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With the world facing increasingly severe environmental and energy challenges, the role of the construction industry in achieving the dual-carbon goals has become increasingly prominent. However, China’s existing text-based engineering construction standards system is insufficient in effectively supporting the realization of these goals. Therefore, based on the Model-Based Systems Engineering (MBSE) approach and utilizing the Systems Modeling Language (SysML), this paper proposes a new engineering construction standards system tailored to Chinese characteristics, addressing aspects including requirements, behavior, and structure. This system not only supports the construction standard requirements in the energy transition process but also aims to improve energy efficiency, emission reduction, and resource recycling in the building industry from both energy and environmental economics perspectives. The system is validated through carbon dioxide capture standards, and the results demonstrate that the MBSE-based engineering construction standards system holds significant application prospects in promoting energy economic sustainability and environmental protection. It can provide strong support for achieving green and dual-carbon goals.
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1 INTRODUCTION
As a major carbon emitter, China’s carbon emissions from the construction sector were 5.08 billion tons in 2020, accounting for 50.9% of total emissions. Carbon emissions from building material production were 28.2%, building operations 21.7%, and construction activities 1.0% (Wang et al., 2015; Yang et al., 2024). China has suggested carbon peak and carbon neutrality targets to ensure global sustainable development, with the building industry playing a critical role in emissions reduction (Li et al., 2021; Qi and Xia, 2022). Carbon reduction in the building industry is dependent on the development of standards. First, current research focuses on carbon emission monitoring standards in the building industry. Most research solely evaluates direct carbon emissions; however, a few studies analyze indirect carbon emissions generated by carbon emission transfer (Arıoğlu Akan et al., 2017; Gao et al., 2021). The second is the evaluation standards. Over the past few decades, various organizations have developed green building evaluation tools. The United Kingdom introduced the first green building certification system in 1990, establishing the earliest assessment standard (Sartori et al., 2021). Subsequently, many countries launched their own green certification systems. Among these, the Leadership in Energy and Environmental Design (LEED) system, introduced by the United States in 1995, has gained the most widespread influence (Clay et al., 2023).
While these standards primarily target residential and commercial buildings, limited research has been conducted on engineering construction standards, which are critical for achieving energy efficiency and carbon reduction throughout the building lifecycle. These standards regulate emissions from material production, enhance energy efficiency in building operations, and ensure sustainability across all phases of construction (Chen et al., 2018). Therefore, establishing a comprehensive system of engineering construction standards is crucial for the construction industry to achieve its dual carbon goals.
It is clear that energy standards, especially those for non-residential buildings, will become increasingly crucial in shaping both national and potentially international energy efficiency policies in the future (Janda and Busch, 1994). While some developing countries have established green building rating programs, many others have yet to adopt building energy standards. Future research should focus on exploring effective strategies for implementing these standards to reduce energy consumption in buildings (Lu and Lai, 2019). A growing number of organizations are adopting certified Environmental Management Systems (EMS) and Energy Management Systems (EnMS), with ISO 14001 and the Eco-Management and Audit Scheme (EMAS) serving as the leading standards for EMS certification, while ISO 50001 is widely recognized for EnMS certification (Shi et al., 2013; Laskurain et al., 2015). The sustainable transformation of the built environment heavily relies on standards for products, processes, and management systems. By advancing international facilities management (FM) standards, the sustainability of buildings can be significantly enhanced. The CIB (International Council for Research and Innovation in Building and Construction) and other standardization organizations play a vital role in accelerating societal shifts and addressing the growing demands for resilience and sustainability (Klungseth et al., 2022). Policy promotion is crucial for advancing zero-carbon buildings in society. The experiences of the United States in zero-carbon building policies, regulations, and standards can provide valuable references for other countries in developing their zero-carbon roadmaps. Coordination among the construction industry, energy systems, materials production, and government financial incentives are essential for achieving zero-carbon buildings (Gong et al., 2021). Collaborative efforts among different levels of government and professional associations are also important (Yu et al., 2022).
Research indicates that the standards governing engineering construction related to carbon reduction are highly fragmented, making it exceedingly difficult to integrate them into a coherent framework. This fragmentation is largely attributed to several challenges inherent in the existing standardized management in the construction industry. Firstly, standardization remains in its early digital phase, with many documents unstructured, resulting in high management costs. With the growing number of carbon reduction-related standards, this further exacerbates the complexity of the management process. Secondly, the characteristics of standardization are interdependence, dynamism, and intricacy. In particular, in the energy and environmental sectors, which involve virtually all industries, various standards and committees are interconnected, with emerging technologies and needs requiring continuous optimization of existing standards. This often leads to overlapping, missing, or delays in standard updates, as they require interdisciplinary expertise. Lastly, the creation and updating of standards rely heavily on the specialized knowledge and experience of standardization experts. Thus, generalists find it challenging to accurately identify requirements and effectively participate in the standardization process.
The text-based engineering construction standard system faces significant challenges. Researchers are actively addressing these issues through methods such as Work Breakdown Structure (WBS) and systems engineering (Elsye et al., 2018). For instance, Su et al. (2022) developed a prefabricated building cost management model based on Hall’s three-dimensional structure and conducted a benefit analysis for a specific building. Existing studies have explored ways to digitize standard knowledge and integrate it into work environments. Manoharan and Thivakar proposed a concept that utilizes RESTful services as a central knowledge repository, offering knowledge through microservices. To meet required quality standards and ensure effective implementation, standard content must be prepared in a machine-readable and cross-system compatible format. This involves converting the full text of standards into XML format and providing access to the standard content (Manoharan et al., 2019).
Model-Based Systems Engineering marks a transition from the traditional Document-Based Systems Engineering (DBSE) approach (Gregory et al., 2020). MBSE has become increasingly popular in organizations engaged in the development of complex systems, where collaboration across multidisciplinary domains is essential (Biggs et al., 2018; Wilking et al., 2024). For example, Adams et al. (2024) introduced the 15288-SysML grid framework to align the guidance provided in the 15288 standard with SysML. The key design elements captured in the SysML model are: (1) behavior, (2) requirements, (3) structure, and (4) parametric relationships (Hoffmann et al., 2024). These four key design elements are integrated to form a unified model that comprehensively represents the system’s various aspects and their interdependencies.
Although existing research has made preliminary progress in the methodology and digitization of engineering construction standards, several issues remain. First, engineering construction standards involve numerous fields, and while there are commonalities among the engineering construction standards of each industry, there are also differences. This results in carbon reduction-related standards being scattered among tens of thousands of standards, making it nearly impossible to analyze the emission reduction effects of engineering construction standards in any given industry. Second, there is a disconnect between these advancements and the current state of standardization in China’s engineering sector (Ping, 2011). China’s standardization research started relatively late, the theoretical foundation needs to be strengthened, and the understanding of the standardization system needs to be further improved, which makes it difficult to directly adopt international frameworks. Finally, progress in the digitization of standards has been relatively slow, with significant challenges related to machine interpretability and cross-system interoperability, which impede the development of effective solutions.
This paper makes the following contributions: (1) It applies a MBSE approach to develop a structured framework for engineering construction standards, into which all emission reduction-related engineering construction standards can be incorporated, providing support for subsequent research; (2) It provides a comprehensive review of the current status, management system, and key features of China’s engineering construction standards, constructing a framework for engineering construction standards with Chinese characteristics; (3) It uses carbon dioxide capture standards as a case study to validate the proposed approach and explore its potential in reducing carbon emissions within the engineering construction sector.
The rest of this article is organized as follows: Section 2 presents an overview of the development of engineering construction standardization in China, the current management system, and the measures taken to achieve carbon neutrality goals. Section 3 outlines a framework for the engineering construction standard system based on the MBSE approach. Section 4 provides a case study that validates the framework using standards for carbon dioxide capture. Section 5 describes the conclusions and future work.
2 BACKGROUND
2.1 Development of engineering construction standardization in China
Standardization has evolved from firm-level standardization during the early industrial revolution, to private standardization organizations and voluntary standards in market economies, and then to national and international standardization organizations and their related standards driven by industrialization and international trade. China’s standardization agencies and relevant departments pay great attention to this issue, especially after joining the World Trade Organization (WTO). Participation in WTO/TBT has made China aware of the importance of standardization in international trade, thus deciding to implement a standardization strategy. At the same time, China’s standardization system originates from a planned economy and is relatively government-led, resulting in significant disparities in standardization capabilities between various industries and their overseas counterparts (Ping, 2011).
Since the 1950s, China has benefited from the Soviet Union’s expertise developing and implementing technical standards in the field of standardization. Following the reform and opening up, China increasingly absorbed industrialized nations’ standardization concepts and methods, resulting in a standard system with Chinese features (Ping, 2011; Breznitz and Murphree, 2013). The Chinese government issued “The Standardization Law of the People’s Republic of China” (1988) and “The Implementing Regulations of the Standardization Law of the People’s Republic of China” (1990), laying the groundwork for the establishment of a standardization system for engineering construction in China.
In 2015, the State Council issued the “Plan for Deepening the Reform of Standardization Work,” outlining the overall goal of the reform: to establish a new standardization system that promotes coordinated development and synergy between government-led and market-driven standards. This initiative aims to enhance a unified, coordinated, and efficient standardization management system that integrates both government oversight and market dynamics. It seeks to create a standardization framework characterized by government guidance, market-driven innovation, social participation, and collaborative advancement, thereby effectively supporting the development of a unified market system (Liu, 2018; Yang et al., 2023).
In 2016, the Ministry of Housing and Urban-Rural Development of the People’s Republic of China (MOHURD) issued the “Opinions on Deepening the Reform of Engineering Construction Standardization,” setting the goal of establishing a new engineering construction standard system by 2025. This system will be centered on mandatory standards, supplemented by recommended and group standards. The initiative aims to further enhance the international influence and contributions of China’s engineering construction standards. Additionally, the implementation of the revised “The Standardization Law of the People’s Republic of China” in 2018 has significantly accelerated the pace of standardization reform in the engineering construction sector.
In recent years, the standardization process for engineering construction in China has been accelerating, with the number of national, professional, and provincial standards steadily increasing (Tong et al., 2021). By the end of 2022, China had established a total of 11,525 standards for engineering construction, covering national, professional, and provincial categories. Figure 1 presents an overview of the status and development trends of these standards from 2018 to 2022.
[image: Figure 1]FIGURE 1 | Number of national, professional and provincial standards in China from 2018 to 2022.
The standardization management system for engineering construction in China adopts a management system of “unified management and divided responsibilities”, characterized by a clear delineation of responsibilities among various departments and stakeholders. The Ministry of Housing and Urban-Rural Development undertakes the comprehensive management of national engineering construction standardization (Shi et al., 2013). Additionally, the relevant competent departments of the State Council are responsible for the management of engineering construction standardization within their respective sectors. Currently, there are various configurations for standardization management bodies across different industries. These configurations primarily include those managed by regulatory departments, industry associations, and relevant enterprise departments. This structured approach ensures that engineering construction standards are effectively implemented, promoting quality, safety, and efficiency in construction projects throughout the country.
The local housing and urban-rural development authorities are responsible for the management of engineering construction standardization within their respective administrative regions. Group standards are developed by legally established social organizations to meet market and innovation needs, formulated through collaborative efforts among relevant market participants. Company standards are designed to coordinate and unify technical, management, and operational requirements within an enterprise, serving as the basis for organizing production and business activities. The entire lifecycle of national engineering construction standards in China generally includes the following stages: initiation, preparation, solicitation of comments, submission for review, submission for approval, approval, issuance, implementation, review, revision, and withdrawal (see Figure 2).
[image: Figure 2]FIGURE 2 | Standardization management framework for engineering construction in China.
2.2 Measures to achieve dual carbon goals through standardization in engineering construction
As China continues to experience robust economic growth and technological advancements, the scale and sophistication of engineering construction have significantly increased. This progress brings with it substantial challenges in energy conservation and emission reduction, highlighting the urgent need for sustainable development practices.
In recent years, the Ministry of Housing and Urban-Rural Development has implemented several energy efficiency policies for buildings, promoting the adoption of energy-saving and renewable energy technologies to reduce overall energy consumption in construction projects (Akram et al., 2022; Zhou and Zhou, 2023). However, a gap remains between the actual energy performance of buildings and the targets set by design standards. Despite improvements in energy efficiency standards for building design, energy consumption in the urban civil construction sector has continued to rise (Berardi, 2017). This trend can be attributed to the ongoing lack of localized design in energy-saving standards and insufficient scientific management in building operations. As a result, there is an inadequate energy consumption management system during the operational phase of buildings.
Therefore, efforts should be actively encouraged and guided in regions with favorable conditions to promote ultra-low energy buildings, nearly zero-energy buildings, zero-energy buildings, and zero-carbon buildings. In terms of engineering construction standardization, it is imperative to uphold mandatory standards as the core focus, supported by voluntary standards and leading with advanced group standards. This will gradually improve the level of energy efficiency and carbon reduction in building construction. Specifically, mandatory standards, such as the “General code for energy efficiency and renewable energy application in buildings (GB 55015–2021),” should be strictly implemented. Additionally, national standards, such as the “Technical Standard for Nearly Zero-Energy Buildings (GB/T 51,350–2019)” and the “Standard for design of carbon dioxide capture and purification engineering for flue gas (GB/T 51,316–2018)” should also be complied with. Furthermore, the formulation of new engineering construction standards, such as the “Technical Standard for Zero-Carbon Buildings” should be accelerated.
Moreover, we should facilitate the development of group standards for green and low-carbon development in the construction sector and establish a green and low-carbon engineering construction standard system comprising three levels: mandatory standards, voluntary standards, and group standards. Additionally, we must improve the construction, operation, and maintenance standards for the application of renewable energy in buildings. Meanwhile, we need to leverage information technology to enable the monitoring and tracking of carbon emissions and further refine the standards for calculating and verifying carbon emissions. It is necessary to improve and finalize the standards for carbon emission accounting, carbon emission intensity control, and the application of low-carbon and carbon reduction technologies in the construction sector, ensuring alignment with international standards.
While some low-carbon and zero-carbon standards have been formulated in the field of construction and engineering projects, they are scattered across national, professional, provincial, group, and company standards. Within this framework, there is no systematic approach to emission reduction in the construction sector, which makes it difficult to effectively coordinate the standards. Therefore, this paper adopts Model-Based Systems Engineering to construct a system of construction standards, which will facilitate the digitalization of China’s construction standards, enable better analysis of carbon reduction standards in the building sector, and contribute to the formation of a harmonious, multi-level, and multi-industry carbon reduction standard system.
3 APPROACH
3.1 Modeling of engineering construction standard system based on MBSE
Model-Based Systems Engineering (MBSE) is widely recognized as an essential approach for understanding various domains and is extensively applied in complex systems, such as aerospace engineering. Research on MBSE primarily focuses on systems engineering, languages, and aspects of digitalization (Li et al., 2024). The core of MBSE lies in the construction of system models, for which several modeling languages exist, including the Systems Modeling Language (SysML) and the Unified Modeling Language (UML) (Bock, 2006). The SysML modeling language was developed by the Object Management Group (OMG) and the International Council on Systems Engineering (INCOSE) as a reuse and extension of UML 2.0 (Hampson, 2015). In the field of systems engineering, SysML effectively supports the analysis, design, and verification of complex integrated systems. SysML includes three main types of view models: behavioral models, requirements models, and structural models (Hossain et al., 2022). The structural diagrams are used to describe the system’s structure, including Package Diagram, Block Definition Diagram, Internal Block Diagram, and Parametric Diagram. Behavioral diagrams are used to represent the activities supported by the system and the sequences of activities that occur over time, including Activity Diagram, Sequence Diagram, State Machine Diagram, and Use Case Diagram. The requirements model includes requirement diagrams and elements from other view models, which describe the structural relationships between requirements as well as the relationships between requirements, system behavior, and system structure during the system design process (Friedenthal and Wolfrom, 2010). Figure 3 illustrates the classification of SysML models. MBSE modeling tools include IBM Rational, Rhapsody, Enterprise Architect, MagicDraw, Ansys SCADE, Capella, and others (Zhe et al., 2018). This paper will use Enterprise Architect (EA) to establish an appropriate standard system model.
[image: Figure 3]FIGURE 3 | SysML structure diagram.
The V-model of systems engineering begins with requirements analysis. After the requirements are implemented, continuous integration testing and comprehensive verification are performed until final confirmation is achieved. On the left side of the V-model, requirements gathering and analysis are first conducted to determine the needs that the system must fulfill. This is followed by system design to ensure that the system architecture can meet the requirements. At the bottom of the V-model, the system is implemented and integrated. The stages on the right side include system validation and confirmation, which ensure that the system operates according to the expected functions and performance (Khan et al., 2014). Since the construction of engineering standards systems differs from software and product development, this paper adopts the Object-Oriented Systems Engineering Method (OOSEM). This method fully accounts for the meta-modeling mechanism and general construction methods for engineering standards systems.
The meta-modeling process for constructing the engineering standards system is illustrated in Figure 4. The left side of the V-model represents the requirements analysis phase, where the needs for constructing the standards system are defined. This phase includes understanding the existing standardization foundation, the technological development level, and stakeholder requirements. Based on the scope and boundaries of the standards system, various standards within the system are identified. By refining and decomposing the requirements of the standards system, meta-model data entities and relationship entities for the functional analysis phase are generated. At the bottom, meta-model elements are defined. These elements serve to explain the data and rules of the standards system model, primarily including meta-classes, meta-relations, and meta-commentaries. Meta-classes define the attributes of the core data entities in the meta-model, such as name, identifier, and so on. Meta-relations describe the relationships between the core data entities and between meta-classes, such as <generalization>, <association>, <aggregation> and so forth. Meta-commentaries are used to annotate the meta-model, enhancing its readability. By defining the meta-model elements, guidance is provided for data collection and organization. The right side of the model includes element assignment, the design of the standards system architecture, and data storage, followed by verification through a case study.
[image: Figure 4]FIGURE 4 | Meta-modeling workflow diagram for the engineering construction standards system.
In this article, we have added a sustainable goal based on the V-model, positioned above the V-model, which encompasses four aspects: energy, environment, economy, and safety. When formulating the standards for engineering construction, it is essential to fully consider the sustainable development goals of energy efficiency, environmental friendliness, economic benefits, and the safety of life and property. The aforementioned goals should also be fully integrated during the demand analysis, behavior, and structural modeling of the engineering construction standard system.
3.2 Meta-model of engineering construction standard system
3.2.1 Meta-model for requirements analysis
Requirements are expressions of the necessary or desired characteristics and behaviors of a system. Requirements analysis typically encompasses functional, non-functional, user, and performance requirements, among others. Specific requirements may vary depending on the particular needs of a given project. During the requirements analysis process, the key task is to accurately collect and clearly define the various types of requirements.
The requirements for constructing an engineering standards system include functional, performance, and stakeholder requirements. Functional requirements are key to achieving sustainability in the construction field. In terms of energy and environment, it is necessary to promote technological advancement and efficiency improvements, protect the environment, and conserve and rationally utilize energy resources. Economically, it is essential to ensure economic sustainability, as well as to regulate market order and fair competition. In terms of safety, it is important to ensure the quality and safety of construction projects. Performance requirements include indicators such as goal orientation, systematization, coordination, openness, applicability, and dynamism. Stakeholder requirements include those of engineering construction standardization managers, standard developers, standard users, and the management personnel of relevant standardization organizations. Specific requirements are detailed in Figure 5.
[image: Figure 5]FIGURE 5 | Engineering construction standard system demand model.
3.2.2 Meta-model of functional analysis
Based on Gao (2020), the functional analysis of the engineering construction standards system model mainly includes the following components:
3.2.2.1 Identify and integrate the key semantic information of the standards
Each standard is represented as a meta-class, with its data attributes including the standard number, standard name, standard label, Status of the Standard, object of standardization, issuance and implementation dates, scope of applicability, main content of the standard, editorial department, drafting department, and standard issuing authority. Among them, standard labels can be set as needed. For example, we can add carbon reduction-related labels based on whether the standard is related to carbon emission reduction. For specific parameter requirements, see Supplementary Tables S1.
3.2.2.2 Identify the relationship between different standards
Each standard within the standards system is related to other standards in some way. The relationship attributes of a standard include <dependency>, <generalization>, and <association>. The dependency relationship refers to situations in which two or more standards are used together; the generalization relationship typically indicates one standard replacing another; and the association relationship refers to cases in which one standard is cited by another. For specific parameter requirements, see Supplementary Tables S1.
3.2.2.3 Identify standardization organizations relevant to this field
The field of engineering construction standards encompasses 43 industries, each supported by its own standardization organizations, which include governing bodies, organizing units, and responsible entities. Governing bodies typically refer to industry regulatory authorities, such as the Ministry of Industry and Information Technology, the Ministry of Housing and Urban-Rural Development, and the National Energy Administration. Organizing units vary in form, including technical committees, as well as enterprises and institutions. Examples of these organizing units include the China Electricity Council, National Technical Committee for Standardization of Building Energy Efficiency, and the Department Engineering Construction of Sinopec. Drafting entities are primarily composed of enterprises and institutions.
The relationships between standardization organizations are characterized by <composition>, <dependency>, and <association>. The composition relationship refers to a hierarchical or subordinate relationship between entities, as seen between the China Communications Industry Association and its sub-organization, the Communications Engineering Construction Branch. The dependency relationship highlights situations in which the standards developed by one technical committee may impose certain constraints on the standards of other technical committees. The association relationship denotes the interrelated nature of different technical committees’ areas of expertise, particularly when standards from one committee are referenced or cited by another.
3.2.3 Meta-model for system architecture design
According to the national guidelines on the reform of engineering construction standardization, the key design points for the new framework of the engineering construction standards system are as follows: First, it emphasizes a new standards system centered around mandatory standards for the entire engineering construction process, supported by complementary voluntary standards, and leading with advanced group standards. Second, based on the actual needs of industry development and following the approach of “relatively fixed, dynamically adjustable,” a dimensional hierarchical structure for the new engineering construction standards system has been further planned and designed. This structure forms the framework of the new engineering construction standards system, which consists of six dimensions.
3.2.3.1 Functional dimension
The functional classification method categorizes standards based on the functions they serve within the standards system. The hierarchical structure of the new engineering construction standards system follows the principle of “mandatory standards at the core, supported by technical measure standards, and supplemented by functional standards.” It is divided into three levels: Goal, Support, and Assurance. The goal level primarily refers to the collection of mandatory standards formulated based on clear requirements from national leaders’ directives, a series of policy decisions made by the central government regarding industry development and supporting policy documents from relevant departments. In this article, this goal mainly refers to the dual carbon goals and the relevant legal and policy requirements that promote the realization of this goal. The full set of mandatory engineering construction standards constitutes the baseline requirements and is legally binding, carrying mandatory enforceability.
Supporting layer refers to a collection of engineering construction technical standards aimed at meeting mandatory standards. The assurance layer, on the other hand, primarily refers to a collection of standards that fulfill technical specifications and requirements, effectively supporting the practical application of engineering. This ensures that construction projects meet safety, energy efficiency, environmental protection, and durability goals while safeguarding the essential conditions for maintaining construction quality. For example, these standards include engineering construction product standards that support all stages of the full lifecycle construction of engineering projects, ensuring quality control throughout its execution.
3.2.3.2 Attribute dimension
The attribute classification method is a relatively recent approach used to categorize engineering construction standards based on the extent to which they must be enforced in practical construction activities, distinguishing them by their legal attributes. This classification is generally not applicable to group standards or company standards. The term “legal attribute” refers to whether a standard possesses mandatory legal force. Using this classification, national engineering construction standards are divided into mandatory (code) and voluntary standards. This classification only applies to standards formulated by the government. Mandatory standards must be implemented. These regulations primarily encompass technical specifications for various types of construction projects and stages, serving as baseline control requirements with mandatory enforceability. They include both mandatory project-specific standards (referred to as “project codes”) and mandatory general technical standards (referred to as “general codes”).
Within the system of mandatory engineering construction standards, project codes form the core, while general codes address common, universal technical measures applicable to various projects. Project codes focus on the overall construction project, encompassing five key elements: scale, layout, functionality, performance, and critical technical measures. General codes, in contrast, target technical requirements common to all engineering construction projects, such as investigation, design, construction, maintenance, and repair, addressing generic technical needs throughout all phases of a project.
Voluntary technical standards that complement mandatory engineering construction regulations are encouraged for adoption by the government. Voluntary standards represent mature technical measures that have been validated through practical application, ensuring compliance with the requirements of mandatory regulations. These standards can be categorized into basic, general, and specialized standards. Basic standards refer to those that serve as the basis for other standards within the scope of engineering construction and are widely used. These standards typically include terms, symbols, graphical representations, measurement units, and other universally applicable guidelines. General standards are broad, overarching standards that address common technical aspects of engineering standardization objects. These standards have a wide scope and can serve as the foundation for formulating specialized standards. Specialized standards are developed for specific engineering construction standardization objects or act as supplementary or extended standards to general standards.
3.2.3.3 Hierarchical dimension
The hierarchical classification method categorizes engineering construction standards based on their scope of application, i.e., the extent of their coverage. According to this classification, engineering construction standards can be divided into international standards, regional international standards, national standards, professional standards, provincial standards, group standards, and company standards, among others. International standards are those developed or recognized by international standardization organizations, such as the International Organization for Standardization (ISO) or the International Electrotechnical Commission (IEC), and are intended for use across member countries. Regional international standards are those intended for use within a specific geographical region. National standards are those applied nationwide within a particular country. Professional standards apply to specific industry sectors at the national level. Provincial standards are those applied within a specific local administrative region. Corporate standards are those established for use within a specific enterprise. This hierarchical classification ensures that standards are appropriately structured and tailored to their specific application contexts, facilitating their implementation at various levels of governance and industry.
Due to varying conditions and circumstances across countries, the classification of engineering construction standards is not entirely uniform. According to the newly revised “Standardization Law of the People’s Republic of China,” standards are classified into national, professional, provincial, group, and company standards. National standards are further divided into mandatory and voluntary standards, while professional and provincial standards are regarded as recommended.
3.2.3.4 Industry dimension
The industry classification method categorizes engineering construction standards based on the industry sector to which a project belongs. Given the broad scope of these standards, they can be divided into various categories according to the specific characteristics and needs of different industries. These categories include, but are not limited to, petrochemical, chemical, oil and gas, water conservancy, non-ferrous metals, metallurgical, building materials, electronics, pharmaceutical, agriculture, coal, ordnance, electricity, textile, public cultural services, marine, machinery, transportation, grain, forestry and grassland, civil aviation, civil affairs, light industry, telecommunication, health, postal services, civil air defense, railway, security, nuclear industry, shipbuilding, aviation, commerce, ecological environment, civil explosive, emergency services, meteorology.
3.2.3.5 Nature dimension
The nature classification method categorizes engineering construction standards based on their content, dividing them into different types according to their nature. These standards can be classified into three categories based on their nature: technical standards, management standards, and economic standards. Technical standards refer to those developed to coordinate and unify the technical requirements needed in engineering construction. Economic standards are designed to address the economic aspects of engineering construction, aiming to specify or measure the economic performance and costs of a project. Management standards are established by management organizations to exercise their management functions and contain specific management regulations. This classification method ensures that the various aspects of engineering construction, including technical, economic, and managerial aspects, are appropriately standardized and harmonized.
3.2.3.6 Stage dimension
The stage classification method divides standards into different stages based on each phase of a construction project’s lifecycle. This includes the preliminary decision-making phase, as well as the subsequent stages of investigation, planning, design, construction, acceptance, maintenance, strengthening, demolition, and more. Among these, the standard for the preliminary decision-making phase is determined through economic, technical, and efficiency analysis and comparison, ultimately verifying the feasibility of the construction project. Standards for the various phases of a construction project primarily focus on how to execute the project, ensuring its safety and quality, while also striving for technological advancement, economic rationality, and functional suitability.
As shown in Figure 6, the relationships between the six dimensions are illustrated. National standards include both mandatory and voluntary standards. Mandatory standards correspond to the goal layer, whereas voluntary standards correspond to the supporting and assurance layers. The classification of the six dimensions is not unique and may overlap; for example, national standards can also be subdivided according to industry, stage, and nature.
[image: Figure 6]FIGURE 6 | Six-dimensional framework for engineering construction standards system.
Figure 7 illustrates the engineering construction standard system framework constructed by EA. Taking the attribute dimension as an example, it can be further divided into mandatory and recommended standards. Mandatory standards are further divided into project standards and general standards, while recommended standards are classified into basic standards, general standards, and specialized standards. The blue block represent specific standard numbers: At present, “GB” represents national standards that contain mandatory provisions; GB/T refers to national standards that do not contain mandatory provisions.
[image: Figure 7]FIGURE 7 | Framework of engineering construction standard system based on EA.
4 CASE STUDY
In the above text, we constructed the demand model, behavioral model, and structural model for the engineering construction standard system, and all engineering construction standards are included within this framework. Specifically, how each standard is embedded into the standard system and how to verify the applicability of the model are discussed. This article is based on the dual carbon targets, focusing on energy and environmental fields. As global climate change intensifies, controlling and reducing carbon dioxide emissions has become crucial for achieving carbon neutrality goals. Flue gas carbon dioxide capture technology (CCUS) is considered an important means to address climate change, while engineering design standards ensure its effectiveness, safety, and economic viability. Optimizing the design standards for the capture process helps enhance energy efficiency, reduce energy loss, and promote the development of low-carbon technologies. At the same time, standardized designs ensure stable system operations, prevent carbon dioxide leaks, reduce industrial emissions, and protect the ecological environment. Comprehensive design standards also drive technological innovation, support the research and development of new carbon capture materials, and promote industrial growth.
Thus, this paper selects the Standard for Design of Carbon Dioxide Capture and Purification Engineering for Flue Gas (GB/T 51316–2018) as a specific case for verification. The standard was published in September 2018 and is applicable to the design of new, expanded or modified flue gas carbon dioxide capture and purification projects. The standard comprises 11 chapters with the main contents as follows: General provisions, Terms, Basic requirements, Processes systems, Equipment and materials, General layout, Equipment layout and piping design, Instrumentation and control systems, Utility, Energy saving and environment protection, Safety and occupational health.
As shown in Figure 8, GB/T 51316–2018 can be uniquely categorized into support layer standards, national standards, voluntary standards, technical standards, petrochemical industry standards, and design phase standards. Within the engineering construction standards system, each standard can be uniquely identified using the six-dimensional system, which helps users quickly understand the nature of the standards.
[image: Figure 8]FIGURE 8 | GB/T51316-2018 standard dimension division.
As shown in Figures 9, 10, the functional model of the GB/T 51316–2018 standard is presented. This model uses a module definition diagram to describe the key information of the standard and its relationship with other standards. A use case diagram is employed to depict the main entities involved in the formulation of the standard and the related standardization organizations. In Figure 9, the name of the standard is displayed in the upper left corner, while the middle blue box represents the object unit, which refers to the standard and its specific attributes. The orange framework symbolizes the standardized object, and the relationship between it and the object unit is indicated by the term “allocate”. The user legends on the left and right represent the primary contributors to the standard, including the publishing body, organizer, chief editor, and participating units, with their relationship to the object unit represented by “aggregation”. The yellow box denotes standards related to this standard, with a solid triangular arrow indicating “generalization”, which represents replacement situations, pointing to the standard being replaced. The straight connecting lines represent “association”, indicating the citation relationships of the standards. In this case, GB/T 51316–2018 does not replace any other standards. In Figure 10, the entities involved in the formulation of this standard are shown within the framework, including the publisher, approval body, organizer, chief editorial unit, and participating units. Since SEI is a subordinate organization of SINOPEC, their relationship is indicated as “include”. The entities outside the boxes are organizations or institutions that have a related relationship with this standard.
[image: Figure 9]FIGURE 9 | Functional model module definition diagram.
[image: Figure 10]FIGURE 10 | Functional model use case diagram.
After establishing the standard system model, it is necessary to verify the integrity of the model data and the rationality of the model architecture. The released and in-development standards should be compared to check whether the model includes each standard. At the same time, it is important to verify whether effective information exchange can occur between different views. Upon verification, it was confirmed that the model contains key information from the standards and has achieved dynamic tracing of related information.
5 CONCLUSIONS AND FUTURE WORK
In conclusion, this study has comprehensively analyzed the modern engineering and construction standards system and identified its primary challenges, particularly the inefficiencies arising from the text-based management system and the dispersion of dual-carbon-related standards across various domains. The proposed MBSE-based system offers a structured approach to address these issues by integrating standards into a cohesive framework that enhances their interoperability and applicability.
The findings demonstrate that the MBSE-based engineering construction standards system can effectively consolidate existing standards and align them with the broader goals of China’s social development. This approach not only facilitates the integration of dual-carbon objectives but also enhances the overall efficiency and adaptability of the standards system.
Based on the study, several key conclusions can be drawn.
(1) System Integration: The MBSE-based system significantly improves the integration of diverse standards, reducing the complexity and fragmentation inherent in traditional text-based systems. This integration is crucial for achieving the dual-carbon goals by ensuring that relevant standards work in harmony.
(2) Scalability and Adaptability: The MBSE framework allows for the scalable and adaptable management of standards, enabling the system to evolve in response to technological advancements and policy changes. This flexibility is essential for maintaining relevance and effectiveness in a rapidly changing environment.
(3) Enhanced Decision-Making: By modeling the demand, behavior, and structure of standards, the MBSE system provides a clearer and more comprehensive view of the standards ecosystem. This enhanced visibility supports more informed decision-making and the development of targeted interventions to address specific challenges.
(4) Synergy and Collaboration: The proposed system fosters greater synergy and collaboration among different stakeholders, including policymakers, industry practitioners, and researchers. This collaborative environment is vital for driving innovation and ensuring that standards are both practical and forward-looking.
Future work may focus on two key aspects: First, the application of this framework to a specific industry, creating a database to facilitate the digitization of engineering construction standards. By utilizing standard labels, all standards related to carbon emission reduction can be identified for in-depth analysis, which will assist standard setters and implementers in evaluating the emission reduction effects within the engineering construction sector. Second, the framework can be further expanded in collaboration with the construction industry by integrating it with systems such as BIM (Building Information Modeling). This integration would enable the automatic execution of engineering construction standards, thereby bridging the gap between established energy-saving standards and their practical implementation, ultimately improving energy efficiency.
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