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Abstract
The application of Industry 4.0 technology has substantial prospects for future innovation and corporate growth. This 
research study investigates the influence of Industry 4.0 technologies on the establishment of environmental sustain-
ability in the manufacturing sector and other associated industries. Industry 4.0 and its associated technologies, including 
the Internet of Things (IoT) and cyber-physical systems, have a detrimental effect on environmental sustainability. This is 
due to factors such as air pollution, improper waste disposal, and excessive consumption of raw materials, information, 
and energy. The approach employed in this study is an extensive review of a literature review comprising 207 manuscripts 
that explore subjects pertaining to Industry 4.0 and environmental sustainability. Currently, there is a gap between the 
current and intended state of affairs. Production is happening in a paradigm that lacks sustainability, which is why this 
research examines the impact of Industry 4.0 on environmental sustainability and the relevant aspects of Industry 4.0. 
One of the objective of this study is to examine the notable advantages of Industry 4.0 in the context of sustainable 
manufacturing. The other objective of this study are to ascertain the specific tools and components associated with 
Industry 4.0 that have a role in promoting the progress of a sustainable ecosystem and to do a comprehensive analysis 
of existing literature to find out the effectiveness of technologies of Industry 4.0 in promoting environmental sustain-
ability. This study identifies and examines 18 significant uses of Industry 4.0 that contribute to the development of a 
sustainable environment. This research shows that the convergence of Industry 4.0 and the sustainable development 
goals improves environmental sustainability by establishing ecological support that ensures superior environmental 
performance with a greater positive influence than previously. This paper aims to assist stakeholders and organizations 
in addressing current environmental concerns by implementing innovative technologies. This study is novel in that it 
illustrates the integration of Industry 4.0 and its technologies with sustainable development goals, resulting in a sustain-
able Industry 4.0 that combines environmental protection and sustainability.
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1  Introduction

Industrialization is an essential process in manufacturing. Numerous organizations that have not embraced infor-
mation technology (IT) are facing significant challenges in their efforts to remain viable. In the current corporate 
landscape, businesses across all sectors and industries have a common perspective on the future and strive to 
avoid unexpected outcomes. Consequently, all industries are embracing Industry 4.0 because of its ability to deliver 
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high-quality product customization. Nevertheless, despite the various advantages of Industry 4.0, there remains 
a significant and environmentally unsustainable use of resources, raw materials, information, and energy [1, 2]. 
However, there are some researchers who argue that sustainability is regarded as a supplementary issue within the 
perspective of fourth industrial revolution [3]. The advent of Industry 4.0 in 2011 marked a significant milestone in 
the manufacturing sector, facilitated by the integration of digital technology [4]. The primary objective of this initia-
tive was to enhance the overall performance of production processes [5]. The utilization of Information Technology 
(IT) and digitization, facilitated by the Internet, has created an opportunity for the interchange of information and 
data between humans and machines. This enables the integration, interaction, and potential activation of supply 
chain entities, consumers, and other pertinent stakeholders within the manufacturing system [6]. The implementa-
tion of Industry 4.0 is expected to offer several benefits, including the potential for massive customization through 
enhanced flexibility in the production process. This would enable enterprises to manufacture personalized items 
while significantly decreasing the time necessary to introduce them to the market [7, 8]. Additionally, it is said that 
this initiative holds the potential to enhance production, minimize resource utilization, enhance quality, and optimize 
productivity [9, 10]. The notion of the circular economy is also advocated for by Industry 4.0 [11, 12].

This paper suggests that the principles and objectives of Industry 4.0 technologies extend beyond traditional 
organizational business and economic success, and will instead help to the establishment of a more sustainable 
society. It is crucial for practitioners to have a deep comprehension of Industry 4.0 technologies and their conceptual 
connections to the sustainability of society, particularly when making decisions about capital investment. The advent 
of Industry 4.0 signifies a significant societal and high-tech shift that has the potential to profoundly reshape the 
worldwide landscape [13]. The information fits in perfectly with the rest of the part, allowing for various management 
tasks such as buying any necessary components that may be missing and configuring specific production parameters. 
Simultaneously, customers are provided with regular updates regarding the current state of manufacturing [14]. Once 
the facility commences its operations, a greater volume of data is created. The precise results and real-world informa-
tion about performance can be collected, analyzed, and incorporated into the development process. The integration 
and utilization of advanced technologies serve to enhance and optimize novel technological advancements and 
operational procedures. In the context of Industry 4.0 [15, 16]. The ability to adjust production levels in an intelligent 
plant is more efficient, allowing for rapid scaling up or down. As a consequence, the production plant experiences an 
increase in its revenues. The integration of Big data analytics and cloud computing is expected to facilitate the con-
nectivity of IoT and Industrial IOT devices, therefore improving the experience for users and enabling highly efficient 
industrial processes [17]. Cloud storage is characterized by its great efficiency, extensive range of features, as well as 
its flexibility, up-to-dateness, and stability. The cloud platform also serves as a widely used medium for facilitating 
the connection of goods to companies on a global scale, making it particularly adept at managing large volumes of 
data created by the Internet of Things (IoT) [18].

The implementation of environmentally conscious and ecologically sustainable practices necessitates engaging 
in manufacturing processes that yield significant positive effects on world health. If individuals prioritize sustain-
ability with a focus on addressing business challenges, it has the potential to provide substantial financial and 
environmental outcomes. Incorporating sustainable growth as a fundamental guiding principle would bring about 
a paradigm shift in the operational practices of firms, rather than treating it as a secondary consideration. In order 
to address environmental challenges pertaining to waste management, resource efficiency, carbon neutrality, and 
water conservation, the utilization of advanced technologies such as the use of ML and AI may be employed [19–21]. 
The application of Industry 4.0 in this industry has primarily prioritized production and maximizing revenues, result-
ing in various challenges for other aspects. For instance, the exhaustion of natural resources, adverse effects on the 
environment, unequal distribution of income, and unsuitable working conditions, all of which can ultimately result 
in an ecologically, economically, and even socially unsustainable consumption pattern.

Industry 4.0 facilitates the integration of equipment, sensors, and other devices with individuals tasked with over-
seeing production processes and optimizing efficiency. This is achieved through the utilization of wireless network 
technology and the capabilities of the Internet of Things (IoT) [22]. The utilization of these advancements facilitates 
operators’ access to a wide range of information, thereby equipping them with the required knowledge to make 
informed and suitable decisions. The enhancement of connection facilitates the collection of large volumes of data 
and expertise by operators across various stages of the manufacturing chain. This enables them to support develop-
ment efforts, identify key areas for innovation, and drive transformative changes [23, 24]. Combining sustainable man-
ufacturing techniques with Industry 4.0 technology synergistically influences and shapes discussions surrounding 
production. Meanwhile, the assessment of environmental impacts and future growth has gained prominence [7, 25].
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The promotion of a sustainable mindset entails the collaborative dissemination of knowledge, the cultivation of 
innovative thinking, and the establishment of behaviors that are both ecologically conscious and economically viable, 
while also prioritizing the well-being of individuals. In order to address the pressing issue of the impending climate 
disaster and work towards a more sustainable future, it is imperative that immediate action is taken and individual 
responsibility is assumed [26, 27]. The challenges pertaining to the dependability of the system’s connectivity can be 
effectively addressed through the execution of Industry 4.0, which aims to enhance effectiveness and meet reliability 
requirements. The urgency around the incorporation of safety measures in the field of Information Technology (IT) has 
expressively increased. In the meanwhile, career readiness could be directed towards the management and oversight 
of cyber connections, a domain where the need for skilled personnel is anticipated to expand [28]. Anticipating the 
forthcoming revolution, novel forms of interaction between humans and computers are expected to arise. The integration 
of online platforms and computational intelligence will enhance output consistency by mitigating the impact of human 
error on production line tasks. This transformation has the potential to enhance the dependability of lines of products 
for manufacturers within the industry [29].

Numerous scholarly articles have been written on the subject of Industry 4.0. However, examining and clarifying 
the advantages of Industry 4.0 in the context of sustainable production is the main objective of this study. In order to 
conduct this investigation, pertinent research articles were reviewed and analyzed to identify the notable applicability 
for promoting environmental sustainability.

1.1 � Significance of this research

The technologies associated with Industry 4.0 have the capacity to facilitate the connection of all relevant parties, 
as well as the combination of inputs and outputs to produce a useful asset for advancing long-term viability and 
stimulating economic expansion. Technologies associated with Industry 4.0 need to have their features analyzed in 
light of environmental sustainability. Companies are under increasing pressure from constituents such as legislators, 
investors, customers, and the news media to take environmental concerns into account and take appropriate action 
[30]. The manufacturing and promotion of several goods and services are profoundly affected by climate change. The 
outcome is characterized by a favorable triple bottom line. In the contemporary corporate landscape, it is imperative for 
organizations to adeptly address social, financial, and commercial objectives with a view to obtain sustainability. One of 
the most notable advancements in Industry 4.0 is the integration and merging of virtual and actual realms [31, 32]. The 
advent of Industry 4.0 has facilitated the integration of numerous innovative technologies necessary for the efficient 
operation of our organization. Moreover, it has fostered a burgeoning platform that will assist us in our endeavors to 
broaden our reach and adjust to changing circumstances. The incorporation of digital data and intellectual property 
plays a crucial role in the effective administration of a company’s durable product information. The integration of driving 
producers, manufacturing, and supply chains is consolidated into a singular form of reality [33].

1.2 � Major advantages of the Industry 4.0 paradigm

Industries have successfully executed their strategies belong to to the adoption of Industry 4.0 developments, hence 
gaining a competitive advantage over their rivals. Organizations have the opportunity to transition into the forthcoming 
phase of manufacturing and delivery by implementing modular and efficient automation systems that are enhanced by 
data-driven input. This approach enables them to exercise comprehensive control over supply and material flow. Industry 
4.0 offers several benefits, such as heightened competition and achievement, expanded flexibility and pliability, and 
augmented profitability. The employment of Industry 4.0 has the prospective to enhance consumer service as well [34]. 
The technology of Smart Factory is highly intriguing and captivating. The benefits of Industry 4.0 ought to keep to be a 
central topic in all discussions. Robotics, machine-to-machine communication, off-the-shelf production methods, and 
computational aids for decision-making are all part of this category of innovations. Improvements in manufacturing 
efficiency and quality are made possible by Industry 4.0 developments. In alternative parlance, this has the potential 
to yield greater quantities at a faster rate, hence enhancing the cost-efficiency and dependability of the capital [35]. 
These technological advancements facilitate the democratization of data, enabling the dissemination of insights on a 
wider scale, and adopting and implementing the software standards of Industry 4.0. The goal of Industry 4.0 entails the 
establishment of networked devices that facilitate connections extending beyond the physical boundaries of produc-
tion plants [36].
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It is imperative to effectively utilize these technologies across the whole value chain and extend their reach into inter-
organizational supply chain networks. The application of ML and AI in the analysis of instantaneous information collected 
across the chain of supply can lead to enriched decision-making abilities and better operational efficiency. The successful 
implementation of this endeavor necessitates the establishment of a robust network of collaborative partners, including 
start-ups and technology corporations. These entities will play a pivotal role in developing user-friendly and cost-effective 
technologies, thereby enabling the realization of this transformative revolution. Additionally, the academic community 
will engage in development and research endeavors in order to further progress technologies [37, 38]. Manufacturing 
processes allowed by Industry 4.0 have the capability to effectively track and monitor raw materials and the progression 
of work throughout several stages of production, ultimately leading to efficient and precise outbound export. By inte-
grating robots and sensors, companies will be able to exercise comprehensive control over the material and information 
flow within their factories. The establishment of regulatory measures plays a critical role in ensuring consistency and 
productivity within the digital realm, given the rapid evolution of consumer demands and the working environment [39].

1.3 � Industry 4.0 prerequisites for the establishment of environmental sustainability

It is imperative to establish a policy that enables enterprises to effectively adopt Industry 4.0. Constant retraining and 
improving are of utmost importance due to the impact of technological advancements and digitization, which result 
in the displacement of several individuals while simultaneously generating new employment opportunities. Different 
markets and regions have different levels of success with implementing Industry 4.0. Therefore, the implementation of a 
“transformative” industrial strategy might be necessary to integrate these elements with emerging digital technologies 
[40]. This would necessitate the acquisition of a novel set of skills that are centered on enhanced adaptability and the 
utilization of real-time data and operational transparency. The line setups may need to be modified based on the specific 
product, execution requirements, and the operator’s expertise. It may be necessary to temporarily suspend the operation 
in order to restore the production line and provide training on an alternative process, in response to the daily demands, 
repairs, or necessary changes [41].

The advent of Industry 4.0 has managed to a change in production and manufacturing facilities across many continents. 
The impetus for reevaluating several aspects of conventional industries, including manufacturing lines, work areas, along 
with supply chains, stems from emerging technological advancements and the availability of extensive data reservoirs 
[42]. IoT has an important part in all Industry 4.0 endeavors, including the use of IIoT tools. The comprehensive ideology 
of Industry 4.0 encompasses several applications such as robotic integration within manufacturing facilities, sensor-
based automation in greenhouse environments, and advanced systems within healthcare settings. These applications 
are designed to facilitate the collecting of data from a diverse variety of technologies and sensors. IoT is designed with 
the objective of gathering data. The utilization of applications that utilize AI/ML is essential for numerous enterprises [43, 
44]. The significance of Industry 4.0 lies in its associated applications, which offer substantial benefits to a wide range 
of production organizations, spanning from small and medium-sized enterprises to large corporations, across various 
industries and organizational contexts. Companies that have adopted and integrated elements of Industry 4.0 within 
their organizational structures have experienced significant success [45].

1.4 � Sustainable production with Industry 4.0

Sustainability in production has come a long way in the last several years, with a particular theme gaining widespread 
attention. The objective of sustainable manufacturing is to incorporate the core principles of sustainable growth into the 
manufacturing industry. The aforementioned phenomenon enhances social, environmental, and financial efficacy [46]. 
Industry 4.0 encompasses a comprehensive framework that integrates technological, social, and organizational elements, 
combining digitalization innovations, massive data sets, cyber-physical architecture, augmented and virtual reality, and 
the use of cloud-based computing. Sustainable manufacturing stands to benefit greatly from the ideas put out by 
Industry 4.0, as it has the ability to enhance productivity through the optimization of procedures, reduction of lead times, 
and improvement of overall company productivity. The manufacturing sector continues to face many challenges and risks 
[47]. The concepts of large-scale data, evaluation, as well as deep learning appear to possess an air of anonymity, and they 
have brought about substantial transformations in the majority of our everyday technological advancements. Certain 
enhancements have been implemented to enhance the regularity and efficiency of communication with technology 
and information [48].
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In the past few years, the energy business has increasingly embraced technology, following a trend observed through-
out several significant sectors. The replacement of physical papers with electronic devices that are digital is no longer 
solely a matter of technological progress. The subsequent step entails the transformation of business operations, com-
munication, and collaboration methods employed by organizations in their interactions with users [49, 50]. During 
a similar timeframe, there has been a notable increase in the proficiency of hardware providers and companies that 
develop software in the creation and integration of corporate programs designed for large-scale business processes. 
These efforts have mostly centered on ensuring internal reliability and implementing environmentally sustainable secu-
rity measures. The process of digitization presents businesses with the opportunity to develop novel business models, 
generate renewable energy, and devise energy supply strategies, all while benefiting from declining costs and the rapid 
advancement of technology [51, 52].

1.5 � A few studies on Industry 4.0 for environmental sustainability and research gap

Contemporary industries are increasingly prioritizing the enhancement of their sustainability efficiency. An increasing 
number of regulations are being addressed, in addition to the requests made by other businesses, and occasionally, 
administrative management necessitates the adoption of ecologically sustainable practices [53]. Additionally, it is evident 
that a considerable number of employees exhibit a strong enthusiasm towards the application of environmentally 
sustainable industrial practices. The incorporation of Industry 4.0 technology aims to establish a platform that fosters 
sustainability within the environment. Numerous enterprises are presently directing their efforts towards achieving 
a harmonious equilibrium between sustainability objectives, including social welfare, environmental conditions, and 
financial gains [17]. The advent of Industry 4.0 is significantly transforming the existing landscape, challenging established 
norms, and offering valuable insights and support to improve sustainability and productivity, particularly within the 
manufacturing sector [19].

Modern technologies have succeeded in aiding organizations in achieving sustainability goals for a significant period 
of time, mostly by focusing on energy preservation, reduction of emissions, and optimization of value chains. In order 
to attain accomplishment, it is important to develop strategies that prioritize marketplace and worth chains, while 
also emphasizing the need for improved transparency and assessment [20]. Given the proliferation of IoT technology 
in contemporary times, it has become imperative for organizations to identify a viable approach to address specific 
pollutants or waste generated as a result of different process alternatives. Numerous corporations are presently employing 
a variety of digital resources in order to mitigate their energy consumption and minimize the generation of waste during 
production processes. In contrast, companies have traditionally assessed their success by quantifying it in terms of 
monetary units, such as dollars or different currencies prevalent in their respective localities [23, 54].

This study presents a comprehensive literature analysis that examines the various Industry 4.0 competences 
in relation to their effect on the environment as a whole. The existing body of literature pertaining to this subject 
matter has been deemed satisfactory in previous research, while certain gaps exist in terms of comprehensive 
evaluations. For example, Bai et al. analyzed the application and overall sustainability implications of Industry 4.0 
technologies, considering economic, environmental, and social aspects [14]. However, our study solely concentrate 
on environmental sustainability. Another study by Ching et al. utilized a systematic literature review to identify 15 
sustainability functions via which Industry 4.0 contributes to sustainable production [55]. Kamble et al. conducted 
a thorough literature assessment to identify the present trends and future prospects of Industry 4.0 [29]. Judit 
et al. conducted a study on the influence of Industry 4.0 on sustainability [17]. The findings suggest a detrimental 
correlation between the progression of the industrial process, encompassing inputs such as raw materials, energy 
consumption, information, and waste management, and their environmental consequences. From these above 
research, it can be concluded that previous studies focus mainly on the effect of Industry 4.0 overall sustainability 
aspects, not specifically environmental sustainability topics. To bridge this research gap, our current study completely 
focuses on the specific impacts of Industry 4.0 on the development of a sustainable environment. This study provides 
a synthesis of many publications published in reputable academic journals, with the aim of acquiring novel insights 
within a technical framework. This discussion briefly covers several sorts of research, including fundamental, practical, 
logical, quantitative, qualitative, and other methodologies.
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1.6 � Objectives of this research and research question

The Industry 4.0 paradigm is characterized by its significant disruptive potential, with its overarching objectives centered 
on facilitating organizations in attaining the necessary conditions for success. The prevalent strategic objectives for 
the employment of Industry 4.0 innovations encompass enhancing operational efficiency, enhancing relations with 
consumers, streamlining product creation through automation, and connecting production and supply chain processes. 
While it is widely acknowledged that the impact of Industry 4.0 is predictable to be extensive and pervasive, there exists 
a prevailing belief among people that this phenomenon is still in the process of development. This paper addresses 
multiple research aims aimed at addressing the issues posed by Industry 4.0 in the pursuit of establishing environmental 
sustainability. This study’s general goals (research questions) are outlined below:

RQ1: To investigate substantial Industry 4.0 benefits for sustainable production.
RQ2: To examine of Industry 4.0 operations in the context of sustainable environment.
RQ3: To determine Industry 4.0 components and instruments that contribute to sustainable environment.
RQ4: To recognize and evaluate Industry 4.0 applications that contribute to a sustainable environment.
RQ5: To analyze significant advancements via Industry 4.0 in order to establish environmental sustainability.

2 � Research methodology

This literature evaluation is conducted by extensively reviewing several scholarly articles, authoritative blogs, and 
relevant publications pertaining to the subjects of Industry 4.0, environmental sustainability environmental concerns, and 
other interconnected areas. In order to identify appropriate sources, we conducted a systematic literature review using 
bibliometric analysis, also known as SLRBA. To gain a comprehensive understanding of the topic, supported by evidence, 
do an extensive literature review utilizing bibliometric analysis. It aids scholars in staying updated on current research 
trends, visualizing collaborations, tracking productivity and impact, and identifying research deficiencies. A bibliometric 
analysis is a method that uses quantitative metrics such as citation numbers, co-authorship connections, and publication 
trends to assess the productivity and impact of research. This is different from a systematic literature review, which 
follows a specific search approach and inclusion/exclusion criteria to thoroughly and methodically evaluate all available 
information on a particular topic. The integration of bibliometric analysis with systematic review techniques enhances 
the credibility and reliability of decision-making processes by providing a stronger evidence base. This technique ensures 
that the review exclusively utilizes trustworthy sources with explicitly defined procedures, hence yielding conclusions 
of superior quality and relevance. A comprehensive methodology such as the SLRBA is crucial for this study as it aims to 
provide valuable insights that firms can utilize to enhance their decision-making and strategic planning. SCOPUS was 
selected as the starting point for the SLRBA due to its international representation of peer-reviewed journals, books, and 
conferences, which makes it one of the most comprehensive collections of citations and controlled abstracts. SCOPUS 
is well-known as an academic database that helps in identifying relevant sources. In addition, it utilizes an autonomous 
content filtering and advisory board to do comprehensive assessments and reassessments of material, ensuring that 
only data of the highest caliber is included in the index.

In order to identify suitable sources for investigation, we utilized the SCOPUS database. The process commenced with 
the phrase “Industry 4.0,” yielding a grand total of 3765 outcomes. Subsequently, the inclusion of the specific keyword 
“Environmental Sustainability” resulted in the exclusion of 207 publications from the final results. The research domain is 
emerging and progressive, and conducting observable and tool-based study wouldn’t have accurately reflected the future 
trajectory. The main aim of doing an analysis based on a review of the literature is to enhance understanding of the study 
issues under investigation. Additionally, we have endeavored to clarify how the study related to these breakthroughs 
presents novel approaches for assessing previous studies. The process of analyzing, criticizing, and synthesizing relevant 
literature on a certain issue facilitates the development of novel frameworks and viewpoints in an extensive way.
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3 � Impact of Industry 4.0 in environmental sustainability

3.1 � Different Industry 4.0 features helps to the development of a sustainable environment

Figure 1 depicts the intricate network of components comprising the Industry 4.0, which aims to foster a sustainable 
global environment. Energy, materials, resources from nature, waste products, and pollution are among the most impor-
tant Industry 4.0 sustainability factors. Subcategories of these factors include potentially dangerous level, depletion 
of ozone layer, and greenhouse influences in the emissions and waste part; waste rate, the technique used, and smart 
processes in the materials section; and the utility of water, land and capacity for recycling in the resources part. Sus-
tainable environmental development gains momentum when these factors are properly followed up on [56–58]. A 
well-functioning society effectively harnesses its human, ecological, and economic assets to satisfy current societal 
requirements and safeguard sufficient resources for generations to come. The initiation of Industry 4.0 has ushered in 
substantial advancements, transforming several operational aspects within factories and industrial facilities by integrating 
intelligent machines and advanced technological devices. This occurrence prompts us to contemplate the significance 
and function of individuals within the professional setting. Additive manufacturing has served as a catalyst for sub-
stantial advancements over an extended period [59, 60]. Innovations have been present for an extended duration, with 
their practical applications frequently confined to the realm of prototype. A great deal of new technology has emerged 
in the last couple of decades and its practical implementation, extending its reach beyond the realms of design and 
engineering to encompass the domain of small and medium-scale production. Manufacturers have expressed a clear 
anticipation for the proliferation of open-source technology and solutions within the global manufacturing industry, as 
the IIoT proceeds to expand its reach [61, 62].

Technologies of Industry 4.0 assist to develop a smarter manufacturing system while cutting down on waste, labor, 
and resources. The health care and medical industries, for example, cannot function without the use of plastic packaging. 
Robots and flexible components from Industry 4.0 have helped create polymers fabrication procedures that reduce 
their water footprint and the effluent they generate during production [34, 63]. Augmented reality technology has the 
capability to effectively explore and select the most direct route to transfer a component located in a different sector of 
the industry. Additionally, this measure would enhance employees’ efficiency and facilitate compliance with intricate 
processes. In order to establish a society that is sustainable, it is imperative to adequately acknowledge and take into 
account the diverse range of individual pursuits. The space provides a conducive environment and ensures the safety 
of many cultures and perspectives, wherein each industry is granted representation in the process of making choices 
[64, 65].

Fig. 1   Establishing sustain-
able environment via Industry 
4.0 application
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3.2 � The role of Industry 4.0 in promoting environmental sustainability

The environmental sustainability, resilience, and long-term concepts that drive Industry 4.0’s socio-economic growth 
are its defining characteristics. The implementation of this approach spans a diverse range of applications, with 
the aim of fostering environmental sustainability. From a technical standpoint, it can be seen that contemporary 
online businesses strive to prioritize environmental sustainability in their operations, aiming to create a positive 
impact [66]. At this very moment, we are faced with a plethora of critical problems, some of which are the escalating 
temperatures of our environment, excessive utilization of non-renewable energy sources, the decline of biodiversity, 
severe natural disasters, extensive deforestation, substantial releases of greenhouse gases such as CO2, and 
diminished quality of the air and water. The integration of Industry 4.0 technology is required for the business to 
get advantages from environmental sustainability [67, 68]. Industry 4.0 has the capability to illustrate the economic 
justification, formulate suitable safety frameworks, and provide real-world uses. A device administrator with strong 
support may offer opportunities for gaining expertise in the field of confidential wireless connections. The individual 
who possesses the necessary skills and, most importantly, maintains trustworthy connections with the specific 
technology provider in issue may be the most suitable candidate. Technology suppliers provide valuable knowledge 
in integrating many sectors into Industry 4.0 production scenarios, whereas device integrators are responsible for 
implementing transformational initiatives [69, 70].

Proficient understanding of traditional cable infrastructures and seamless incorporation of wireless solutions in 
technology with no disrupting ongoing operations may be accessed through suitable technological collaborators 
[71]. Businesses must take into account the activities occurring on their workshop level in order to establish a 
structure that facilitates the creation and verification of simulations, as well as the execution of floor operations. 
This platform should effectively transform large sets of data into actionable insights, thereby promoting innovation 
and enhancing the effectiveness of operations [72, 73]. The concept of a linked factory and an IIoT interconnected 
plant involves the collaboration of various equipment inside a production facility. This collaboration is facilitated via 
the utilization of data, IoT technology, and automation, which enable the monitoring and control of all features of 
the production development. The growth of streamlined and protective components has enhanced our portfolio of 
IIoT scenarios, therefore benefiting our clients’ online activities [74]. Technologies within the framework of Industry 
4.0 must identify the absence of potential hazards associated with technological change, risks pertaining to cyber 
infrastructure, costly capital expenditures, and other related challenges. Leaders should use prudence in addressing 
the challenges they may encounter and the subsequent implications for long-term competitiveness [75, 76].

The relevance of technical progress in potentially protecting the environment was highlighted by the COVID-
19 pandemic. During the pandemic period, there has been a significant decline in road and air traffic, resulting 
in a notable decline in emissions of greenhouse gases. This decrease can be attributed to the increased number 
of individuals staying at home and relying on online resources for daily activities such as travel, shopping, and 
entertainment. The constraints presented opportunities for the process of digitalization, leading to the emergence 
of new firms that prioritize a contemporary environment devoid of physical contact in operations and transactions 
[77–80]. Now is the opportune moment to revolutionize the electronic medium rather than simply contemplating 
its existence. Numerous countries have developed smartphone applications that establish connections across 
essential health systems and provide guidance to consumers on optimal practices, self-evaluation, hazards, and 
other recommendations pertaining to COVID-19. Frequently, these applications notify individuals of a favorable 
outcome, enabling them to engage in self-isolation or contact the relevant healthcare practitioner in the case of 
experiencing symptoms [81–83].

To enhance the elucidation of the virus of COVID-19, its transmission, and patient response to treatment, the 
utilization of AI was implemented to analyze databases, pathological tracks, and information about patients. 
Prominent information technology companies, insurance firms, financial service providers, and educational 
institutions are actively engaged in an unparalleled telecommuting experiment. Virtual offices provide several 
benefits for workers, including time and resource savings, reduced energy consumption due to decreased 
transportation, and the capacity for achieving a balance between job responsibilities and sustainable growth 
and development. The bonuses for employees include the dropping of overhead costs and the improvement of 
operational efficiency [78, 84]. Various websites and applications facilitate the process of live streaming. The COVID-
19 pandemic is anticipated to bring about significant transformations in the grocery store and online purchasing 
sectors, leading to a renaissance in these businesses [85–87].



Vol.:(0123456789)

Discover Sustainability            (2024) 5:97  | https://doi.org/10.1007/s43621-024-00290-7	 Review

3.3 � Industry 4.0 tools and components to create a sustainable environment

The key aspects of Industry 4.0’s toolkit which are responsible for the preservation of the environment encompass 
several components like the IoT, cloud computing based on data, distinct principles of Industry 4.0, and considera-
tions connected to products and processes as shown in Fig. 2. The wide array of instruments that are linked to the 
Industry 4.0 paradigm, which are crucial in fostering the development of an environment that is sustainable [88–90]. 
By implementing appropriate strategies and utilizing Industry 4.0 technologies, it is possible to accomplish sustain-
able environmental growth. The following issues are expounded upon: interoperability, real-time systems, life cycle 
evaluation, big data as well as information in real time, intelligent manufacturing, digitalization, the use of sensors, 
and others [91, 92]. The current corporate landscape will undergo transformation as a result of emerging technology 
advancements, including AI, IoT, huge amounts of data, and related innovations. Within the framework of Industry 
4.0, AI is an essential component to consider, facilitating cognitive abilities in machines, including thinking, learning, 
and decision-making capabilities. Throughout the course of human history, individuals have consistently endeavored 
to enhance their physical and cognitive capacities. These toolings offer dependable tools for cutting-edge research 
[93, 94].

The IoT is a notable technical achievement wherein computers are capable of engaging in interactions with 
one another. IoT is likely to facilitate the relocation of manufacturing to smart urban and rural areas, as well as the 
transformation of automobiles and residences into smart entities. Substantial analysis of data is identified as another 
crucial component within the framework of Industry 4.0. The fundamental objective of this framework is to gather 
feedback and data from consumers, enabling producers to provide products and services tailored to their needs. 
The service is sufficiently prompt, resulting in the conservation of both time and resources [96, 97]. Global economy 
operations have been profoundly impacted by the introduction of Industry 4.0, leading to substantial changes in 
its foundational principles. Engineers employ the outcomes of extensive data analytics derived from the framework 
in order to facilitate decision-making processes. This body of knowledge emphasizes the need of implementing 
modifications and implementing actions aimed at mitigating the occurrence of unplanned machine downtimes. 
The exploitation of Big Data Analysis in the context of predictive maintenance has been seen to significantly reduce 
reaction time. The application of Big Data Analysis by manufacturers extends to the automated supply control. This 
implies a reduction in the level of human interaction necessary inside an industrial plant [98–100]. In actuality, the 
trajectory of technology advancements has predominantly exhibited a progressive pattern, with historical revolutions 
typically unfolding throughout protracted periods spanning a number of decades. To clarify, this is the initial instance 
in which contemporary cyber infrastructure is being integrated into several industrial sectors [101, 102].

Fig. 2   Key technologies of 
Industry 4.0 framework [95]
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3.4 � The processes of Industry 4.0 aim to attain a sustainable environment

Integration of processes and production of sustainable outcomes are the fundamental stages within Industry 4.0’s 
process flow domains. The process starts by implementing intelligent and digital aspects, which subsequently 
facilitates the establishment of an efficient and enduring culture. The use of intelligent advancements in procedures 
and processes is crucial for the creation of environmentally sustainable products. The concept of integration pertains 
to the interface between humans and machines, as well as their interconnectedness with instantaneous control and 
virtualization within the environment of intelligent manufacturing plants [103–105]. In the framework of sustainable 
manufacturing, the mitigation of harmful emissions is achieved by using of alternative energy sources and the 
implementation of environmentally friendly lighting, machinery, and equipment. This frequently amplifies the 
purchasing experience of several individuals [106]. The advent of Industry 4.0 has led to enhanced customer service 
and improved quality of life through the utilization of sophisticated robotics, which contribute to increased industrial 
efficiency and the provision of superior gadgets for consumers. Additive manufacturing facilitates the customization 
of materials, enabling the creation of novel structures and shapes while minimizing the requirement for additional 
equipment and reducing waste generation [107, 108]. The ideology of Industry 4.0 emphasizes the establishment 
of a zero-waste policy within an internet-based circular economy, aiming to minimize material consumption and 
adopt an innovative approach to product development and distribution chains. In contemporary settings, sensors are 
employed to detect and measure the moisture, temperature, and other pertinent factors within the spray chamber. 
Consequently, any alterations in these variables prompt corresponding deviations from the ideal environmental 
configuration, thereby affecting the efficiency of operation of the machines [109].

4 � Prominent advancements facilitated by Industry 4.0 in the pursuit of environmental 
sustainability

The “Internet of Service” (IoS) and the “Internet of Things” (IoT) are such components of cyber-physical systems that 
are involved in the "Industry 4.0" definition of modern manufacturing. In previous times, the computer was utilized 
for manufacturing purposes. However, the current focus lies on the integration of operations, collaboration, and 
making decisions in a smart way, eliminating the need for human involvement [110]. Industry 4.0 will transform 
architecture, manufacturing, and services. Manufacturers and wholesalers have used this method for years to reduce 
uncertainty and improve efficiency. Lean values promote organizational adaptability, efficiency, and intelligence. 
Industry 4.0 technologies create lean supply chains and networking. Digitizing equipment has modernized lean 
processes and introduced new technology. Continuous organizational excellence can only be achieved this way. 
[111, 112]. When lean practices are combined with Industry 4.0, high-performance maintenance systems can be 
set up that can efficiently exchange data with other connected devices. Professionals’ decision-making in today’s 
competitive markets relies heavily on their ability to gather and analyze information from a variety of sources [54, 113]. 
Through careful study, the device can anticipate failures, alter its configuration, and respond to changes. Predictive 
management analyses massive data sets using real-time monitoring. This method uses regression analysis to warn 
and notify. Mining has the key to maintaining global economic prosperity. However, the necessity for environmentally 
sustainable and secure alternatives to natural resources raises worries about global warming and carbon emissions 
[114].

Technological advancements like the capture and storage of carbon have the ability to significantly mitigate the 
ecological impacts associated with mining activities. This involves the extraction of CO2 from submerged storage 
locations and its subsequent sequestration in the atmosphere, effectively immobilizing it for extended periods of 
time, hence minimizing its release throughout the mining process [115, 116]. After mining, mines are closed and 
regenerated to maintain a stable environment. Researchers synthesised a polymer to boost plant growth in heavy 
metal-polluted soils. The industrial sector is becoming digital, automated, and complex, reliant on computers and 
advanced technology. Industry 4.0 describes the trend towards increasing interconnection, automated procedures, 
and artificial intelligence in numerous businesses [117].

Technology integration is crucial to factory preparedness because it combines continuous manufacturing 
with adaptive installation stability. We can quickly adapt to consumer demands due to our increased flexibility. 
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Compared to conventional conveyor systems, it requires less investment. Natural resource-based businesses 
confront problems from resource shortages, environmental degradation, and climate change. Thus, they prioritize 
ecologically responsible options that promote financial growth while minimizing climatic damage.[118]. Industry 
4.0 generates a beneficial impact by employing organized methodologies, encompassing goods, procedures, 
and system-level innovative approaches, to foster sustainable value creation. The achievement of this objective 
necessitates a continual flow of closed-loop elements throughout the production process, facilitated by effective 
waste disposal systems, the use of lean manufacturing principles, and the utilization of technologies tailored to 
support sustainable manufacturing methods [119]. Sustainable industrial technology protects the environment 
and ensures methodological cleanliness. Industrialization has tarnished various ecosystems. Lean manufacturing is 
a complex strategy used to equalise industrial growth across socioeconomic structures. This strategy helps achieve 
sustainable production by applying 4R: Reduce, Reuse, Recycle, and Recover in resource management. [120]. The 
major advancements related to Industry 4.0 that contribute to the establishment of an environment that is sustainable 
are outlined below:

4.1 � The utilization of Industry 4.0 to decrease energy usage

Intelligent cities strive to enhance their standard of life and minimize energy usage through the utilization of Internet of 
Things (IoT) technologies. Business entities will collaborate to guarantee the active participation of urban populations 
in the ongoing energy revolution. The utility companies anticipate the formulation of a strategic outlook pertaining 
to innovative residential areas and advanced technological solutions, including intelligent parking systems [121, 122]. 
Manufacturers estimate and build statements that show the potential for energy savings during production, increased 
yield and waste, and lower transportation costs due to fewer customer claims. Industry 4.0 innovations and technologies 
help people grasp their goals from the start of the innovation process. These technologies also aid decision-making in 
subsequent phases. Based on technological advances, efficiency gains, and other important aspects, this phenomenon’s 
predicted worth is regularly calculated using previous innovation and research experiences [123, 124].

4.2 � Intelligent manufacturing with Industry 4.0 technology

Intelligent manufacturing refers to the integration and real-time operation of information technology (IT) systems. 
Modern technology is capable of detecting and recording tags through the automated use of electric fields. The use of 
chips has been observed, and advancements in their designs have significantly enhanced their dependability, rendering 
them suitable for utilization in production-oriented contexts [125]. Numerous sectors presently employ microchips as a 
means to oversee their stock, mitigate unforeseen periods of inactivity, and enhance asset utilization. The idea behind 
Industry 4.0 is the coordinated effort of people, procedures, and technology. Hence, it is imperative to integrate them 
at a pace that won’t result in worker confusion [126]. Start by doing a readiness assessment to spot potential areas for 
low-cost, high-impact Industry 4.0 innovations. Drones can be used to gather information at various points in a project, 
which can then be used to inform different types of scenarios, tools, computerized reports, examinations, and more 
in-depth decision-making and outcome analysis [127, 128].

4.3 � Industry 4.0’s commitment to information transparency

The interconnectivity and openness of information facilitate decision-making for operators within and outside production 
facilities. The capacity to integrate local as well as international intelligence concurrently has a tendency to augment 
decision-making capabilities and boost overall efficiency. The application of big data analysis is employed to identify 
significant correlations, trends, patterns, and consumer preferences within vast datasets, hence facilitating commercial 
advancement in the realm of computer technology. Big data analysis used within the framework of Industry 4.0 offers 
far-reaching consequences, particularly in the area of smart manufacturing. In this regards, the analysis of sensor data 
from production machines enables the proactive identification of maintenance and repair requirements [129].

Companies encounter manufacturing efficiency and leverage self-service solutions to get real-time data. They 
also employ proactive maintenance optimization and utilize manufacturing technology. Big analytical firms leverage 
substantial quantities of customer data to improve strategic decision-making through the comprehension of patterns 
as well as the identification of trends. Using cloud computing, the system collects massive volumes of data from 
cutting-edge sensors and IIoT platforms in order to identify trends that enhance the effectiveness of supply chain 
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management [130]. Covert output variables can be found using big data analysis. Producers use selected data analysis 
to identify bottleneck sources. This encourages producers to increase productivity while reducing expenses and 
waste. Big data analytics aims to improve supply chain efficiency, pricing optimization, defect prediction, product 
development, and smart factory building. The consolidation of massive manufacturing facility data can be streamlined 
with self-service choices engineering evaluation. For decision-makers, the self-service platform allows real-time data 
analysis, pattern recognition, mistake tracking, and visualization.

4.4 � Water‑specific aspects of Industry 4.0

New possibilities for better asset management are presented by Industry 4.0, encompassing functionalities 
like real-time remote surveillance, smart water examination, and alarm-triggered preventative maintenance. By 
using dependable surveillance methods, this study proposes strategies to boost the efficiency of climate response, 
strengthen community engagement and communication networks, and guarantee the sustained provision of water 
resources to both rural and urban regions [131]. These capabilities enable the water sector to effectively meet growing 
needs, efficiently manage infrastructure and resources, and optimize operational expenses while providing improved 
and expedited service to consumers. The industry sector is currently undergoing a change process similar to that 
experienced by retail and financial organizations over the past many years [28].

4.5 � Industry 4.0 to cut down air pollution

Solar panels and other forms of renewable energy infrastructure may be connected to the reliable power grid. 
Technologies based on software for an intelligent grid are used at these establishments. Emissions and the quality 
of the air in cities may be drastically improved by using automated methods [132]. No haze is being produced, and 
the air is improving. The roadways can have better traffic management and reduced congestion as a result. Smart 
cities will drastically cut their energy use, garbage production, and greenhouse gas emissions. To achieve national 
sustainable goals, we require zero-waste systems that encourage maximum reuse, recycling, and revitalization across 
all industries [133]. Digitization enables a single market. Owners, landlords, and affiliated websites enable house, car, 
motorbike, and appliance sharing. Resources must be pooled to reduce waste and digital transformation costs. Green 
technology and a new digital transformation are happening simultaneously. However, considering both together 
was rare. Only in the past decade has exponential progress been tied to cutting-edge technology and environmental 
responsibility. Every organization needs vast digital operations. Thus, cumulative digitization has great promise for 
sustainable goals [134].

4.6 � Industry 4.0’s role in connecting supply chains

Supply chain integration is not limited to the manufacturing sector alone. The whole chain of supply, including the 
suppliers, may be connected laterally. The process industry won’t thrive without Industry 4.0, especially the manufacturing 
sector, but it also generates social uncertainties that are comparable to those in which processors were involved at 
the same time. The new fourth industrial revolution is more of a controlled system than an unbridled upheaval [135]. 
Computerized future world prediction has significant implications for both production and upkeep. Sensors play a vital 
part in embracing Industry 4.0, instead of merely an important smart supply chain. Sensor data must be properly analyzed 
and consistently of high quality [136, 137]. Predictive maintenance is only one example of how forward, downstream, and 
simultaneous systems may benefit from Industry 4.0 technology. Without the right sensors, all more advanced devices 
are flying blind, making poor judgments based on unreliable data. Effective and quick sensor calibration is crucial for 
accurate data collection, which the maintenance crew may find surprising. Automate and improve the factory floor with 
the help of intelligent machines; this technology transformation will have an impact on both businesses. By allowing 
manufacturers to demonstrate their wares and procedures to customers in a simulated environment, virtual reality is 
revolutionizing manufacturing processes and implementation lines in the factory. It allows for the resolution of issues 
and the delivery of high-quality item to customers. This information, collected by various Internet-of-Things devices, 
may be used to predict future occurrences [138].
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4.7 � Operational control using Industry 4.0

Embedded technology from Industry 4.0, such as intelligent instruments, infrared representation, and commercial 
recording devices, allows the manufacturer to collect data on assembling and regulate activities. The result was 
improved productivity, accountability, and competitiveness across the board [139]. Smart engineering aiding cutting-
edge technologies like IoT, AI, augmented and virtual reality, and ML: that’s Industry 4.0. In order to improve their 
security, rivalry, and dependability, businesses are implementing improvements today that will allow our clients and 
collaborators to bring this truth closer to the forefront [140]. Interoperability is especially important in the design of smart 
manufacturing facilities since it guarantees that inputs will produce the expected outputs. In certain cases, this is due to 
the unreliability of external or internal organizations. Manufacturers and enterprises have a track record of meeting or 
exceeding customer expectations, according to available evidence [141]. Businesses in the manufacturing sector would 
benefit from learning more about decentralized innovation processes and making greater use of cloud analytics. For this, 
we’ll need to employ cutting-edge strategies like crowdsourcing to get usable information. Technology, electronic devices 
and airplanes have all advanced thanks to technological breakthroughs. AI, robots, additive manufacturing, sensors, and 
other technologies are currently propelling us toward the Industry 4.0 era. This new wave of change is a big motivator. 
There will likely be fundamental shifts in the way commerce and economics function [142].

4.8 � Some applications of Industry 4.0 to establish environmental sustainability

In Industry 4.0, digital technology is integrated into the manufacturing process alongside physical labor. In order to 
increase productivity, streamline operations, and speed up development, businesses may take use of machine learning as 
well as data processing in real time. With the help of Industry 4.0 breakthroughs and technology, manufacturing may have 
entered a new sustainable era. By increasing efficiency, performance, adaptability, and dependability, the use of digital 
technology helps firms succeed financially and endure for the long haul. Companies make investments in intelligent 
production because of the promise of increased output volumes and efficiencies along with reduced operating, capital, 
and administrative expenses [143, 144].

Industry 4.0 allows us to learn both the qualitative and quantitative benefits of intelligent manufacturing. The 
operations of these supplementary providers consist of component packing and shipment of goods and shortened 
delivery times and prices [145]. To alleviate most problems and provide value to plant operations, the underlying network 
infrastructure must be as solid, reliable, and future-proof as feasible. The potential of 5G technology lies in its ability 
to provide a unified infrastructure for high-volume, high-security, and high-volume industrial automation use cases. 
Advanced cellular IoT and cyber-physical networks made possible by 5G are preparing the way for the next wave of 
industrialization [146, 147]. Improved industrial output and a deeper comprehension of the climate impact are both 
conceivable due to the Internet of Things. The fourth industrial revolution emerges at the perfect the midst of the most 
vital era for action on climate change. The implementation of IoT would be greatly simplified with the advent of 5 G 
networking [148]. On the manufacturing floor, one exciting technological concept that we are implementing is the 
employment of remote specialists. Using VR, a user may communicate with a local service expert and receive assistance 
in real-time [149, 150]. Here, we have compiled a comprehensive list of 18 specific applications of Industry 4.0 that 
contribute to the development of environmental sustainability. While Industry 4.0 has a wide range of applications, the 
authors of this study have identified and determined 18 specific applications after examining relevant literature. This 18 
is a random number, it could be more or less.

Applications Brief description

Enhanced productivity Industry 4.0 aims to boost output, competitiveness, and ROI. The rewards are 
immediate and can start a cycle of investment, return, and more investment 
depending on success. Competition boosts financial outcomes, which 
can be used to expand capacity and output. Energy efficiency is crucial 
to Industry 4.0. This helps forward-thinking companies maximise their 
resources and services. In an increasingly complex and fragmented market, 
numerous energy sources must be integrated [101, 151–153]
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Applications Brief description

Optimization of production To an outsider, a cloud-based computing network seems to function as a 
unified whole. Manufacturing optimization, risk forecasting, and reduced 
downtime can all benefit from this information. Each component, sensor, 
actuator, gadget, artificial intelligence, and human may share and receive 
information more effectively and freely when systems are interoperable. 
Industrial machines and other computers are increasingly being operated 
via cloud services. Big data and analytics are terms used to describe the 
massive and ever-changing data sets made possible by advances in machine 
learning technologies [154–157]

Smart, sustainable plants Industry 4.0 will become standard in the smart industrial unit of the future 
as more companies adopt greener manufacturing practices. Production 
and manufacturing underpin the global economy. Businesses now can 
use connected manufacturing gear, AI-powered power grids, and other 
IIoT devices. We can promote sustainable development and use by using 
Industry 4.0 technologies. The global organization’s responsible resource 
management is based on circular economy and climate consciousness 
[158–161]

Digital data with a favorable impact on the environment This encompasses the range of services and goods offered by our 
organization, as well as the utilization of technology for digital 
communication and information to effectively address and reduce the 
favorable environmental effects caused by various industries. Various 
instances in the process of production have been found, examined, and 
implemented in industrial settings to substantiate and measure the 
beneficial effects of smart manufacturing through the utilization of digital 
technology [162–165]

Friendly to the environment Higher levels of automation improve worker safety and efficiency. Wireless 
remote controls and haptic feedback over 5G networks enable heavy 
machine control. This idea improves public safety and environmental 
sustainability. Implementing IoT technology has improved mining safety 
and activities and enabled various new use cases. Automating ventilation 
systems, monitoring workers and vehicles in real time, and using remote-
controlled equipment are examples [166, 167]

Waste Minimization The automotive industry enthusiastically adopted lean. Zero waste is the 
goal of lean production. Lean thinking can save producers money on 
packing, supplies, and power. The action performed in relation to the 
effects of climate change gives a chance to improve public perception 
and economic growth through green branding and sustainable practices. 
There appears to be a correlation between the concentration of cheap 
sensors, collaboration, and analysis of big data, all of which contribute to 
a productive manufacturing system. These advances teach manufacturers 
and distributors how to optimise operations for cost savings and better 
customer service [168–170]

Waste material recycling and reusing Some examples of strategies that encourage sustainable manufacturing 
processes include recycling to extend and reuse raw resources, using 
domestic waste products, and creating interconnected marketplaces for 
differentiating by-products. The efficiency of many manufacturing facilities 
has increased as a result of new emphasis on ecological production 
methods. Gains in manufacturing resource efficiency via the utilization 
of immense amounts of data generated by robots define the future of 
"Industry 4.0." Due to an increase in available options, this also benefits 
health care [16, 171, 172]

Lower carbon emissions and controlling pollution Factories in several industries have made strides toward lessening their 
plastic and rubber, carbon, and contamination of water effects. Industry 
4.0 technologies including robots, renewable energy, data collecting 
and forecasting, the Internet of Things, and digitalization are crucial to 
this. Electricity, trash, and traditional energy sources are not required for 
production. Institutions dedicated to research and development make 
use of the aforementioned technological advancements. Future studies 
will focus on topics including solar energy use, security of energy, and 
construction that is lightweight [173, 174]
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Applications Brief description

Consideration of climate change Industry will profit from these climate change and sustainability initiatives 
and tools. The exponential roadmap improves collaboration between 
scholars, corporate executives, and social activists. World economies are 
about to deteriorate. Due to digital technology’s widespread availability, 
new firm structures and exciting consumer opportunities have emerged. 
Innovative business models that increase security, inclusivity, affordability, 
and sustainable development for all parties may also affect civilisations’ 
sustainability [175–178]

Sustainable construction Industry 4.0 can make buildings sustainable from construction to 
maintenance. BIM software helps architects create greener buildings. Use 
digital technology to add eco-friendly microorganisms that repair structures 
to commercial and industrial buildings. Industry 4.0 provides green 
building plans and methods. HVAC systems automatically optimise energy 
efficiency after installation. Sensors and Internet of Things devices may alert 
environmental control systems to switch off lights and HVAC when users 
leave a facility [179–181]

Improving skills and making automation more flexible: Training is needed for Industry 4.0 jobs. Academic and practical education 
improves company solutions and builds a ready workforce. Technological 
breakthroughs in the past century have changed business and industry. 
Tech-heavy Industry 4.0 merges systems, computers, and products. Flexible 
automation relies on robotics for soldering, plasma cutting, assembling, 
and finishing. Any provider can benefit from robots. Properly deployed 
robot systems improve quality management, workplace health, job flow, 
efficiency, and employee pleasure [182–184]

Increased long-term advantages These developments suggest a complete approach to technical advances, 
manufacturing, and sustainability effect analysis to maximise intelligent 
production’s sustainability benefits. Many technologies and criteria are 
used to evaluate and categorise manufacturing processes, including 
5G commercial wireless connection, IoT, AI, and VR/AR. Innovative 
ideas improved business processes, environmental responsibility, and 
collaboration between producers, distributors, and customers [185–187]

Enhancing the efficiency of markets Through thorough and cost-effective waste management, sustainable 
manufacturing connections and complexity overlap areas, locations, and 
categorised attributes of diverse processes, improving market efficiency 
and modelling. Modern organisations use renewable energy for energy 
and modern technologies for production, distribution, and supply chain 
activities. Organisations also use innovative methods and technology to 
improve energy management, decrease costs, and expedite processes 
[188–191]

Management of products and services Industry 4.0 is done by integrating measurement devices and a 
comprehensive architecture for industrial businesses’ information and 
automation, especially in power and service management. Increased 
capacity to gather, transport, and store energy supply, utilisation, 
production, and transformation data. Advanced AI approaches may now 
identify and analyse variable styles of interest across numerous sectors due 
to increased data availability and computer resources [192–195]

Management of all industrial activities Industries automating their operations should not disregard the importance 
of current data. All company data is instantly available from any computer 
with cloud computing. Sensors and cameras may improve engineer 
efficiency by offering insight. Production engineers might offer maintenance 
workers the product’s entire assembly instructions to demonstrate shop 
floor concerns. Industrial processes and supply chains can now incorporate 
3D printing and nanotechnology, making manufacturing more flexible and 
resource-efficient [196–198]

Innovation for ecological betterment Industry 4.0 includes cutting-edge green automation and commercial 
collaboration. Machine-human communication has improved automated 
industrial processes, lowering waste and increasing efficiency. An IoT 
network comprising actuators, sensors, and computers may share data. 
Virtual twins mimic real-world items and systems. Digital twins enable 
future planning, data collection, device monitoring, and more. Advanced 
processing, networking, mechanical processes, and physical and natural 
surroundings are common in cyber-physical arrangements [199–201]



Vol:.(1234567890)

Review	 Discover Sustainability            (2024) 5:97  | https://doi.org/10.1007/s43621-024-00290-7

Applications Brief description

Fast assessment and correction of a wide range of problems Most industries have cut new product production and consumer delivery 
times. Big savings for the company and industry. This level of detail 
allows new item advice, routine maintenance, and error detection and 
elimination. No standard regulation governs alternative approaches and 
implementations, so organisations cannot handle these issues alone. 
Sustainability consultancy services help companies of all sizes and 
sectors meet their environmental performance goals using Industry 4.0 
technologies, professional software, and industry-specific information. 
These concepts could change factory floor small-scale production [202–204]

Execute all the essential tasks Machine learning (ML) is an area of artificial intelligence (AI) that develops 
algorithms and models that can analyse and interpret data without 
scripting. One major research and development project identified 
educational, strategic, subsidy, working group, and advanced research 
opportunities for SMEs. This sector prioritises data protection processes to 
prevent exploitation of personal and business data [205–207]

5 � Discussion and insights of the study

Firstly, it is important to note that the environment offers a limited and insufficient supply of natural resources. Hence, 
it is crucial to emphasize that sustainability holds immense significance, not just for businesses but also for the society 
and the aspects of economic progress. If these resources are not conserved and protected, corporations would soon 
run out of raw materials for manufacturing. An optimal scenario for environmental sustainability occurs when natural 
resources have the potential to replenish themselves and may be utilized without negatively impacting the production 
life cycle. The concept at hand cannot be accurately measured using a specific scale, but rather by observing changes 
in sustainability.

Environmental sustainability may be measured by progressing towards a distant objective from the ideal sustainability 
point, in order to attain both sustainable production and consumption. Considering this, we assessed the sustainability 
effects by evaluating if there was a progression or regression towards a sustainable condition that incorporates and 
promotes the United Nations sustainable development goals (SDGs). In this instance, we attempted to employ pertinent 
factors that would provide explicit significance to our situations. Consequently, our objective was not to assess or 
quantify indicators, but rather to employ a methodical methodology and an exploratory viewpoint. This offers a clear 
comprehension of the subject matter, avoiding any vague or intricate methods for ascertaining how to guarantee the 
long-term viability of the ecosystem.

By incorporating quality into a company’s overarching approach for using technology, Industry 4.0 offers a unique 
competitive edge. Industry 4.0 is already being implemented in many contexts throughout the world, and it is 
transforming several sectors, from production to customer service. The time is here for businesses to adopt Industry 4.0. 
Using the tools made available by the Fourth Industrial Revolution (I4.0), designers may create digital blueprints based 
on their own unique body of knowledge. The dangers of mistakes in manufacturing, labeling, and packing are plain to 
see. Being vigilant and conducting rigorous testing and controls appropriate for Industry 4.0 technologies is crucial. 
Making a greater quantity of the same product by taking benefit of economies of size is one of the primary advantages of 
the initial production adjustments. Mechanical producers absolutely must accomplish this delivery. Industry 4.0 has the 
potential to deliver all of the necessary answers. Digitally developed integrated workflows in intelligent manufacturing 
facilities simplify and adapt the design and production of any goods beyond imagination.

Industry 4.0, which is the latest revolution in industry, can boost green production. Smart factories create massive 
volumes of data, requiring data analysts, machine learning specialists, and Big Data experts to analyze, optimize, and 
maintain the production. This sees a possibility and trains us for a new assignment utilizing new technology. Almost 
anything may be concluded from the data. Without digitization, business models and manufacturing costs were hard to 
measure and understand. Resource shortages, electricity demand, and energy limitations affected industry operations. 
Nevertheless, the incorporation of robots, AI, and ML has facilitated the process of data acquisition pertaining to these 
concerns inside factories. Consequently, this advancement enables factories to strive towards the development of a 
facility capable of effectively managing limitations associated with power, raw materials, and energy. This would result 
in a substantial reduction in manufacturing expenses, therefore aiding enterprises in enhancing their competitiveness 
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and stability. The phenomenon in question has been in existence for a number of years and is projected to experience 
further expansion in the upcoming months, hence fostering increased levels of innovation and enhanced quality. The 
current era of industrial transformation presents an opportunity for us to actively capitalize on its potential and construct 
a more significant, purpose-oriented, and environmentally sustainable milieu. The fundamental aim of the present 
structure is to provide a thorough set of rules on how to apply Industry 4.0 technology in a way that supports and 
promotes sustainability. Predominantly, the investigation aimed to analyze an organization’s decision-making process 
in determining the prioritization of sustainability problems.

6 � Implications of this study

While this research does not specifically aim to measure the quantitative impact, it is important to note that the 
environmental impact is greatly influenced by the use of biophysical resources. In order to fully capitalize on the 
advantages of Industry 4.0, it is essential to establish and enforce effective policies that safeguard and preserve the 
environment and its ecosystems from the adverse effects of Industry 4.0, particularly in relation to energy transition and 
policy development for the use of different instruments. All parties should be concerned about this. Develop policies 
that align with Industry 4.0 and its technology, while also promoting energy efficiency in production, transportation, 
and consumption, in order to ensure a sustainable future.

The notion of environmental effect may be conveyed through factors such as population, trash, and technology. 
Evidence of beneficial effects in subjective terms has been discovered through the use of this method, which is associated 
with the third concept. To estimate the quantitative environmental impact of Industry 4.0 technology, it is necessary to 
use specific approaches such as material intensity, life cycle analysis, and energy calculations. In order to implement such 
a framework, it is necessary to provide a certain context and time period. However, this is not within the scope of our 
research. Policymakers would gain valuable insights by conducting scenario-based research, enabling them to anticipate 
the effects resulting from the transformation of Industry 4.0 on production systems. Nevertheless, the development of 
Industry 4.0 is ongoing and it is encountering several obstacles that require regular examination in order to prevent any 
adverse effects on environmental sustainability.

Each day, the population and consumption of resources are growing, but we fail to utilize technology (namely Industry 
4.0) that might effectively manage the situation and promote sustainability. Considerable emphasis has been placed 
on prioritizing profit generation at the expense of neglecting environmental preservation and social considerations. 
Sustainability cannot be attained by addressing a single component, but rather encompasses three fundamental 
dimensions. Industry 4.0 is a crucial tool for overcoming obstacles, but if not properly integrated, it might have disastrous 
consequences. Based on future projections, it is evident that resources will inevitably become depleted due to the 
escalating pace of daily consumption and production. Proper management of recycling, reusing, and reducing may 
be quite beneficial. Hence, it is very recommended that all parties involved implement these 3Rs. Furthermore, the 
use of technology, namely Industry 4.0, is strongly promoted. Additional investigation may be conducted on the 3Rs 
using a rigorous scientific approach. Furthermore, governments should allocate additional funding for research and 
development, providing policymakers with a competitive edge in anticipating and mitigating the most severe outcomes. 
Another obstacle arises from the lack of collaboration among stakeholders, necessitating enhanced consultation through 
training sessions, seminars, and workshops to foster awareness.

7 � Conclusions

The main objectives of this paper was to explore the utilization of Industry 4.0 in the field of environmental sustainability 
from existing literature. Firstly, the brief introduction of Industry 4.0 and environmental sustainability has been 
discussed. This research study investigates the influence of Industry 4.0 technologies on the promotion of environmental 
sustainability in the manufacturing sector and other associated industries. The adoption of Industry 4.0 technologies and 
the complex linkages enabled by current technology are anticipated to have a beneficial impact on the environment. 
In the era of Industry 4.0, the integration of communication and information technology has led to a close relationship 
between industrial production and technology. This has resulted in improved scalability, competitiveness, and the 
acquisition of knowledge. Industry 4.0 refers to a collection of principles, recommendations, and technical innovations 
that support the development and functioning of both new and existing industrial facilities. This framework enables 
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customers to choose from a range of production models, while taking use of adaptable robotics, information systems, 
and communication technologies that may be customized to suit different levels of output.

This study aims to analyze the significant benefits of Industry 4.0 in the context of sustainable manufacturing. 
Moreover, the goal of this study is to determine the precise tools and components linked to Industry 4.0 that contribute 
to the advancement of a sustainable ecosystem. The intent of this study is to conduct a thorough examination of current 
literature in order to determine the efficacy of Industry 4.0 technologies in advancing environmental sustainability. 
Moreover, it provides a thorough analysis of the possible uses of Industry 4.0 in addressing environmental issues. 
This report identifies and analyses 18 important applications of Industry 4.0 that contribute to the advancement of 
a sustainable environment. Thus, this offers a more thorough understanding of the manufacturing environment, 
distribution networks, delivery systems, and market results. Overall, the implementation of Industry 4.0 technology 
seems to have environmental sustainability characteristics. This is because it allows for the manufacture of commodities 
with improved efficiency, resulting in a decrease in resource consumption.

One of the most important aspects of sustainable energy management that may be improved with the support of 
Industry 4.0 technology is digital automation. The mineral extraction, oil, and gas industries rely on IoT technologies like 
robotics and data analysis to maintain operational productivity at required levels. The positive effects of digitalization on 
many different industries are increasingly seen in their respective intelligent supply networks. IoT sensors integrated with 
drone are employed in facility and line inspections, opening up new avenues for promoting environmental sustainability. 
Petroleum, water, gas, and consumption of energy information are all up-to-date on smart grid meters. Temperature, 
humidity, and vibration variations may also be detected by IoT systems, allowing for the prevention of system failure and 
the enhancement of human safety. Input from Internet of Things (IoT) equipment linked to a company’s physical twin 
can be used in the digital twin’s tracking of key success indicators. The goal is to use the information in machine learning 
systems, notify operators of potential issues, calculate potential expenses, and offer ecologically responsible remedies. 
Using digitalized information as a sustainable operating platform, the cloud can process a potentially endless amount of 
industrial data. In order to teach new employees how to create complex algorithms, new technology can replace human 
data entry in a computerized database. The manufacturer needs to be able to adapt quickly to fluctuating consumer 
demand, emerging product trends, a shortage of qualified workers, and other upcoming challenges.

7.1 � Limitations and future research directions

This study is only focused on the impact of Industry 4.0 on environmental sustainability. More study is required on 
sustainability in the social and economic spheres in addition to the environment because of the topic’s complexity and 
significance for future generations. Furthermore, the utilization of PRISMA (Preferred Reporting Items for Systematic 
reviews and Meta-Analyses) might enhance the robustness of this research. Besides, the presence of intricacy in both 
natural and technological environments invariably influences the extent of comprehension. If we overlook some crucial 
elements pertaining to the system under investigation, it might potentially compromise the efficacy of our decision-
making process. In addition, it is crucial to analyze the structural, functional, and qualitative factors.

In Industry 5.0, humans and machines work together more. Industry 5.0 continues the cyber-physical connection 
that began with Industry 4.0, altering living, thinking, and interacting. The next technology revolution must define 
human–robot cooperation and how we work together. As automated processes, artificial intelligence for machines, 
and robots help people and take over distribution, manufacturing, and operations, human–machine collaboration 
will expand. Due to rapid change, workers, governments, legislators, and regulators struggle. Worker participation is a 
hallmark of Industry 5.0. Manufacturers must use technologies that enable client customization, product development, 
and after-sales assistance to meet rising demand.
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