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1. Introduction

Low-carbon development is a trend in global economic development. Increasing research on low-carbon development is a
new trend in current and future development. In September 2020, the Government of China clearly set out the goals of ‘carbon
peaking’ by 2030 and ‘carbon neutrality’ by 2060. Achieving the ‘dual-carbon’ goal is a profound and wide-ranging systemic
change involving multiple dimensions of the economy, society and even the ecological environment. As the main source of
carbon emissions in China's economic system, the deep decarbonization of the manufacturing industry is undoubtedly the key
to achieving the ‘dual-carbon’ goal (Wang et al., 2024a; Zhao & Wang, 2025). Promoting the low-carbon development of the
manufacturing industry is not only an inevitable requirement to address global climate change, but also an important way to
achieve high-quality development of the manufacturing industry in China. At present, China sees achieving carbon neutrality
as an opportunity to promote low-carbon development and green transformation of the manufacturing industry. To effectively
seize this development opportunity, it is necessary to achieve revolutionary technological innovation and application
innovation in key technology fields and applications such as carbon dioxide emissions and recycling. This process requires
not only breakthroughs in technological research and development by the manufacturing industry, but also deep innovation at
the technology application level to ensure that technological achievements can be effectively translated into practical impetus
to drive the low-carbon transformation of industries. As the technological foundation of manufacturing intelligence, the deep
integration of digital technologies such as big data, cloud computing, artificial intelligence and blockchain with manufacturing
continues to unlock the value of data elements, giving rise to a new paradigm of digital transformation to drive changes in
production, organization and management modes (Tian & Li, 2022). This new paradigm has reshaped the industrial form and
production model. For example, in terms of reducing material loss and energy consumption, digital technology plays a key
role in promoting the low-carbon development of the manufacturing industry (Chen et al., 2024) and enables the green and
low-carbon transformation of the manufacturing industry with its unique advantages. Therefore, how to make efficient use of
information technology, effective allocation of digital resources, to achieve digital technology-enabled low-carbon
transformation of the manufacturing industry, has become a major research topic for the sustainable development of the current
manufacturing industry.
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Digital technology is becoming increasingly important for the low-carbon development of the manufacturing industry. In
order to enhance the ability of digital technology to support and guide the digital transformation and low-carbon development
of the manufacturing industry in the new development stage, there is an urgent need to theoretically explain and analyze a
series of new forms and modes of low-carbon development related to it. At present, the innovative development of digital
technology is accelerating the transformation of the traditional manufacturing model (Wu et al., 2022). Compared to traditional
manufacturing technology, the main advantage of digital technology is that it can capture all the data and information in the
company's production and management process more systematically and accurately. Through data computing and information
processing for more personalized, visualized, refined and flexible intelligent production (Liu et al., 2021a; Qi & Xiao, 2020).
Given the significant differences in many dimensions between digital technology and traditional manufacturing, the current
understanding of the systematic theory and inherent laws of this transformation process is still inadequate, resulting in a lack
of solid and reliable theoretical support in practical application (Feng et al., 2022). Especially in the context of the
manufacturing industry facing multiple challenges such as rising labor costs, lagging green and low-carbon technological
innovation, and continuous improvement of energy efficiency standards, it is particularly urgent to deepen academic research
on the theoretical foundations and technological implementation paths of digital technology-based low-carbon intelligent
manufacturing. Li et al.(2023a) and Chen et al. (2021) have carried out exploratory analyses of some key issues regarding
low-carbon pathways. However, the existing literature lacks a systematic discussion of the theoretical research on digital
technology-enabled low-carbon development in manufacturing.

Based on this, this paper aims to develop a theoretical framework for utilizing digital technology to promote low-carbon
development in the manufacturing industry by summarizing existing literature and research advancements. Define the
concepts of low-carbon development in manufacturing and the application of digital technology. Additionally, elaborate on
the evolving trends of digital technology that empower low-carbon development in the manufacturing sector. By elucidating
the implementation methods of digital technology that empower low-carbon development in the manufacturing industry,
detailing the application scenarios of digital technology empowerment, and further specifying the anticipated effects of digital
technology empowering low-carbon development within the manufacturing industry, we propose countermeasures and
recommendations. Additionally, we anticipate potential future research directions. By elucidating the methods of digital
technology that empower low-carbon development in the manufacturing industry, detailing the application scenarios of digital
technology empowerment, and further specifying the expected effectiveness of digital technology empowering low-carbon
development in the manufacturing, we propose countermeasures and recommendations. Additionally, we anticipate possible
future research directions. This paper attempts to explore the theoretical system and its technical path of digital technology
empowered low-carbon development, and to construct a perfect research framework to provide solid doctrinal support for
digital technology to effectively empower the sustainable development of the manufacturing industry.

2. Literature collection and selection

Through a systematic sorting and in-depth analysis of the relevant literature, this paper provides a comprehensive summary
of research progress on how digital technology can promote low-carbon development in manufacturing. The precise definition
of keywords is crucial in this process. The keywords cover the three core categories of “digital technology”, “manufacturing”,
and “low-carbon development”, ensuring precise positioning and comprehensive coverage of the research themes. The
keywords related to digital technology are mainly extracted from the findings of Wang et al. (2024b), Liu & Chen (2023),
Chen et al. (2024), Song et al. (2024), Yang & Sun (2024). The details include: “Digital technology”, “digitalization”,
“artificial intelligence”, “blockchain”, “cloud computing”, “big data”, “5G”, “digital twin”, “internet of things”, “intelligent
manufacturing”, and “industrial internet”. The keywords related to manufacturing are mainly extracted from the findings of
Wei (2023), Gu & Lin (2024), Hu & Guo (2023), Hui et al. (2023), and Shao et al. (2017). The details include:
“Manufacturing”, “manufacturing industry”, “manufacturing enterprise”, “manufacturer”, and “manufacturing firm”. The
keywords related to low-carbon development are mainly extracted from the findings of Liu et al. (2022), Shen et al. (2023),
Zeng & Yang (2023), Liu et al. (2024a), Zhang et al. (2023), Wang et al. (2023a). The details include: “Carbon emission”,
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“low-carbon economy”, “carbon neutrality”, “carbon peaking”, “carbon reduction”, “carbon footprint”, “double carbon”,
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“dual-carbon”, “low-carbon development”, “green low-carbon”, “circular development”, and “green development”.

In order to intuitively grasp the latest research dynamics of digital technology empowering low-carbon development in
manufacturing, the scope of the academic journals searched in this study was set to be from 1 January 2013 to 31 December
2023 for a total period of ten years. This paper draws on the research methods of Zhu et al. (2023), Zeng et al. (2024), Pan et
al. (2023) and Dong et al. (2020), and selects two authoritative databases, China National Knowledge Infrastructure (CNKI)
and Web of Science (WOS), as sources for the literature search. The CNKI database includes journals indexed by the Chinese
Social Sciences Citation Index (CSSCI), A Guide to the Core Journal of China, and Chinese journals indexed by the
Engineering Index (EI). The WOS database includes journals indexed by the Science Citation Index (SCI) and the Social
Sciences Citation Index (SSCI). The search steps are as follows: First, one word is selected from each of the three sets of
keywords, transformed and combined, and then entered into the "Abstract" search column of the database for the literature
search. Second, duplicate literature and literature with little relevance to the research topic were removed from the search
results. Finally, a total of 657 relevant research papers were obtained, including 170 Chinese papers. Fig. 1 shows the process
of literature search and screening.
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Fig. 1. Literature search and screening process

In order to be able to visualize the number of publications in the literature related to digital technology empowering low-
carbon development research, this paper depicts the trend, as shown in Fig. 2. As illustrated in Fig. 2, the volume of research
literature concerning digital technologies enabling low-carbon development exhibits a marked upward trajectory, indicating
growing academic attention to this field. Publication output surged from a single paper in 2013 to 259 papers by 2025,
reflecting the evolution of this domain from a virtually unexplored academic frontier into a focal topic aligned with both the
dual carbon objectives and digital transformation strategies. This growth exhibits distinct phases: the period from 2013 to
2019 constituted an exploratory phase, characterised by persistently low publication volumes. This indicates that early
theoretical frameworks remained immature, and pathways for integrating digital technologies with low-carbon manufacturing
scenarios were still being pioneered. The period from 2020 to 2021 constituted a phase of accelerated growth, with
publications steadily rising from 11 to 21. This marked a shift as the application of technologies such as the Industrial Internet
and big data within manufacturing fostered the accumulation of research methodologies and heightened academic interest.
From 2022 onwards, the field experienced explosive growth, with publications surging from 65 to 238 by 2025, exhibiting
exponential growth. This acceleration was primarily driven by the stringent constraints of the ‘dual carbon’ goals, iterative
breakthroughs in digital technologies, and robust policy incentives for ‘digital-intelligent empowerment,” which progressively
refined theoretical frameworks and research paradigms.

In summary, the field of research into digital technologies enabling low-carbon development in manufacturing has entered a
phase of rapid growth. The deep integration of digital technologies with the low-carbon transformation of manufacturing is
shifting from conceptual exploration towards technological integration and system optimisation. For researchers, the present
moment offers a favourable opportunity to pursue theoretical innovation, empirical validation, and paradigm construction,
with the potential to provide crucial academic support for advancing the green and low-carbon transition of manufacturing.
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Fig.2. Trend Chart of Research Paper Publications.

In this paper, we refer to the research method of Liu et al. (2020) and select the important literature to collate and summarize,
and sort out their research perspectives, research methods, related models and research conclusions. The results of the collation
are shown in Table 1.
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Table 1
Status of research on digital technology empowers low-carbon development
Research , .
perspectives Research methods Author's standpoints References

Evolution trend

Empirical analysis

Quantitative and
qualitative

Low carbon manufacturing is a trend in emerging industries and an important
way to achieve sustainable development.

Decarbonization and digitalization are the major trends in the modernization
and transformation of the manufacturing industry, and digital technology
enables the whole process of green manufacturing and breaks down spatial
barriers.

(Li et al., 2023b)

(Yin et al., 2022)

Realizing methods

Review and analysis

Systematic analysis

Theoretical research

Empirical analysis

Systematic analysis

Investment in advanced low-carbon equipment can drive the low-carbon
transition.

Digital technology will drive the traditional sporting goods manufacturing
industry to carry out all-round and whole-chain upgrading and transformation,
and realize efficiency improvement and value creation.

Internet of Things (IoT) technology can drive value creation, technological
revitalization and industrial restructuring in the manufacturing sector.
Digitalization reduces the carbon emission intensity of manufacturing
enterprises by improving productivity and promoting green technology
innovation.

Digital technology can foster deep inter-industry integration and facilitate the
restructuring of global value chains.

(Liu & Liu, 2021)

(Li et al., 2023c)

(Caputo et al.,
2016)

(Hu & Guo, 2023)

(Jiang & Meng,
2023)

Application scenarios

Empirical analysis

Theoretical research

Systematic analysis

Empirical analysis

Literature review

Intelligent robots can reduce carbon emissions by increasing the energy
productivity of companies and improving the efficiency of internal
management.

The use of digital technology to create a dynamic database of carbon emissions
can facilitate the digital operation of carbon emission monitoring and improve
the accuracy of carbon accounting.

Through the scenario-based application of 'Industrial Internet + Dual Carbon',
it is possible to realize the digitalization and transparency of energy
consumption and carbon emissions in key production processes.

Based on its unique system integration qualities, digital technology improves
the production process while enabling efficient collaboration between people
and equipment, equipment and equipment, improving production efficiency,
reducing pollution emissions and promoting green, intensive and efficient
production.

The use of digital technology in the three stages of the product life cycle,
namely product design, product use and product recovery or recycling, can
support the achievement of the performance targets of the circular economy.

(Liu et al., 2023)

(Tian, 2023)
(Xiao & Lai,
2023)

(Zhou, 2023)

(Han et al., 2023)

Expected
effectiveness

Theoretical research

Theoretical and
empirical analysis

Literature review

Systematic analysis

Theoretical and
empirical analysis

Based on the cloud platform, digital technology can provide personalized
functions and tools, including real-time monitoring and alerting, production
plan optimization, fault diagnosis and prediction, and intelligent decision
support.

The digital transformation of enterprises is conducive to improving efficiency
and optimizing the energy structure.

The combination of industrial internet and industrial manufacturing is
conducive to real-time monitoring of carbon emissions, by building a docking
platform for the upstream and downstream industrial chain and aggregating
information data on enterprise production.

Supported by digital technology, the promotion of low-carbon product
certification and labelling system is conducive to the formation of low-carbon
awareness of green and low-carbon consumption, energy saving and emission
reduction in the whole society.

Relying on digital technology, enterprises can achieve automation, intelligence
and electrification, which also means the substitution of energy consumption
of enterprises’ terminal power for coal and other high-carbon energy
consumption.

(Liu et al., 2024b)

(Liu, 2023)

(Zhang et al.,
2022a)

(Fang & Wang,
2024)

(Hu & She, 2022)

3. Theoretical system
3.1 Theoretical analysis framework

By combining and summarizing the literature, this paper summarizes the state of the art of existing research on digital
technology empowering low-carbon development in manufacturing. According to the research framework of “connotative
characteristics, evolutionary trends, implementation approaches, scenario applications, expected outcomes”, the selected
literature is refined to form a theoretical analysis framework that helps to systematically understand the motivation, process
and outcome of the low-carbon development of the manufacturing industry empowered by digital technology. Firstly, the
concepts of low-carbon development and digital technology application are elaborated to clarify the enabling role of digital
technology for the low-carbon development of the manufacturing industry, so as to analyze the development trend of the
manufacturing industry towards low-carbon intelligent manufacturing. Secondly, from the perspective of green innovation to
analyze the role of digital technology on green product innovation, green process innovation; from the perspective of
technological innovation to explore the impact of digital technology on technological progress, capital renewal, and then
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refine the realization of digital technology empowering the low-carbon development of manufacturing industry. Thirdly, this
paper examines the product life cycle as a focal point and elaborates on the entire product life cycle process from six
perspectives: low-carbon product design and development, innovation in production processes, intelligent upgrades of
manufacturing equipment, carbon emission regulation, carbon efficiency management, and resource recycling. The aim is to
clarify the application scenarios for low-carbon development in the manufacturing industry, enhanced by digital technology.
Finally, this paper explains the expected impact of digital technology on the low-carbon development of the manufacturing
industry from six dimensions, such as resource utilization, production mode innovation, green technology innovation, low-
carbon environmental protection capability, high-end value chain extension, and green transformation of the industrial chain.
The theoretical analysis framework of this study is shown in Fig. 3.

Realizing methods Application scenarios Expected effectiveness
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Fig.3. Theoretical analysis framework

(1) Low-carbon intelligent manufacturing is the evolutionary trend in the development of the manufacturing industry.
Manufacturing companies use digital technology to optimize production processes, improve carbon reduction efficiency,
accelerate low-carbon development, promote green transformation and intelligent upgrading of the manufacturing industry,
and ultimately achieve low-carbon intelligent manufacturing. This evolutionary trend points the way for digital technologies
to empower low-carbon development in manufacturing.

(2) The realizing method is the cornerstone of digital technology empowering low-carbon development in the manufacturing
industry. In terms of green product innovation, the application of digital technology can help companies gain competitive
advantage in the market, meet the growing consumer demand for environmentally friendly and low-carbon products, and
improve their profitability and market competitiveness. In terms of green process innovation, digital technology provides
intelligent and efficient solutions to help the manufacturing industry achieve low-carbon transformation. Technological
advancement is crucial for achieving low-carbon development in the manufacturing sector. The integration of digital
technology facilitates the transformation of production processes towards greater intelligence and automation, thereby
reducing carbon emissions and environmental pollution. It also promotes the research and application of innovative materials
and processes, creating new opportunities for low-carbon development. Furthermore, as government support increases, more
capital will be directed towards low-carbon industries. The implementation of digital technology will enhance the investment
appeal of low-carbon projects, thereby accelerating the pace of low-carbon development within the manufacturing sector.

(3) The scenario application utilizes digital technology to promote low-carbon development in the manufacturing industry. In
order to promote sustainable development within the manufacturing industry, it is essential to analyze how digital technology
facilitates low-carbon development throughout the entire product lifecycle management. This text elucidates the enabling role
and characteristics of digital technology in the context of low-carbon development, covering all stages from conceptual design
and process design to manufacturing, as well as subsequent use, maintenance, and recycling. It will enhance the design and
development of low-carbon products, improve process technology and equipment, facilitate carbon emission monitoring
throughout the production process, optimize low-carbon practices, control carbon efficiency, and promote product recycling
and resource recovery. Empowerment application scenarios reflect the process of integration and symbiosis between digital
technology applications and low-carbon development, both extending and applying the way empowerment is realized and
pointing to the desired effects of empowerment.

(4) The expected effectiveness is the result of the low-carbon development of the digital technology empowered
manufacturing industry. The low-carbon development of the digital technology empowered manufacturing industry not only
improves the efficiency of energy and resource use, but also promotes comprehensive innovation in the production model;
Through the introduction of advanced technologies such as the Internet of Things, big data, and cloud computing, the
manufacturing industry has realized the intelligent management of the entire chain from raw material procurement to
production, sales, and logistics. This intelligent management not only makes the production process more efficient and
accurate, but also helps companies reduce energy consumption and waste emissions through real-time monitoring and data
analysis, thus achieving the goal of green production. The extensive application of digital technology fosters the advancement
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of green technological innovation. This not only enhances the low-carbon and environmental protection capabilities of the
manufacturing industry but also improves the social responsibility and public image of enterprises. In addition, the
development of a digital platform has enhanced communication and collaboration between enterprises along the industrial
chain, both upstream and downstream. This has facilitated the optimal allocation and recycling of resources. This green
transformation not only reduces energy consumption and emissions across the entire industrial chain but also enhances the
overall competitiveness and sustainable development of the industry. Together, these changes have fostered the development
of the manufacturing industry in a more environmentally friendly, low-carbon, and sustainable direction.

3.2 Low-carbon development in manufacturing

Since joining the Paris Agreement in April 2016, China has worked to promote the development of its own clean and low-
carbon energy sources and actively participate in global energy governance (Li et al., 2021). On 22 September 2020, Chinese
leader Xi Jinping delivered an important speech at the general debate of the 75th United Nations General Assembly, in which
he proposed that China will increase its nationally determined contribution, strive to peak CO2 emissions by 2030, and aim
to achieve carbon neutrality by 2060 (Zhang et al., 2022b). Among the various industrial sectors, manufacturing tends to be
the largest contributor to carbon emissions in most developing and developed countries (Fysikopoulos et al., 2014). The carbon
peak and neutrality goals may impose some constraints on the development of traditional manufacturing industries,
particularly in industries such as heavy chemicals and steel materials that are highly energy intensive (Jiang et al., 2024).
Since then, the concept of low-carbon development in manufacturing has gradually become more widely recognized and
promoted as global concern about climate change and environmental issues continues to grow. Tang et al. (2011) defined the
low-carbon development of the manufacturing industry as: relying on technological progress, scientific and technological
innovation to reduce energy consumption and achieve environmentally sustainable development while maintaining economic
development. The green low-carbon transition is an important initiative for the green low-carbon development of the
manufacturing industry, and developing the company's manufacturing strategy into a low-carbon manufacturing strategy is
one of the effective strategies for low-carbon development (Cheng & Sun, 2014).

The concept of Low-Carbon Manufacturing (LCM) was first introduced by Tridech & Cheng (2023) at the 6th International
Conference on Manufacturing Research (ICMROS) held at Brunel University, UK in 2008. This concept is important to reduce
the consumption of resources in the manufacturing system, to reduce carbon emissions from the manufacturing process and
to promote the development of manufacturing in a more environmentally friendly and efficient direction. Although low-carbon
manufacturing falls under the umbrella of green manufacturing (Liu et al., 2009; Yin et al., 2012), there is a conceptual
difference. Low-carbon manufacturing takes into account the environmental impact and resource consumption throughout the
product life cycle, with a primary focus on controlling carbon emissions. Low-carbon manufacturing emphasizes the reduction
and control of carbon emissions throughout the entire life cycle, including raw material extraction, energy production, product
design, manufacturing, usage, and end-of-life treatment. This approach aims to minimize carbon emissions associated with
material and energy flows within the manufacturing process (Cao et al., 2012). Low-carbon manufacturing does not consider
other green manufacturing metrics, such as noise, dust, and cutting fluid waste (Zhang et al., 2018). In contrast, green
manufacturing is a contemporary manufacturing model that incorporates considerations of environmental impact and resource
consumption (Lin & 1i, 2024). It emphasizes that products should have the least negative environmental impact and the highest
resource efficiency throughout their life cycle (Liu et al., 2021b). In order to thoroughly analyze and explain the significant
impact of digital technology on carbon emissions in the manufacturing industry, and in light of the urgent need for low-carbon
manufacturing development, this article aims to explore the key role and implementation pathways of digital technology in
promoting low-carbon development within the manufacturing sector, viewed through the unique lens of low-carbon
manufacturing.

3.3 Application scenarios of digital technology in the manufacturing industry

Digital technology, as an enabling force and a means to implement smart manufacturing, has garnered significant attention in
recent years from both academia and the business community. Digital technology, originally from the fields of computer
engineering and computer science, is a technology that converts traditional information resources into digital formats that can
be recognized by computers for processing, storage, analysis, and transmission. When examining the development trends in
the manufacturing industry, we found that the widespread promotion and application of digital technology has emerged as a
key driver for the greenization and sustainable development of the manufacturing industry (Luo & Liu, 2024). On the one
hand, the deep integration and fusion of digital technology with manufacturing technology are driving the transformation of
the traditional manufacturing industry toward an intelligent manufacturing development model. This encompasses virtual real
interconnection and integration facilitated by the Internet of Things, cloud-based digital twin data storage and sharing services,
data analysis, fusion, and intelligent decision-making driven by big data and artificial intelligence, as well as virtual real
mapping and visualization displays utilizing virtual reality and augmented reality technologies, among others (Tao et al.,
2019). On the other hand, digital technology has emerged as a leader in the burgeoning field of green manufacturing for
enterprises (He et al., 2025). From the perspective of energy efficiency, digital technology is linked to the development of
low-carbon design technologies, energy-efficient operational technologies for manufacturing systems, energy-saving
technologies for energy-intensive products, low-carbon supply chain technologies, and product lifecycle carbon footprint
management technologies.
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From an industrial perspective, the application of digital technology contributes to the development of new infrastructures,
application modes and industrial ecologies (Du & Xue, 2024), and better realizes advanced production modes such as low-
carbon manufacturing, shared manufacturing, and green manufacturing (Holmstrom & Partanen, 2014). Digital technology
drives industrial efficiency, promotes industrial crossover integration, reconfigures the competitive mode of industrial
organization (Xiao & Qi, 2019), and promotes technological innovation and industrial upgrading in the manufacturing industry.
The application of digital technology can create new value growth points and promote the green development of the
manufacturing industry (Zhang & Yu, 2020), but relevant studies have shown that the heterogeneity of the manufacturing
industry and the heterogeneity of digital technology will have an impact on its empowering effect (Luo, 2023). At the firm
level, the application of digital technology has gradually become a key means for manufacturing firms to reorganize factor
resources, cultivate core competencies and create new competitive advantages (Kolagar et al., 2022). The application of digital
technology enhances resource utilization in enterprises and ensures a clear, transparent, and traceable management of
industrial pollutants (Wang et al., 2023b). Digital technology has significantly changed the ability of companies to transfer
and reorganize knowledge, which in turn has had a profound impact on their competitive advantage. This change has resulted
in a transition from traditional innovation networks to complementary innovation ecosystems, significantly enhancing firm
performance. The use of digital technologies, including artificial intelligence, has significantly reduced production costs and
optimized the skill structure of factors (Acemoglu & Restrepo, 2018).

The integration and application of digital technology in the manufacturing industry not only enhance production efficiency
but also offer significant potential for energy savings, emission reductions, and resource optimization. In the future, as digital
technology continues to advance and gain widespread adoption, the manufacturing industry will undergo a significant
transformation toward intelligent and low-carbon manufacturing. This process is not only evident in the intelligent
transformation of production methods but also encompasses precise control of energy consumption, effective waste
management, and the optimal utilization of production resources through data analysis and algorithmic optimization. This
transformation will provide the manufacturing industry and its companies with strong technical support and a sustained
capacity for innovation, allowing them to achieve the goal of low-carbon development.

3.4 The evolution trend of digital technology empowering low-carbon development in the manufacturing industry

The profound integration of digital and manufacturing technologies is swiftly transforming how value is created and resources
are utilized. On one hand, the implementation of digital technology will expedite the renewal of productive capital and
contribute to the overall green transformation of manufacturing companies (Dai & Yang, 2025). This is reflected in the
following key aspects: Firstly, product process innovation optimizes the production process to reduce energy consumption
and waste generation. Secondly, digital technology plays a crucial role in managing and controlling the production process by
enabling precise control and optimization, thereby enhancing energy efficiency. In the context of operation and management,
digital tools facilitate the rational allocation and efficient utilization of resources. At the same time, in the areas of operation,
maintenance, and service, digital technology can enhance the efficiency of equipment maintenance and minimize unnecessary
energy waste. In addition, the establishment of a multi-link collaborative innovation mechanism further advances the
decarbonization process within the manufacturing industry. In conclusion, the establishment of supply chain synergy will
facilitate the low-carbon transformation of the entire industrial chain, promoting the manufacturing sector towards a green
ecological model characterized by digitalization, networking, low-carbon practices, and energy efficiency. On the other hand,
the deep integration of digital technology and manufacturing ushers in a new era of intelligent manufacturing and digitalization
(Liu & Zhang, 2021). Digital technology, the core driver of smart manufacturing, provides a solid digital foundation for this
manufacturing paradigm. It encompasses a broad array of essential components, including personnel, materials, mechanical
devices, and the shop floor environment. By facilitating extensive interconnectivity among devices, systems, plants, and even
across geographical boundaries, digital technology has effectively established a deeply integrated network that encompasses
all components of industrial and value chains. This network encompasses all production links, from product design and
research and development to manufacturing and management services. Additionally, it effectively facilitates the optimal
allocation of resources, including technology, capital, talent, and materials, by promoting the seamless flow of industrial data.
In this process, data flow has played a crucial role in facilitating the synergistic movement of technology, capital, talent, and
materials. This has resulted in the extensive and profound interconnection of the entire industrial system, the complete
industrial chain, and the overall value chain. This transformative development has ultimately established a strong foundation
for the construction of a data-driven, interconnected system of industrial production, manufacturing, and services.

From the perspective of systems engineering, there is a synergistic interaction between low-carbon manufacturing and smart
manufacturing. Therefore, low-carbon smart manufacturing will be the future direction of modern manufacturing. This
manufacturing model emphasizes both the intelligence and the low-carbonization of the manufacturing system. The primary
objective is to approach the goals of smart manufacturing and low-carbon manufacturing in an integrated manner. This
involves achieving the dual aims of enhancing production efficiency and realizing low-carbon emissions by establishing both
parallel engineering and fusion engineering. These strategies will facilitate the intelligence of manufacturing processes and
promote sustainability, ultimately fulfilling the dual objectives of improving production efficiency and achieving low-carbon
emissions. In production practice, low-carbon manufacturing and intelligent manufacturing are synergistic and complementary.
This phenomenon can be explained through the lens of systems engineering. From the perspective of system goal synergy,
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both low-carbon manufacturing and intelligent manufacturing function as subsystems within the broader production
manufacturing system. Although the initial objectives of the subsystems differ, once the overall objective of the manufacturing
system to which they belong is established, the low-carbon and smart manufacturing systems will align their respective goals
and coordinate their evolution toward the overall optimum.

From the perspective of system functional complementarity, the abundance of material and energy flows in the production
process of low-carbon manufacturing can significantly enhance the information sources and data flow channels within the
smart manufacturing system. This expansion not only helps the intelligent manufacturing subsystem to capture real-time data
in the production process more comprehensively and accurately, but also improves its data processing and automatic learning
capabilities, thus increasing the level of intelligence of the entire manufacturing system. At the same time, the intelligent
manufacturing subsystem can offer targeted guidance to the low-carbon manufacturing subsystem through efficient
information and data flow feedback. This support enables more precise adjustments and optimizations in the configuration of
material and energy flows, facilitating efficient resource utilization, energy savings, and emission reductions. Furthermore, it
promotes the transformation and upgrading of the manufacturing industry towards low-carbon and environmentally friendly
practices. Therefore, this paper posits that during the upgrading and transformation of the manufacturing industry, low-carbon
manufacturing and intelligent manufacturing must achieve a synergistic development strategy, akin to wings in unison.

Low-carbon manufacturing is an innovative and sustainable model that significantly enhances the energy efficiency and
environmental performance of the manufacturing industry by optimizing energy usage and resource recovery systems.
Simultaneously, intelligent manufacturing, characterized by digitalization, networking, and advanced intelligence, has
completely transformed traditional manufacturing methods, leading to the emergence of new business models and strategies.
This transformation has resulted in a profound technological paradigm shift. Together, these two approaches complement and
support one another, forming the essential pillars of modernization and transformation in the manufacturing sector.
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Based on the above basic understanding, combined with the current development trend of informatization, digitization,
networking, intelligence, and systematization, and in view of the core role of digital technology in promoting low-carbon
manufacturing and intelligent manufacturing and its deep integration with these two fields, this paper proposes five stages of
development of digital technology to promote low-carbon development in manufacturing: (1) Basic stage. This stage mainly
focuses on speeding up and increasing the efficiency of the manufacturing information space, improving production efficiency
and speeding up data circulation through the application of basic information technologies, thereby laying a solid information
foundation for low-carbon development. (2) Initial stage: This stage involves digital space simulation and analysis, utilizing
digital technology to create virtual models, simulate and optimize the production process, and provide a scientific foundation
and decision-making support for low-carbon transformation. (3) Development stage: Based on virtual-real interaction in the
digital-real space of manufacturing, to achieve deep integration of real production and the digital world, to optimize the
production process through real-time data feedback, and to further improve energy efficiency and resource utilization. (4)
Deepening stage: As the production mode enters the era of autonomous decision-making in the digital and intellectual fields,
the integration of big data, artificial intelligence and other advanced technologies is essential to achieve intelligence and
automation in production processes. This transformation also facilitates the autonomous optimization of decision-making,
thereby promoting the development of low-carbon manufacturing. (5) Maturity stage: Establish an optimization model based
on the digital-intelligent ecosystem, form a digitally driven low-carbon intelligent manufacturing ecosystem, realize
synergistic optimization upstream and downstream of the industrial chain, and form a long-term mechanism for sustainable
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development. These five stages show how digital technology in low-carbon manufacturing development realizes an
evolutionary process from initial application to deep integration, ultimately building a complete manufacturing ecosystem. As
shown in Fig. 4.

4. Realizing methods

The realizing methods are fundamental to the low-carbon development of the manufacturing industry empowered by digital
technology. This paper analyzes the modes of low-carbon development in the manufacturing industry through the lenses of
green innovation and technological innovation, both of which are empowered by digital technology. These modes are
primarily reflected in green product innovation, green process innovation, technological advancement, and capital renewal,
as illustrated in Fig. 5.
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Fig. 5. The realization of digital technology empowered low-carbon development

The green innovation dimension: (1) In terms of green product innovation, digital technology provides manufacturing
enterprises with new design concepts and tools. Through the integrated application of digital technologies such as smart
sensing, big data and blockchain, manufacturing enterprises can track, analyze, account for and trade carbon emissions
throughout the lifecycle of their products. This capability enables companies to more accurately assess the environmental
impact of their products and optimize product design accordingly, reducing raw material use, waste and tension. By running
simulation tests based on digital simulation technology, companies can optimize component structures and materials to
achieve more efficient use of resources and lower carbon emissions. In addition, digital technology can assist enterprises in
achieving product traceability. Through real-time tracking and monitoring of the production, sales, and usage processes,
companies can identify and resolve issues promptly, thereby avoiding unnecessary waste and further promoting low-carbon
production. (2) In the realm of green process innovation, digital technology can assist enterprises in optimizing their
manufacturing processes, enhancing the effective management and control of production lines, and minimizing inefficient
energy waste. For instance, through extensive data collection and analysis, companies can streamline their supply chains,
reduce waste and labor hours in the production process, boost productivity, and lower energy consumption. Additionally,
digital technology facilitates real-time monitoring and management of energy usage. By tracking energy consumption and
analyzing usage patterns, organizations can timely optimize their energy utilization and consumption patterns, ultimately
leading to a reduction in carbon emissions.

The Technological Innovation Dimension: (1) Technological progress is a crucial driver of low-carbon development in the
manufacturing sector, significantly enhancing energy efficiency and reducing carbon emissions (Tu, 2012; Yu et al., 2023).
With ongoing innovation and advancements in digital technology, the low-carbon transformation of manufacturing will
continue to accelerate. These technological improvements will render manufacturing processes smarter and more automated,
thereby reducing carbon emissions and pollution (Su et al., 2023). At the same time, digital technology will enhance the
research, development, and application of new materials and processes, creating more opportunities for low-carbon
development in manufacturing. (2) In terms of capital renewal, the low-carbon development of the manufacturing sector
through digital technology will help direct capital flows into low-carbon areas. As government support for environmental
protection and low-carbon industries continues to increase, more capital will be allocated to these areas. The implementation
of digital technology will enhance the return on investment for low-carbon projects, attracting additional capital and thereby
accelerating the low-carbon development of the manufacturing industry.

5. Application scenarios

The application scenarios of digital technology that empower low-carbon development in the manufacturing industry are
extensive and diverse, encompassing various links and aspects of the sector. A comprehensive view of the entire process of
digital technology empowered low-carbon manufacturing can be better illustrated through the lens of product life cycle
management, as depicted in Fig. 6.
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In this paper, we will explore the application scenarios of low-carbon manufacturing empowered by digital technology from
six perspectives: low-carbon product design and development, process technology and equipment, carbon emission
monitoring during the production process, low-carbon optimization of the production process, carbon efficiency control within
the production process, and the recycling and re-resourcing of the enhanced products.

5.1 Supply of low-carbon resources

The supply of green resources plays a crucial role in improving the environmental performance of products, strengthening
market competitiveness and shaping corporate image and brand value. On the one hand, companies can use digital technology
to manage the energy consumption and carbon emissions of their upstream and downstream suppliers. This approach enables
the precise sourcing of more sustainable and environmentally friendly raw materials with reduced carbon emissions. This not
only helps companies control the environmental quality of their products at the source, but also effectively drives the
transformation of the entire supply chain in a low-carbon, green direction. On the other hand, enterprises should place great
emphasis on green energy and coordinate its integration into their production processes to achieve optimal efficiency. Globally,
a growing number of governments are actively promoting the development of renewable energy sources, such as solar and
wind power, to reduce dependence on traditional fossil fuels and cut greenhouse gas emissions. Against this backdrop, some
forward-thinking and socially responsible companies have begun to enter into long-term energy supply contracts with
renewable energy providers. This strategy ensures that the energy needed to power their manufacturing operations comes from
clean, renewable sources. Through these two initiatives, companies can significantly improve the environmental performance
of their products while meeting growing consumer demand for sustainable, low-carbon alternatives. They can also
differentiate themselves in a competitive marketplace and cultivate a positive, proactive corporate image, enhancing their
brand equity and creating a win-win scenario that delivers both economic and social benefits.

5.2 Low-carbon product design and development

The low-carbon design of products before the manufacturing process is one of the most effective strategies for achieving low-
carbon goals (Wang et al., 2019). Product design and development encompass several stages, including product planning,
conceptual design, structural design, detailed design, prototyping, prototype testing, and mass production. Each of these stages
can significantly influence carbon emissions. By using carbon emissions as a key indicator, we can effectively quantify the
potential greenhouse gas impact of product design and identify critical aspects of the design process. Therefore, how to focus
on low-carbon design optimization in product design methodology to maximize the low-carbon sustainability of the design
so that the product is more in line with the requirements of low-carbon ecology. Low-carbon product design takes into account
the resource, environmental and carbon emission characteristics of the entire life cycle process, including product design,
manufacturing, use and recycling. By choosing low-carbon materials and manufacturing processes with a smaller carbon
footprint, the product has low energy consumption and does not produce harmful substances during use. When it is discarded,
it can be recycled and remanufactured, and products with low-carbon design can achieve low-carbon product certification
(Zhao et al., 2023).

Low carbon product design involves integrating the 'product carbon footprint' assessment methodology into the product design
process and employing process-based life cycle assessment techniques alongside product development to achieve 'low carbon
design.' One of the primary objectives of this design process is to reduce product carbon emissions, which can be accomplished
through various design criteria decisions. By leveraging digital technology, companies can simulate the entire life cycle of
products, allowing them to evaluate environmental impacts and energy consumption from the outset of the design process.
For instance, through virtual simulation technology, companies can model product performance and usage, optimize design
solutions, and minimize energy consumption and carbon emissions throughout the product lifecycle.
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5.3 Innovations in Processing Techniques

Machining processes consume significant amounts of material and energy, making the calculation and assessment of carbon
emissions from these processes a crucial step in achieving carbon reduction targets. The machining process is fundamentally
the crucial link that converts carbon emissions from an abstract concept into a tangible material form. Process planning can
significantly reduce carbon emissions from machining processes; therefore, effective process planning is especially valuable
in establishing a low-carbon manufacturing system. Traditional process planning methods primarily focus on the design and
machining requirements of components, aiming to identify cost-effective machining techniques, equipment, tooling, and
machining sequences. However, in the context of low-carbon manufacturing, process planning alone is insufficient for
reducing carbon emissions. However, in the context of low-carbon manufacturing, process design must also consider carbon
emissions. Low-carbon process design typically involves four key steps.

Firstly, the machining characteristics of the component are identified to establish baseline data for subsequent process planning.
Digital technologies such as computer vision and artificial intelligence can accurately identify the machining features of a
component. This advancement reduces errors associated with manual recognition and increases the speed of identification,
thereby shortening the process planning cycle. In addition, digital technology can be employed to capture the machining
characteristics of a component, thereby facilitating subsequent data analysis and processing and providing a more accurate
basis for process planning. Secondly, based on the identified machining characteristics, several sets of viable process solutions
are generated. Digital technology can create a wider variety of optimized process plans by utilizing extensive historical data
and real-time information. This enhances the flexibility and innovation of process planning (Shi, 2022). Moreover, digital
simulation technology can be utilized to pre-simulate the effects of implementing various process options. This approach aids
in identifying options that align more closely with low-carbon requirements, thereby reducing the costs associated with trial
and error. Thirdly, the selection of low-carbon processes is conducted by evaluating both carbon emissions and economic
benefits. Digital technology can quantitatively assess the carbon emissions, energy consumption and other indicators of
different process options, providing an objective basis for selecting low-carbon processes. Based on artificial intelligence and
machine learning technologies, an intelligent decision support system can be developed to assist process planners in quickly
and accurately selecting low-carbon processes. Finally, identifying the optimal low-carbon process route to achieve the
decarbonization of the manufacturing process. Digital technology can monitor and analyze production data in real time,
dynamically adjusting the process flow based on current conditions to ensure a low-carbon and highly efficient production
process. Digital technology can evaluate carbon emissions and energy consumption throughout the entire production process
from a global perspective. This capability enables the identification of the most effective low-carbon process routes and
facilitates a reduction in the overall carbon footprint of production. Research has been conducted on low-carbon
manufacturing and energy modeling in machining processes. For instance, Zhang & Ji (2019) proposed a big data analytics
approach for the real-time assessment of carbon efficiency in a discrete manufacturing plant operating within a ubiquitous
environment supported by the Internet of Things. Digital technology plays a crucial role in each of the four steps of low-
carbon process planning.

5.4 Intelligent upgrading of manufacturing equipment

At the moment, manufacturing equipment is urgently required to transform and evolve in a more environmentally friendly,
efficient, and intelligent manner. Digital technology has emerged as a key driver for promoting the intelligent upgrading of
manufacturing equipment. The development of low-carbon processing equipment and the promotion of low-carbon
modifications to existing equipment play a crucial role in achieving low-carbon manufacturing goals. The application of
digital technology in processing equipment plays a significant role in enhancing energy efficiency, promoting intelligence,
and facilitating industrial transformation and upgrading.

Firstly, digital technology can greatly enhance the energy efficiency of processing equipment. By integrating advanced
CAD/CAM technology, digital control systems, and intelligent scheduling techniques, machining equipment can achieve more
precise and efficient energy management during the machining process, thereby effectively reducing energy consumption and
waste. This optimization not only helps reduce carbon emissions but also provides tangible economic benefits to the business.
Secondly, the integration of digital technology enhances the intelligence of the production process for processing equipment.
With the help of IoT technology, processing equipment can achieve interconnectivity between equipment, real-time
monitoring of the production process and automatic adjustment of production parameters, further reducing energy
consumption and exhaust emissions. Through the integration of sensors, big data analysis, machine learning, and other
advanced technologies, machine tools and equipment can monitor real-time operating conditions, detect abnormal signals,
and swiftly identify and analyze the causes of failures. This approach not only significantly enhances the efficiency and
accuracy of fault diagnosis but also effectively reduces maintenance costs and production downtime. Thirdly, the application
of digital technology enables machine tool equipment to possess self-learning and optimization capabilities. Through a
comprehensive analysis of historical operational data and mining, machine tool equipment can continuously accumulate
experience and knowledge, optimize their operating parameters and processes, thereby enhancing production efficiency and
product quality. Therefore, digital technology facilitates the intelligent enhancement of manufacturing equipment. This not
only aids the machine tool industry in achieving goals related to green, efficient, and intelligent development but also provides
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technical support for the transformation and upgrading of the manufacturing sector.
5.5 Intelligent Carbon Emission Monitoring

With the rapid advancement of science and technology, manufacturing systems are gradually entering a new era characterized
by digitalization, networking and intelligence. This has created a solid scientific and technological basis for monitoring and
visualizing carbon emissions during the production process. The monitoring of carbon emissions has evolved beyond mere
data collection and now requires a comprehensive and in-depth assessment of carbon emissions. This in-depth assessment
enables accurate, data-driven decisions to be made to reduce carbon emissions. The extensive use of digital technology
provides unparalleled support for real-time monitoring of carbon emissions. By integrating historical carbon emissions
statistics with real-time production data, it is possible to achieve accurate accounting and monitoring of carbon emissions
through quantitative characterization and explicit analytical processes. In this process, a new generation of information and
communication technologies, such as the industrial Internet, information physical systems and big data, play a crucial role.
The efficient data collection capabilities of IoT technology allows us to capture energy consumption data from all parts of the
manufacturing system in real time. With the assistance of big data mining technology, we are able to dynamically capture
carbon emission data from the manufacturing system and deeply analyze the laws behind these data. These data not only
accurately reflect the carbon emissions of the manufacturing system, but also reveal how the carbon emissions are influenced
by multiple variables such as production conditions and process variables.

The data collection and analysis methods utilizing IoT and big data technologies offer a robust research tool for conducting
an in-depth analysis of carbon emission behaviors within manufacturing systems. This approach establishes a solid data
foundation for optimizing carbon emission control strategies. The methodology captures real-time and comprehensive energy
consumption data for each link in the manufacturing system through IoT technology. It then processes and analyzes this vast
amount of data in depth using big data mining techniques to accurately reveal the complex dynamic characteristics of carbon
emissions within the manufacturing system. This data-driven insight not only enhances our understanding of carbon emission
mechanisms but also significantly facilitates the optimization and personalization of control strategies. For instance, the
implementation of digital twin technology significantly improves the intelligence of carbon emission monitoring. By creating
a digital twin model of the manufacturing system, it can simulate and predict carbon emissions during the production process,
thereby offering proactive support for low-carbon intelligent decision-making. This forecasting capability, which utilizes
advanced data analysis techniques and model simulation technologies, can accurately identify potential carbon emission risks
and implement targeted control measures proactively, thereby achieving a significant reduction in carbon emissions. The
integration and application of these new-generation information technologies collectively create a carbon emission monitoring
system that is efficient, accurate, and intelligent.

5.6 Carbon efficiency management and control

Digital technology can significantly enhance carbon efficiency in the manufacturing process by optimizing production
methods, integrating intelligent equipment and technologies, developing digital platforms, and offering decision support.
Firstly, digital technology enhances productivity and resource utilization by optimizing the production process, which in turn
reduces energy consumption and carbon emissions. Through real-time data collection and analysis, digital technology can
accurately assess the operational status and energy consumption of production equipment. This information can then be used
to optimize production planning and equipment scheduling, thereby reducing unnecessary energy consumption. At the same
time, digital technology can accurately control material usage in the production process, thereby reducing waste and enhancing
resource utilization efficiency. Secondly, digital technology enables the automation and intelligence of the production process
through the integration of advanced equipment and technologies. Through the implementation of intelligent sensors and
control systems, remote monitoring and automated control of production equipment can be achieved. This advancement
reduces the need for manual intervention and minimizes the risk of operational errors, thereby enhancing the stability and
reliability of the production process. Intelligent equipment and technology can provide real-time monitoring and early
warnings during the production process. They can identify and address potential issues promptly, thereby reducing the risk of
carbon emissions associated with production. Third, through the digital platform, different departments and teams can share
information such as production data, energy consumption data and carbon emissions data in real time, facilitating the flow
and sharing of information. This helps to break down departmental barriers, promote cross-departmental collaboration and
jointly drive carbon efficiency management in the manufacturing process. In addition, by analyzing and mining large amounts
of data, digital technology can reveal patterns of energy consumption and carbon emissions in the production process,
providing a scientific basis for business decisions. Companies can formulate targeted carbon efficiency control strategies
based on the results of data analysis, optimize production layout and product structure, and achieve green and low-carbon
development.

5.7 Product recovery and recycling

Digital technology can effectively promote low-carbon development in product recycling and reuse by optimizing the
recycling process, providing data support, facilitating industrial innovation, and advancing the circular economy. Intelligent
identification technology makes the recycling process more efficient by quickly and accurately identifying the material,
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condition and use of the product. For example, through IoT technology, companies can monitor and manage the flow and
status of recycled products in real time, avoiding waste and resource depletion and reducing carbon footprints. Digital
technology can also help companies accurately track and manage data, providing the data to support low-carbon development.
In addition, big data analytics can give companies insight into the amount, type and source of recycled products, allowing
them to formulate more rational recycling and remanufacturing strategies. This helps to reduce unnecessary transportation
and disposal costs, as well as carbon emissions. Digital technology can drive innovation and development in the recycling
industry. By unlocking the potential value of waste, digital technology can guide companies to discover new recycling
opportunities and products, thereby promoting the integration and optimization of the industrial chain. Through the
establishment of a digital waste information platform, the whole process management of waste and the whole life cycle
management of resources can be realized. This not only improves the efficiency of resource use, but also reduces the carbon
emissions of the entire industrial chain.

6. Expected effectiveness
6.1 Improving Resource Utilization Efficiency

With the strong support from digital technology, enterprises can greatly improve their energy management and energy use
efficiency through cutting-edge means such as real-time monitoring, dynamic adjustment, intelligent control, and automated
production (Li et al., 2024). Digital technology can help companies achieve low-carbon environmental protection and
sustainable development by enabling them not only to monitor energy consumption in real time, but also to make precise
dynamic adjustments based on real-time data. By integrating advanced analytics tools and algorithms, companies can quickly
identify patterns, peaks, and inefficiencies in energy usage, allowing them to develop targeted optimization strategies. With
the introduction of intelligent control systems and automated production lines, corporate energy management is entering a
whole new phase. These intelligent systems can automatically adjust the operating status of equipment and energy allocation
based on pre-set algorithms and real-time data to ensure the most efficient use of energy. In addition, these systems are
equipped with predictive maintenance capabilities to anticipate equipment failures and intervene in a timely manner, thereby
reducing energy waste and increasing the efficiency of equipment use. Under this intelligent and automated management
mode, enterprises can achieve demand-driven distribution and efficient use of energy, and flexibly adjust the energy
distribution strategy according to the actual production demand and energy supply situation to ensure the balance between
energy supply and production demand. Thus, digital technology can optimize production processes, improve equipment
efficiency and reduce energy consumption per unit of output, thereby reducing carbon emissions and enabling green
production.

6.2 Promoting innovation in production models

The rise of digital technology has provided a strong impetus for innovation in the manufacturing production mode. Under the
traditional manufacturing production mode, the "three highs" of high energy consumption, high pollution and high emission
have been the bottleneck restricting the sustainable development of the industry. However, compared with the traditional
production mode, digital technology, with its high technical content and relatively low environmental costs and other unique
advantages, has brought about disruptive changes to the manufacturing industry. By introducing intelligent and automated
production methods, digital technology significantly reduces carbon and pollutant emissions in the manufacturing process.
For example, the application of smart manufacturing technologies has enabled production lines to be automated and
intelligently operated, reducing manual intervention and unnecessary energy consumption, thereby effectively reducing
production costs and environmental impact. These advantages not only help enterprises get rid of the traditional "three highs"
production mode, but also strongly support the transformation of enterprises into low-carbon, energy-saving and high-
efficiency production mode. Therefore, the widespread application of digital technology has injected new vitality into the
manufacturing industry, promoted the sustainable development of the whole industry, and laid a solid foundation for the
construction of a green, intelligent and efficient modern manufacturing system.

6.3 Promoting green technology innovation

Green technology innovation refers to innovation activities in the field of environmentally friendly products and processes,
covering advances at the hardware and software level, such as energy saving and emission reduction, pollution prevention
and control, waste recycling and environmental management (Zheng & Zhang, 2023). The rapid development of digital
technology has injected new vitality into the green technological innovation of manufacturing enterprises (Liu et al., 2024c);
this kind of technology not only helps to achieve the ecological balance goal of green development, but at the same time
significantly reduces the economic and social energy consumption (Xu et al., 2022). The key to realizing the effective use of
green innovation activities and R&D resources lies in the organic integration of internal and external knowledge (Arfi et al.,
2018). Specifically, firstly, the application of digital technology significantly improves the information transparency of
enterprises, breaks the limitations of time and space, greatly enhances the ability to collect, organize, manage and share
information, and effectively alleviates the problem of information asymmetry. This allows firms to search more accurately for
efficient and reliable internal and external partners, to achieve an optimal allocation of resources across regions, and to
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strengthen external monitoring, thereby significantly reducing the agency cost barrier to innovation (Amore & Bennedsen,
2016). Secondly, digital transformation can also have a positive impact on the capital market (Wu et al., 2021), helping to
reduce external transaction costs such as search, negotiation and advisory costs for firms (Yuan et al., 2021). In addition, firms
that undertake digital transformation may receive more favorable government policy and resource support (Wang et al., 2022).
Thirdly, the application of digital technology also promotes the reorganization and transfer of enterprise knowledge,
strengthens the talent pool in the field of green technological innovation, and provides solid support for enterprises' continuous
innovation.

6.4 Promoting Low-Carbon Environmental Protection Capability

Digital technology is being deeply integrated into the operations of manufacturing enterprises in an unprecedented way,
leading them towards the path of low-carbon environmental protection and sustainable development. On the one hand, the
application of real-time data collection and analysis technology enables manufacturing enterprises to accurately monitor the
dynamics of energy consumption and carbon emissions, providing data support and decision-making basis for the formulation
of scientific and effective energy saving and emission reduction programmers. Digital technology through the intelligent
reconstruction of the production process and automated control, to improve production efficiency at the same time, to achieve
the optimal allocation of resource use, greatly reducing the phenomenon of resource waste. The deployment of digital supply
chain management system enables enterprises to carry out complete process tracking and visual control of raw material
procurement, product flow and other links, which not only promotes synergistic cooperation with suppliers in environmental
protection procurement and green transportation, but also effectively reduces the carbon footprint of each link in the supply
chain.

On the other hand, digital technology also provides enterprises with a platform for green innovation, accelerating the research,
development and application of environmental protection technologies and promoting the green transformation of enterprises.
The popularity of digital technology also raises employees' environmental awareness. Enterprises are using digital platforms
to disseminate environmental knowledge, organize online training and activities, and promote employees' sense of
responsibility and mission for environmental protection. Therefore, digital technology can significantly enhance the low-
carbon environmental awareness and capability of manufacturing enterprises, and promote enterprises' green transformation
and sustainable development.

6.5 Promoting upward mobility in value chains

Against the backdrop of globalization, the deep intermingling of cutting-edge digital technologies such as big data and
artificial intelligence with the real economy is rapidly emerging as a key driver in the reconfiguration of global value chains.
Compared to traditional factors of production such as capital, labor and natural resources, data factors exhibit unprecedented
cross-border mobility, which not only significantly lowers the threshold for firms to enter the international market, but also
provides more opportunities for firms to integrate into the global value chain and expand the international market. Through
its powerful innovative power, digital technology can unlock the potential for companies to move up the value chain. This
enables companies to integrate more effectively into high-end value chains and improve their competitiveness in the global
marketplace. Relevant studies have pointed out that the application of digital technology is not only a form of service-oriented
input, but also the key to enhancing the competitiveness of enterprises and achieving strategic transformation. With the help
of digital technology, enterprises can not only strengthen their market position through business innovation, but also
implement more precise product and service strategies, break the traditional "low-end lock-in" dilemma, and move to the
high-end of the global value chain. Such a shift will not only be beneficial for the long-term development of enterprises, but
will also have a profound impact on the prosperity and stability of the global economy.

6.6 Drive the green transformation of the industry chain

The rapid development of digital technology has greatly promoted the green transformation process of the relevant
manufacturing industry chain. With the gradual deepening of the manufacturing industry towards low-carbon development,
all links in the industry chain, including upstream raw material suppliers, downstream logistics enterprises, etc., are facing the
urgent need for green transformation. In this process, digital technology has become the key driving force for upstream and
downstream industry chain cooperation. By achieving seamless information connectivity and real-time data sharing, it not
only promotes efficient collaboration within the industry chain, but also provides the opportunity to build a green and digital
optimization path. This digital connectivity not only greatly improves the operational efficiency of the industry chain, but also
significantly promotes the green transformation of the entire industry chain. In other words, digital technology reduces energy
consumption and waste emissions by integrating and optimizing resources and greening the entire process from raw material
sourcing to final product delivery. This transformation is not only in line with the global trend towards sustainable
development, but also brings significant economic benefits and competitive advantages in the marketplace. The application
of digital technology has facilitated the improvement of green supplier certification, selection and auditing, performance
management and exit mechanisms in the industrial chain, and promoted the sustainable development of the entire industrial
chain. This transformation not only helps the manufacturing industry to develop in a greener and low-carbon direction, but



also contributes to achieving carbon neutrality. Therefore, strengthening the digital connection between upstream and
downstream in the industrial chain is of great importance in promoting the green transformation of the manufacturing industry.

7. Technology pathways

At present, the research and application practice of digital technology for low-carbon development in various industries is
progressing. Based on the role of digital technology in the three dimensions of digital carbon analysis, digital carbon
management and digital carbon reduction, as well as the various capabilities that digital technology can provide to products
or systems in different degrees. This paper proposes a technology path for low-carbon manufacturing development enabled

Y. Su /International Journal of Industrial Engineering Computations 17 (2026)

by digital technology, as shown in Fig. 7.
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Fig. 7. Technology pathways for low-carbon development of the manufacturing sector enabled by digital technology

7.1 Digital carbon analysis

Digital carbon analysis is a technical tool for in-depth analysis and accurate management of life-cycle carbon emissions. It
uses digital technology such as big data, cloud computing and artificial intelligence to perform real-time monitoring, data
collection, analysis and processing of the entire carbon foot printing process to reveal the sources, structure, characteristics
and trends of carbon data. Digital technology can correlate and fuse multimodal carbon emissions data from different sources
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and in different forms. This fusion includes not only data at different levels, such as products, equipment, production lines,
workshops and companies, but also a variety of knowledge related to carbon emissions. Through this fusion, a more
comprehensive and multi-dimensional carbon emission knowledge network can be formed. After forming a multi-dimensional
carbon emission knowledge network, digital technology can further analyze the correlations and trends among such
knowledge. Such analyses help to provide an in-depth understanding of the complexity and dynamics of carbon emissions,
and reveal the patterns and laws hidden behind the data. Digital technology allows carbon emissions subjects to monitor
carbon emissions data in real time and accurately. This monitoring is not limited to a single level or piece of equipment, but
can cover the entire organization or even a wider area. At the same time, digital technology can also help carbon emitters
effectively manage carbon reduction projects, carbon trading and carbon finance activities, ensuring the efficient operation
and compliance of these activities. Based on a comprehensive carbon knowledge network and in-depth data analysis, digital
technology can provide decision support for carbon emitters. This includes helping to formulate more precise emission
reduction strategies, optimize resource allocation and improve energy efficiency. By developing and implementing these
strategies, companies can implement green emission reduction and sustainable development strategies.

7.2 Digital carbon management

As a technological tool, digital carbon management plays an important role in the intelligent management of carbon trading
for manufacturing companies. It mainly uses digital technology to carry out real-time monitoring, statistics, analysis and
optimizations of companies' carbon trading. By deploying sensors and other sensing devices, IoT can collect and transmit
carbon emission data in real time. This not only improves the efficiency and accuracy of data collection, but also reduces
errors caused by human factors. At the same time, big data technology can process and analyze this vast amount of data to
help companies better understand their own carbon emissions and provide data support for the development of emission
reduction strategies. Blockchain technology provides a strong foundation for building the carbon trading platform. The
distributed, tamper-proof, open and transparent nature of blockchain allows carbon trading data to be securely stored and
interacted with on the platform.

The application of smart contract technology, on the other hand, achieves the automated execution and transparency of
transactions, effectively reducing transaction costs and the involvement of intermediaries. Buyers and sellers can conduct
transactions directly through the blockchain platform, achieving decentralization and transparency in the transaction process.
Digital technology can assist the government or relevant organizations in allocating and managing carbon emission allowances.
Through data analysis, carbon emission quotas for different companies or industries can be more accurately determined,
ensuring the fairness and effectiveness of the quotas. Meanwhile, digital technology also plays an important role in the
regulation and risk control of the carbon trading market. Through real-time monitoring and analysis of transaction data,
abnormal transactions and violations can be detected in a timely manner to protect the fairness and safety of the market. In
addition, digital technology can help companies and investors assess the risks and benefits of carbon trading and provide
decision support, thus helping the manufacturing industry to achieve a systematic diagnosis of carbon emissions.

7.3 Digital carbon reduction

Digital carbon reduction is the transformation of the traditional manufacturing production mode into a new data-based and
intelligent production mode through the introduction of digital technologies such as the Internet of Things, artificial
intelligence and big data. In the energy demand analysis stage, digital technology provides a scientific basis for the
development of targeted carbon reduction strategies by integrating energy usage data from the entire process of product design,
production, operation and waste disposal, and applying big data analysis and machine learning algorithms to dig deeper into
the energy use efficiency and consumption characteristics of each link. This not only helps enterprises identify bottlenecks in
energy waste, but also provides decision support for optimizing production processes and improving energy efficiency. In
terms of carbon emission monitoring and forecasting, digital technology uses IoT equipment to collect carbon emission data
in real time, and combines cloud computing and big data technology to build a carbon emission monitoring platform. By
monitoring the dynamic changes in carbon emissions in real time, digital technology can provide enterprises with timely and
accurate carbon emission information. At the same time, based on historical data and algorithmic modelling, digital technology
can also forecast carbon emission trends, helping enterprises plan emission reduction measures in advance and cope with
potential carbon emission risks. In optimizing total carbon emissions, digital technology globally optimizes the energy
consumption structure of products through optimizations algorithms and intelligent decision-making systems. Under the
premise of meeting production demand, digital technology reduces the total carbon emissions of products by adjusting energy
supply, improving production processes and optimizing equipment operating parameters. This global optimization approach
helps companies achieve effective control of carbon emissions while maintaining economic efficiency. Finally, in terms of
precise control of carbon emissions, digital technology combines automated control systems and intelligent sensors to achieve
refined management of the energy consumption process. Through real-time monitoring and feedback mechanisms, digital
technology can accurately control the operating status of equipment and energy consumption, ensuring that carbon emissions
are always kept within the pre-defined target range. This precise control method not only improves the efficiency of carbon
emission management, but also helps companies achieve precise carbon emission planning.
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8. Conclusions and future work

The low-carbon development of the manufacturing industry is not only a key strategic direction to promote industrial
technological innovation and green transformation, but also a core driving force to guide the manufacturing industry towards
sustainable development. As an advanced production mode, low-carbon intelligent manufacturing is rapidly becoming a new
growth engine for China's manufacturing industry. Based on the in-depth analysis of related research findings, the conclusions
or opinions of the sample literature are refined in depth to construct the theoretical analysis framework of this study. Firstly,
this paper describes the concept of low-carbon development of manufacturing industry and the application of digital
technology, and further reveals the trend of development of manufacturing industry towards low-carbon intelligent
manufacturing; Secondly, it explains the realization of digital technology empowering low-carbon development of
manufacturing industry, and clarifies the scenarios of digital technology empowering low-carbon development of
manufacturing industry from the perspective of the whole life cycle of products. In addition, the expected effect of enabling
low-carbon development of manufacturing industry is pointed out; Finally, this study proposes a technological path for
empowering low-carbon development in the manufacturing industry with digital technology, and provides targeted policy
recommendations.

This paper obtains the following main conclusions: (1) Digitalization and digital technology are closely related in the process
of achieving smart manufacturing in manufacturing with the help of digital transformation. (2) Digital technology empowers
the manufacturing industry to develop in a low-carbon manner and evolve towards low-carbon smart manufacturing, and this
production mode is an important trend in the future of the manufacturing industry. (3) Digital technology empowers low-
carbon development of the manufacturing industry from three dimensions: digital carbon analysis, digital carbon management,
and digital carbon reduction.

In future research and exploration, the utility of case analysis can be fully utilized to deeply explore and construct typical low-
carbon intelligent development models. Specifically, future research can focus on the core entity of manufacturing enterprises,
conducting in-depth interviews with senior managers and using grounded theory to encode and analyze interview data in
depth. By constructing a theoretical model that can reflect how digital technology empowers low-carbon development in the
manufacturing industry, we can gain a deep understanding of the original intention of enterprises in applying digital
technology to promote low-carbon development and its internal logic. Secondly, there is insufficient theoretical support for
the internal mechanism of digital technology enabling low-carbon development in the manufacturing industry. Future research
needs to explore in depth how digital technology can specifically influence and promote the mechanism of low-carbon
development with respect to the specificity of different manufacturing enterprises of different ownership systems and regional
environments. Under the guiding role of the policy environment and the actual effect of technology application, the mechanism
is worth studying and analyzing in detail. In addition, future research needs to conduct more systematic and comprehensive
analyses and studies of the effects of specific mediating and regulating mechanisms in digital technology in the operation of
manufacturing enterprises of different ownership and in different social environments. Such research will not only help us to
better understand the role of digital technology in low-carbon development, but also to provide more targeted strategies and
recommendations for manufacturing industries under different ownership and in different social environments.
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