying the conditions:


   T  28   <  T  23   < ⋯ <  T  17    










   C  28   >  C  23   ⋯ >  C  17    











These will be called the set of effective options, and all the rest—the set of inefficient options. Each option of the set of inefficient ones is worse than an option from the set of efficient options when compared in pairs. For example, let us compare options 28 and 26/27. Option 28 is better than option 26/27, because    T  28   <  T  26 / 27   ,   a      C  26 / 27   >  C  28    . Similarly, option 24 is better than option 14 because:


   T  24    <   T  14     ,   a    C  14    >   C  24   .  











Therefore, to select one option, it makes sense to consider only a set of effective options.



Option (   T  28   ,  C  28   )   has a minimum duration, maximum costs, the third, that is, the highest scientific and technical level.



With the large size of the alternative graph, finding a set of efficient options is based on the ideas of dynamic programming using a system of recurrent equalities.



Because, in our case, the alternative graph has a small number of options, the algorithm for finding the set of efficient options is not given.



As a result, the decision maker is faced with the task: there are nine options and three criteria, so it is necessary to choose one option.



The choice of one option from the set is carried out using the Analytic Hierarchy Process [58]. The Analysis Hierarchy Process does not prescribe any “correct” decision to the decision maker (DM) but allows them to interactively find such a variant (alternative) that best fits his understanding of the problem and the requirements for solving it.




3.6. Representation of the Life Cycle of an Offshore Oil and Gas Platform in the Form of a Digital Model


In accordance with the methodology presented, a digital information model of the life cycle of an offshore oil and gas platform is an object-oriented parametric 3D model that digitally represents the physical, functional, and other characteristics of the life cycle stages of an offshore oil and gas platform (or individual parts of a stage) in the form of a set of information-rich elements.



The project for the development of digital models of the stages of the life cycle consists of the fact that each digital object is based on an information model that determines its structure. The digital model is also the basis for the decomposition of all information on the object, including the construction of a 3D model. It includes the amount of necessary data and documents. Digital objects at various stages are different. At the first stage of the life cycle, digital twins of real wells are created. The digital object is an oil platform consisting of four main components: hull, anchor system, deck, drilling rig and drill. The hull is a pontoon with a deck. Drill pipes, cranes, and a helipad are placed on the deck.



The main application of models is the search for the necessary information and visualization of the search result in a 3D model, preparation for subsequent modernization, and technical re-equipment of objects.



The presented methodology for creating the life cycle of an offshore oil and gas platform in the form of a digital model provides for the automation of the work of specialists of a design organization both at the stage of creating three-dimensional models (3D models) of an object and at the stage of issuing graphic design documents-drawings. There are graphics systems that have libraries of standard components and unified designs. This simplifies the process of creating elements, a modeled object and makes it possible to automate the creation of a 3D model of a designed object.





4. Discussion


This article proposes a methodology for the formation of a digital model of the life cycle of an offshore oil and gas platform based on the systematic development of a digital model, refinement of the digital model, and the use of a digital model to find solutions for all stages of the life cycle of a real offshore oil and gas platform. In other words, a methodology for the formation of a digital twin of the stages of the life cycle of an offshore oil and gas platform is proposed. The digital twin stores the life cycle parameters of an offshore oil and gas platform in real-time, then interprets and processes big data in order to find and use the most effective solutions for both the stages of the life cycle of a real offshore oil and gas platform and for the life cycle of a real offshore oil and gas platform as a whole.



Figure 4 shows the enlarged stages of the life cycle of an offshore oil and gas platform: the stage of scientific research and design; the stage of production and construction; the stage of operation and modernization; and the decommissioning stage.



At the stage of scientific research and design of a real platform using a digital twin, it is possible to create variations of the system model of the platform being developed for evaluation and selection from various versions of technical solutions. Further, at the stage of production and construction of an offshore oil and gas platform, the model obtained at the previous stage can be refined and specified using more accurate system models of elements, which in turn can be obtained through numerical simulation. This system model allows taking into account and optimizing the interaction of all elements, taking into account the operating modes and environmental influences.



Analysis of work in the field of creating digital twins shows that approximately 20% of the analyzed projects of digital twins are focused on the visualization of the system at the stage of its operation. Among the most common types of visualizations used are three-dimensional elements that help to obtain an idea of the work of an object.



The idea of a digital twin is not new; the modern concept is different in obtaining data and inputs for the digital twin from the real world of the life cycle stages of offshore oil and gas platforms. IoT-connected devices are the building blocks of the digital twin, and sensors are the key to making data accessible.



It is important to understand what the creation of a digital model of the life cycle of an offshore oil and gas platform gives for an oil and gas company and the oil and gas industry. Digital twins of the life cycle of an offshore oil and gas platform are especially important for the oil and gas industry for the following reasons:




	(a)

	
The digital twin is built on the basis of alternative graphs and contains options for system models of the offshore oil and gas platform being developed. Evaluation and selection of different versions of life cycle options and technical solutions for individual stages of the life cycle is possible at the stage of scientific research and design using a digital twin.




	(b)

	
Offshore oil and gas platforms are remote from the company’s head office and are located in hard-to-reach places. Virtual twins help you monitor their work from anywhere.




	(c)

	
Oil production is associated with a high level of risk; accidents at facilities can lead to huge costs and environmental disasters. Digital twins help to make decisions and avoid many complications, equipment downtime, and increase work efficiency. Digital twins collect data on the operation of equipment using IoT sensor technology and calculate the likelihood of wear or failure. Data is collected using individual sensors and control systems based on the Internet of Things and analyzed using artificial intelligence and machine learning.









The tool for implementing the methodology for the formation of a digital model of the life cycle of an offshore oil and gas platform is a cyclic procedure for the systematic use of the life cycle model of an offshore oil and gas platform (Figure 2). The cyclic procedure for managing the virtual life cycle model of an offshore oil and gas platform covers all stages of the life cycle. The process of forming a digital model of the life cycle of an offshore oil and gas platform is carried out in parallel with the “existing physical processes” of the life cycle. “Existing physical processes” is the established practice of performing life cycle stages and using the results: the stage of scientific research and design of an oil and gas production platform (seismic surveys, drilling of exploratory wells, creation of a digital geological model); stage of production and construction of an oil and gas production platform; stage of operation and modernization of the oil and gas production platform; stage of decommissioning of an oil and gas production platform (preservation of the field, optimization of the state of the environment, conversion of the offshore platform).



The process of the physical world and the process of the digital world of an offshore oil and gas platform are connected by technologies for transferring information from a physical object to a digital model. Data Communications Technologies are used to collect information in the early stages of creating a digital model of an offshore oil and gas platform. Industrial IoT technology is used to continuously collect real-time data from offshore platform sensors and plays the role of an information and communication bridge between a real offshore platform and a digital model.



The cyclic procedure allows the decision maker to track the process of creating an offshore oil and gas platform, analyze the initial state of the problem, generate alternatives for each stage, analyze the program as a whole, and select options for each stage and the life cycle as a whole.




5. Conclusions


Our research indicates the possibility of using a new model of the virtual life cycle of an offshore oil and gas platform using graph theory and information modeling tools, which provides goals for empirically effective research by introducing new mathematical models that can provide a new frontier.



The developed model of the life cycle of an offshore oil and gas platform based on the display of the life cycle by alternative graphs allows you to choose solutions for each stage based on the criteria common to the life cycle of an offshore oil and gas platform. A cyclic procedure for managing a virtual life cycle model of an offshore oil and gas platform has been developed.



The application of the model in practice will significantly reduce the number of full-scale tests of everything related to the manufacture of a real material part of a platform.



This technology allows at the concept stage of an offshore oil and gas platform to take into account not only manufacturing technologies, but also issues of service during operation and disposal, “Circular Economy” trends in the disposal of an oil and gas platform.



This new approach provides an opportunity to find variants of an offshore oil and gas platform with different characteristics.



It is noted in the literature that modern offshore oil platforms usually do not have solutions for the final stages of the life cycle, or they are very outdated, unlike some complex technical systems. This is due to the fact that the oil field has a rather long life cycle and, therefore, the life cycle of an offshore oil platform has a longer life cycle compared to other complex engineering systems. This new approach provides an opportunity to bridge this gap.



To explore this possibility, it is necessary to conduct additional research and develop procedures for the formation of life cycle stages in conditions of probabilistic and incomplete information.



Design, construction, and decommissioning of offshore oil and gas facilities is an expensive, time-consuming, and complex process that requires advanced planning, taking into account a significant number of risks.



Information about each event of the life cycle model of an offshore oil and gas platform can be deterministic, under risk, and under uncertainty.



Deterministic information about the event means that with a probability of one at the stage of compiling the life cycle model of an offshore oil and gas platform, the duration of the event, the costs of various resources (including in total monetary terms), the results that will be obtained when performing the event (technical level, reliability, etc.) are known for an event.



Information about an event under risk means that the law of distribution of duration, costs, and results is known.



Information about the event under uncertainty means that the law of distribution of the duration and costs of the event is unknown.



The development of a methodology for the formation of a digital model of the life cycle of an offshore oil and gas platform, therefore, must be carried out in conditions of probabilistic information and conditions of uncertainty.



The methodology for assessing the indicators of a digital model of the life cycle of an offshore oil and gas platform under conditions of probabilistic information and uncertainty will be a deepening of the methodology for choosing the best alternatives in conditions of certainty. A graphic representation of the alternative structure program under conditions of probabilistic information is shown in Figure 6.



Let us assume that when forming the life cycle model of an offshore oil and gas platform, we know exactly the parameters of the event    m 1   . However, after the end of the program event    m 1    (see Figure 6), it is necessary to perform a stochastic program event, information about which (duration and costs) are subject to some distribution law. Since it is necessary to take into account the probabilistic nature of information, this also determines a certain degree of risk. We will assume that the degree of this risk can be estimated by the probability. The probabilities    p  1.1     and    p  1.2   ,   n in this case, show the risk of determining indicators at the stage of formation of the life cycle model of an offshore oil and gas platform. In contrast to certainty, when it is known for sure that after the execution of    m 1    п a certain event is carried out, and its parameters are precisely known; under risk conditions, this cannot be asserted.



To make a decision when using the life cycle model of an offshore oil and gas platform in terms of probabilistic information, the most important information is the following information about the indicators of the model:



The extreme life cycle of an offshore oil and gas platform; extreme costs for the life cycle of an offshore oil and gas platform; the expected duration of the program; the expected costs of the program; probability (degree of risk) of program implementation; the most probable structure of the life cycle of an offshore oil and gas platform and the corresponding duration of its implementation and the costs of its implementation.
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Figure A1. Life cycle of an offshore oil and gas platform in the form of an alternative structure graph. 






Figure A1. Life cycle of an offshore oil and gas platform in the form of an alternative structure graph.
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Figure 1. Schematic representation of the types of offshore oil and gas platforms. Types of offshore oil and gas platforms: 1, 2—stationary platforms; 3—stationary platform on a truss supporting structure and with braces; 4, 5—platform with stretched supports (floating base with tension vertical anchorage); 6—platform type SPAR; 7, 8—semisubmersible oil drilling platforms; 9—FSPO (Floating Production, Storage, and Offloading Vessel); 10—well completed with subsea wellhead equipment [9]. 
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Figure 2. A cyclic procedure for the systematic use of an offshore oil and gas platform life cycle model that is developed, refined, and used at all stages of the platform life cycle. 
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Figure 3. The structure of the generalized architecture of the digital model of the life cycle of an offshore oil and gas platform. 
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Figure 4. Stage of design and construction of a platform displayed as an alternative graph. 
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Figure 5. The relationship between life cycle cost and life cycle duration and scientific and technological level of the digital model of the life cycle of an offshore oil and gas platform: on the ordinate axis—the costs of creating a variant of the life cycle of an offshore oil and gas platform, monetary units; on the abscissa axis—the duration of creating a variant of the life cycle of an offshore oil and gas platform, years. 
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Figure 6. Alternative structure of the life cycle of an offshore oil and gas platform under risk conditions. 
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