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Abstract 

Industry 4.0 is reshaping manufacturing by connecting digital technologies in novel ways that unlock 

new possibilities for sustainable innovation and eco-efficient industrial performance. This review 

investigates the link between the Industry 4.0 technologies, the sustainable innovation in industry and 

management and engineering integration. The key technologies of Industrial Internet of Things, artificial 

intelligence, big data analytics, digital twins, cyber-physical systems and additive manufacturing are 

analyzed with respect to product, process and organisational innovations. The review will also take into 

account their role in improving energy efficiency, in resource use, waste and emissions reduction, 

predictive maintenance, productivity and operational cost reduction. The results show that sustainability 

outcomes are not only determined by the deployment of technologies but also by organizational 

capabilities, strategic investment, skills of employees, leadership, and data-driven performance 

management. To combine the technological capacities, sustainable innovation and eco-efficient 

industrial performance, an integrated management – engineering framework is hence recommended. 

Keywords; Industry 4.0, Sustainable Innovation, Eco-Efficiency, Smart Manufacturing, Digital 

Technologies 

INTRODUCTION 

Manufacturing has undergone a series of industrial changes from mechanised 

production, mass manufacture to computer-integrated and digitally connected sys-

tems. Industry 4.0 is the next evolution of this, where technologies like the 

Industrial Internet of Things (IIoT), artificial intelligence, big-data analytics, cyber-

physical systems, robotics and digital twins support inter-connected and intelligent 

manufacturing [1], [2]. Industry 4.0 has thus moved from a more reactive, isolated 

approach to manufacturing, to smart manufacturing systems that are capable of real-

time monitoring, adaptive decision-making and better processes integration. 

Various recent reviews suggest that such technologies have the potential to enhance 

productivity, product quality, organisational performance, and value-chains, and to 

solve environmental and resource issues [3]. But technological progress is not the 

only factor in sustainable industrial development. Sustainable innovation is defined 

as the creation or adaptation of products, processes, technologies or organizational 

practices which generate economic value and minimize environmental impacts and 

fulfil sustainability goals. Industry 4.0 can enhance sustainable innovation through 

increasing the organisational capacities, inter-functional collaboration, knowledge 

exploitation and creation of environmentally friendly products and processes [4], 

[5]. 

The growing digitization of manufacturing processes, in turn, calls for 

organizations to consider technological advances in tandem with environmental and 

economic performance. Smart monitoring and optimisation can lead to reduced 

energy and material usage, minimisation of waste, improved resource utilization, 

and enhanced production efficiency, while data-driven decision making can help 

maintain competitiveness and provide long-term value creation [6].  

 

https://crossmark.crossref.org/dialog?doi=10.69968/ijisem.2026v5i3603-610
https://doi.org/10.69968/ijisem.2026v5i3603-610


 International Journal of Innovations In Science Engineering And Management 

604  http://ijisem.com 

In this way, the fields of Industry 4.0, sustainable innovation 

and eco-efficient industrial performance are tightly coupled: 

digital technologies enable features for intelligent operation, 

the features for intelligent operation enable sustainable 

innovation, and the sustainable innovation can lead to better 

environmental and economic performance [7]. Recent 

studies highlight the economic, environmental and social 

dimensions of sustainability that Industry 4.0 supports, 

while the benefits will have to be dependent on how 

technology is implemented in the process and strategies of 

an organisation. Thus, a holistic management–engineering 

approach is required [8]. The engineering knowledge to 

optimize processes, resources, energy use and technological 

systems, as well as the management capabilities needed for 

strategic investments, organizational readiness, staff 

development, and measuring performance and making 

decisions for sustainability, are required. These views give a 

more holistic foundation for eco-efficient industrial 

performance using Industry 4.0 [9]. 

Industry 4.0 Technologies as Enablers of Sustainable 

Industrial Innovation 

In Industry 4.0, a connected and intelligent 

manufacturing environment has been created where physical 

production systems have been further integrated with digital 

technologies, data and automated decision making. The 

sustainability potential of Industry 4.0 does not stand alone 

in the individual technologies but rather in the interaction of 

the technologies in the product, process and organisational 

activities. The analysis reveals that digital technologies have 

the potential to help achieve sustainable manufacturing by 

enhancing operational visibility, resource utilisation, 

process efficiency, and decision-making, and by advancing 

economic and environmental goals [10]. The key 

technologies for sustainable industrial innovation are: 

1. Industrial Internet of Things (IIoT/IoT): 

Connected sensors and machines enable continuous 

collection and exchange of production data, 

allowing manufacturers to monitor machine 

conditions, energy consumption, material flows 

and resource use in real time. This visibility 

supports early identification of inefficiencies, 

improved production control and better resource 

utilisation. 

2. Artificial Intelligence and Big Data Analytics: 

AI and data analytics transform large volumes of 

manufacturing data into actionable information for 

prediction, optimisation and decision-making. 

Their applications include predictive maintenance, 

quality improvement, production scheduling and 

energy optimisation, thereby supporting process 

innovation and reducing waste, downtime and 

operating costs. 

3. Digital Twins and Cyber-Physical Systems: CPS 

connect physical manufacturing equipment with 

computational and communication systems, while 

digital twins create dynamic digital representations 

of physical assets or processes. Together, they 

facilitate real-time monitoring, process simulation, 

fault prediction, predictive maintenance and 

process optimisation, allowing manufacturers to 

evaluate changes before implementing them in 

physical production. 

4. Additive Manufacturing (3D Printing): Additive 

manufacturing supports sustainable product and 

process innovation through material-efficient 

production, lightweight designs, reduced 

manufacturing waste, product customisation and 

potentially shorter, more localised supply chains. 

Its integration with big data, machine learning and 

digital twins further enables process-parameter 

optimisation, defect detection and improved 

production efficiency. 

 

Figure 1: Key Technologies for Sustainable 

Industrial Innovation 

These technologies together enhance product, process 

and organisational innovation through flexible production, 

data-driven improvement and efficient use of production 

resources, materials, and energy. Therefore, digitalisation 
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can help to increase productivity and flexibility of operations 

in the industrial world, but at the same time, it can provide 

possibilities for more resource-efficient and sustainable 

manufacturing [11]. 

Table 1: Major Industry 4.0 Technologies 

Industry 4.0 

Technology 

Key 

Sustainable 

Application 

Innovation/Performance 

Benefit 

IIoT/IoT Real-time 

monitoring of 

machines, 

energy and 

resources 

Resource efficiency, 

flexibility and process 

innovation 

AI & Big Data 

Analytics 

Prediction, 

optimisation 

and data-

driven 

decisions 

Reduced waste, downtime 

and operating costs 

Digital Twins 

& CPS 

Simulation, 

monitoring 

and predictive 

maintenance 

Process optimisation, 

reliability and productivity 

Additive 

Manufacturing 

(3D Printing) 

Material-

efficient 

production 

and 

lightweight 

design 

Reduced material waste, 

customisation and product 

innovation 

Integrated 

Digitalisation 

Connecting 

technologies 

across 

production 

and 

management 

Sustainable product, 

process and organisational 

innovation 

Industry 4.0-Driven Eco-Efficiency and Sustainable 

Industrial Performance 

Industry 4.0 offers manufacturing organizations the 

ability to monitor, analyse and optimise production in real 

time, opening opportunities to increase environmental 

efficiency and production performance. Systematic reviews 

show the potential for using Industry 4.0 to enhance 

sustainable manufacturing, which includes a more effective 

use of resources, waste reduction, cost reduction, and the 

improvement of production performance. But these 

advantages will rely on the manner in which digital 

technologies are applied and implemented in manufacturing 

[12], [13]. 

1. Energy Efficiency: The smart sensors and intelligent 

monitoring systems in IIoT can continuously gather 

data on the energy consumption of machines and 

processes. With the help of AI-based analytics, 

inefficient operating conditions can then be 

identified, and the process optimized or controlled in 

advance. This can help the manufacturers to save 

energy without compromising the production 

requirement. 

2. Material and Resource Efficiency: Monitoring of 

material flows and production parameters in real-

time allows organisations to detect losses of 

resources and optimise resource use. Industry 4.0 

technologies can thus contribute to the 

implementation of more accurate production, more 

efficient use of resources, and cleaner manufacturing 

processes. 

3. Waste and Emission Reduction: For digital, 

process oriented monitoring and data driven 

production planning, process deviations, defects and 

inefficient operations can be detected early in the 

process. Minimizing defects, over-production and 

material waste can then reduce waste and waste 

emissions. 

4. Predictive Maintenance: Predictive maintenance 

for equipment failure using IoT, machine learning 

and condition-monitoring systems. Predictive 

maintenance helps to avoid unnecessary 

maintenance-related use of resources, and prevents 

inefficient machine operation and unplanned 

downtime, contributing to sustainable production. 

Improvements arising from Industry 4.0 can be measured 

by key performance indicators (KPIs) that link the process 

of digitalisation with environmental and economic results. 

Energy consumption and material utilisation are measures of 

resource efficiency, while waste generation and carbon 

emissions are measures of environmental performance. 

Productivity and operational cost capture economic and 

operational improvements. These indicators offer a holistic 

assessment of the impact of digital transformation on 

creating eco-efficient industrial performance, not simply 

advanced technology [14]. 

Table 2: Relationship between Industry 4.0 and key 

performance indicators 

KPI Expected Industry 4.0 

Contribution 

Energy consumption Monitoring and optimisation can 

reduce energy use 

Material utilisation Improved process control can 

minimise material losses 

Waste generation Better quality and production 

planning can reduce waste 

Productivity Automation and data-driven 

optimisation can increase output 

efficiency 
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Operational cost Reduced downtime, waste and 

resource use can lower costs 

Carbon/emission 

reduction 

Energy and resource efficiency can 

reduce associated emissions 

However, digitalisation cannot be taken for granted as an 

environmentally positive. Electricity is used to power digital 

infrastructure, raw materials and electronic equipment are 

used to create digital infrastructure, and digital infrastructure 

generates e-waste through sensors, computing systems and 

other hardware. Review therefore highlights the importance 

to seriously address the benefits of digitalised manufacturing 

for the environment as well as the environmental impact of 

the technology life cycle. A truly sustainable Industry 4.0 

approach should therefore help to maximise energy, material 

and waste reduction, considering the impact associated with 

digital technologies [15]. 

Integrated Management–Engineering Framework for 

Sustainable Innovation 

An integrated management–engineering framework is 

needed as the sustainability outcomes from Industry 4.0 

require not only advanced technology, but a design, 

implementation and governance framework within 

organisations. Industry 4.0 can achieve economic, 

environmental and social sustainability not by individual 

technologies but by their connected roles and functions. 

Research reviews reveal this. This is achieved by integrating 

an engineering dimension relating to the technical evolution 

of manufacturing systems, and a management dimension 

giving strategic orientation, organisation capabilities and 

human resources for successful implementation [16]. 

1. Engineering Dimension 

The engineering dimension is about how Industry 4.0 

technologies can be practically implemented in 

improvements to manufacturing processes, products and 

utilization of resources [17]. It consists of the following 

main components: 

1. Smart production systems: The connected 

production systems and automated systems facilitate 

real-time monitoring and flexible production, and 

fast response to changing production demands. 

2. Process optimisation: Intelligent control and data 

analytics can detect process inefficiencies and 

enhance productivity, quality and resource 

efficiencies. 

3. Energy and resource monitoring: Sensors and 

connected systems deliver continuous data about the 

use of energy, material and resources, enabling more 

efficient operations. 

4. Predictive maintenance: AI-driven equipment 

condition monitoring and predictive analysis 

minimize unnecessary resource usage and downtime 

by proactively detecting equipment issues. 

5. Digital twins: Virtual models of the machines and 

processes enable the simulation, monitoring and 

optimisation of processes prior to physical changes. 

6. Sustainable product/process design: Digital 

technologies enable resource efficient designs, 

performance and cleaner production processes. 

2. Management Dimension 

The management aspect sees that technological 

capabilities are integrated with organisational sustainability 

goals and with the long-term business strategy [18]. It 

consists of the following main components: 

1. Sustainability strategy: Digital Transformation 

Plans and Manufacturing Plans should include 

Sustainability Plans. 

2. Investment and technology adoption: 

Technological investments have to be considered 

based on the anticipated productivity, environmental 

and economic gains. 

3. Organisational capabilities: For Industry 4.0 to be 

implemented in an appropriate manner, firms need to 

have the necessary structures, knowledge and 

capabilities. 

4. Employee skills and training: In order to be able to 

use, understand and run increasingly digital 

production systems, workforce training is required. 

5. Data-driven decision-making: Reliable 

manufacturing data should support strategic and 

operational decisions. 

6. Performance measurement: The evaluation of 

Industry 4.0 outcomes should be made using 

economic, environmental and operational indicators. 

7. Leadership and organisational culture: 

Leadership commitment and innovation culture are 

crucial to the success of digital transformation and 

the removal of organizational obstacles. 

LITERATURE REVIEW  

(Sadaf et al., 2023) [19] investigates how a combination 

of I4.0 technologies and other innovations may help to 

sustainable development, hence offering sustainability 

implications, and conducts a comprehensive literature 

review to synthesise the nexus. Our review portfolio, which 
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was compiled from three databases, examined fifty-eight 

journal articles that discussed the concurrent connections 

between I4.0, innovation, and sustainability. The main 

conclusions demonstrate that I4.0 leads to a variety of 

innovation types, such as process, product, business model, 

supply chain, organisational, open, and marketing 

innovations that promote circular economy (CE), triple 

bottom line (TBL) sustainability, sustainable business 

models (SBMs), and the accomplishment of sustainable 

development goals (SDGs). More research is needed to 

address important but neglected areas including open, 

organisational, and marketing innovations to advance 

business model sustainability and SDGs, even if the majority 

of studies concentrate on process, product, and business 

model innovations with TBL and CE consequences. 

(Alsaoudi et al., 2026) [20] examine that Industry 4.0 

(I4.0) capabilities and Circular Economy (CE) practices 

affect Sustainable Performance (SP) at the business level in 

the face of growing social, environmental, and regulatory 

challenges. There is no empirical data to explain how I4.0 

capabilities influence the CE–SP connection at the firm-

level across industries, despite earlier studies suggesting that 

digital technologies can promote circular strategies. The 

study examines the direct, mediating, and moderating 

functions of operational and managerial I4.0 skills within the 

CE–SP nexus in order to close this gap. The results 

demonstrate that CE practices have a favourable impact on 

environmental, social, and economic performance. While 

operational capabilities have no discernible mediating 

effects, managerial I4.0 capabilities somewhat moderate the 

link between CE practices and social and environmental 

performance. The moderating impacts of I4.0 capabilities 

were restricted and only somewhat significant across a few 

sustainability aspects, despite the fact that CE practices 

promote the development of both operational and 

managerial digital skills. By demonstrating that 

sustainability results are mostly dependent on CE practices 

and management rather than just operational digital 

capabilities, the study contributes to our knowledge of the 

link between CE, I4.0, and SP. 

(Nayyar et al., 2025) [21] Based on the performance of 

sustainable supply chain operations, identify the top industry 

4.0 digital technologies as enablers among the available 

options. These technologies provide several environmental 

benefits, such as the potential to lower energy use and waste 

production as well as more opportunities for recycling and 

industrial symbiosis. We selected 10 industry 4.0 digital 

technologies using twenty sustainable supply chain 

performance criteria, and we ranked the top ones in a 

hierarchical manner using the Multi-criteria Decision 

Making (TODIM) approach. This research examines the 

supremacy of industry 4.0 digital technologies based on the 

importance and dominance of sustainable supply chain 

operations performance metrics to help newly emerging 

enterprises select the best industry 4.0 practices. The 

findings indicate that IoT, Big Data Analytics, and 

Blockchain are the most crucial Industry 4.0 digital 

technologies for a sustainable supply chain; therefore, 

businesses should give these technologies higher priority in 

order to profit from them. 

(Ghobakhloo et al., 2021) [22] bridges this knowledge 

gap by creating a strategic roadmap that shows how 

companies may use Industry 4.0 technologies to include 

sustainability into innovative practices. In order to do this, 

the study uses interpretative structural modelling to create 

the promised roadmap and a comprehensive examination of 

the body of existing literature to identify Industry 4.0 

functions for sustainable innovation. The findings provide 

intriguing new perspectives on how Industry 4.0 might be 

used to sustainable innovation. Industry 4.0 facilitates 

sustained innovation through 11 functions, according to the 

proposed strategic plan. Businesses may enhance inter-

functional cooperation and better connect with internal and 

external stakeholders thanks to Industry 4.0 and the 

underlying digital technologies and concepts. Industry 4.0 

fosters organisational qualities important to sustainable 

innovation, such as green absorptive capacity, sustainable 

collaboration, and sustainable innovation orientation, and 

further enhances the knowledge base and advanced 

manufacturing capability. Industry 4.0 therefore improves 

the capacity for green process innovation and the potential 

to create or reintroduce environmentally friendly goods in a 

competitive and cost-effective manner. Overall, the roadmap 

clarifies the intricate precedence linkages between Industry 

4.0's 11 sustainable innovation roles, providing significant 

ramifications for companies looking to manage sustainable 

development and take advantage of Industry 4.0's 

sustainability implications. 

(Kumar et al., 2025) [23] explores the research trends in 

Industry 4.0 (I4.0) from 2011 to 2022, concentrating on a 

number of factors to promote sustainable growth, such as 

definitions, research techniques, journals, and authors. It 

examined 121 articles, classifying them according to I4.0 

sustainability, hurdles, and facilitators. In terms of I4.0 

publication, China, the USA, India, and Germany are at the 

top. Although conceptual models still predominate, case 
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studies and mathematical modelling are becoming more and 

more important. The report underlines the difficulties small 

businesses encounter while implementing I4.0 because of 

resource limitations and stresses the necessity of 

professional and governmental assistance. It also 

demonstrates how efficiency may be increased by 

combining Lean and Six Sigma with I4.0. Few studies 

examine non-manufacturing industries, and the research on 

the long-term effects of I4.0 is unclear. Opportunities for 

more research are identified in the study's conclusion, with 

a focus on supply chain management, mathematical 

modelling, and connecting sustainability with I4.0 

technologies. 

(Patrício & Varela, 2025) [24] Examine the ways in 

which Industry 4.0 technologies support sustainability in the 

economic, environmental, and social spheres, noting 

prevailing technologies, sectoral adoption trends, gaps that 

still exist, and alignment with the Sustainable Development 

Goals (SDGs) of the United Nations. The findings indicate 

that the most widely used I4.0 technologies are IoT and AI, 

which primarily support economic and environmental 

sustainability (78% of studies). In just 25% of the examined 

research, social sustainability is still under-represented. 

Despite their great potential, the construction and agri-food 

industries lag behind the manufacturing and energy sectors 

in terms of adoption. The scaling constraints of Blockchain 

technologies and the data privacy threats connected with IoT 

are major obstacles, with mitigation solutions mostly 

concentrating on SME-oriented adoption models. The 

results emphasise the need for a more equitable 

implementation of Industry 4.0 technologies that takes into 

account the social, economic, and environmental aspects of 

sustainability. In order to promote inclusive and sustainable 

industrial transformation in line with the UN SDGs, future 

research should give priority to the creation of quantifiable 

social impact indicators and integrated technological–policy 

frameworks. 

(Tashkinov, 2025) [25] explores the fundamental 

distinctions between the traditional approach to lean 

manufacturing and the so-called "Industry 4.0" - all-

encompassing techniques that consider a number of 

important elements that lead to higher business efficiency. 

The report emphasises that effective Industry 4.0 

implementation requires a true organisational change built 

on a trustworthy decision-making mechanism rather than 

merely a technological advancement. Organisations having 

trouble with the digital transformation process may learn a 

lot from this scenario. This study demonstrates the strong 

correlation between successful Industry 4.0 implementation 

in the company's manufacturing operations and sound 

decision-making. According to the article, a well-organised, 

knowledgeable, and adaptable artificial intelligence 

decision-making process is crucial to the company's capacity 

to effectively adjust to Industry 4.0 conditions and greatly 

enhance its operations. The main facets of using artificial 

intelligence in decision-making are covered in this paper. 

Particularly, possible dangers and strategies for mitigating 

them are covered, along with issues that AI can assist in 

resolving. The essay also discusses the advantages of 

Industry 4.0 implementation and how they affect 

manufacturing efficiency. In addition to highlighting the 

intimate connection between strategy and technology, the 

author offers suggestions for manufacturing companies just 

starting their digital transformation path. 

(Mareeh et al., 2026) [26] examines how Industry 4.0 

(I4.0) affects sustainable industrial transition. We synthesise 

findings across economic, environmental, and operational 

aspects using 100 peer-reviewed publications from the 

Scopus and Web of Science databases that were published 

between 2017 and 2024. The primary theme findings show 

that although I4.0 is a potent facilitator of green innovation 

and production efficiency, the literature is characterised by 

a publishing bias toward positive outcomes and notable gaps 

regarding workforce transformation and unfavourable trade-

offs. A significant geographic bias in favour of China and 

the EU has been noted as a major constraint. Our main 

contribution is the creation of a new integrative framework 

that links the Resource-Based View, Institutional Theory, 

and Stakeholder Theory to produce a more comprehensive, 

verifiable model of sustainable change. In order to help 

practitioners and policymakers manage the intricacies of 

I4.0, this paper provides a theory-driven roadmap with 

important consequences. 

CONCLUSION  

Industry 4.0 is a significant link to switch from 

traditional manufacturing to intelligent, flexible and 

sustainable industrial systems. The literature shows that 

technologies like IIoT, artificial intelligence, big data 

analytics, digital twins, cyber-physical systems, and additive 

manufacturing can assist in sustainable innovation through 

better process monitoring, resource usage, energy 

efficiency, predictive maintenance, product development, 

and productivity. But technology alone cannot achieve the 

sustainability benefits of digitalisation. Achieving effective 

outcomes is dependent on synchronisation of engineering 

capabilities and management practices such as sustainability 
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strategy, investment choices, organizational capability, 

workforce development, leadership, data-driven decision 

making, and performance measurement. The review 

additionally highlights the potential for Industry 4.0 to 

complement economic and environmental performance by 

lowering energy use, material loss, waste, emissions, 

downtime, and operating expenses, while simultaneously 

creating energy demands, material needs and e-waste with 

the use of digital technologies. Hence, an integrated 

management-engineering framework is able to offer a more 

holistic perspective on Industry 4.0 capabilities towards 

sustainable innovation and eco-efficient industrial 

performance. 
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