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Abstract

:

Industry 4.0 is a concept that originated from the German industry, and whose essence is the use of technology for efficient production. In business today, the emergence of Industry 4.0 for production, and its related technologies, such as the Internet of Things (IoT) and cyber-physical systems, amongst others, have, however, a negative impact on environmental sustainability as a result of air pollution, the poor discharge of waste, and the intensive use of raw materials, information, and energy. The method used in this study is an analysis of a literature review of manuscripts discussing topics related to Industry 4.0 and environmental sustainability published between 2000 and 2020. There is currently a gap existing between the actual and the desired situation, in that production occurs in a weak sustainability model, and, therefore, this research debates the effects on environmental sustainability and the challenges facing Industry 4.0. Four scenarios are discussed: a deployment scenario, an operation scenario, integration and compliance with sustainable development goals, and a long-run scenario. The results indicate that there is a negative relationship related to the flow of the production process from the inputs to the final product, including raw materials, energy requirements, information, and waste disposal, and their impacts on the environment. However, the integration of Industry 4.0 and the sustainable development goals enhance environmental sustainability to create ecological support that guarantees high environmental performance with a more positive impact than before. This paper will help stakeholders and companies to provide solutions to the existing environmental challenges that can be mediated through adopting new technologies. The novelty of this study is its depiction of Industry 4.0 and its technologies integrated with sustainable development goals to create a sustainable Industry 4.0 combining environmental protection and sustainability.
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1. Introduction


Industrialization is a vital process in production. Many organizations that have not adopted information technology (IT) are struggling to survive. In business today, regardless of their sectors and activities, entities have the same view concerning the future and do not want to be taken by surprise. Therefore, every sector is adopting Industry 4.0 due to the capabilities of the quality achieved in product customization. However, with Industry 4.0 there is still a high consumption of resources, raw materials, information, and energy, which is environmentally unsustainable despite numerous advantages of Industry 4.0 and this has made society and the public sector more aware and concerned about the risks and environmental challenges [1]. Therefore, this paper seeks to improve the conditions of this sector and to help it become not just economically better but environmentally and socially sustainable.



This sector of industrialization with the use of Industry 4.0 has focused mainly on production and achieving the highest profits, and this has created many problems for other dimensions. For example, the depletion of natural resources, negative impacts on the environment, unequal distribution of wealth, and inappropriate conditions of work, all of which may eventually lead to an unsustainable consumption pattern environmentally, economically, and even socially [2]. In the production system, in the context of environmental sustainability, there are limitations to ensure that natural resources are used at a constant rate not exceeding the rate of renewal of these resources, and the environmental capacity to absorb these wastes should not be ignored. The focus should be on renewable natural resources as alternatives to non-renewable ones [3]. Production occurs in a "weak sustainability" model, which means the rational exploitation of natural resources or even the minimization of waste to match what is environmentally disposable.



However, despite all of the above, and even though consumers are aware of the limited nature of resources and their importance, we are still a long way from sustainable consumption, and the demand for goods and products is much higher than real needs; there is, therefore, a great difference between sustainable consumption and actual behavior [4]. Considering the current situation, the sector encourages production and profit while ignoring other factors that will lead to diminishing limited and unlimited resources, and hence to climate instability, and serious impacts on the environment, as well as biodiversity loss [5,6]. From previous studies, we have noted the importance of the environmental aspects mentioned earlier, and that the use of Industry 4.0’s modern technology will create greater sustainability and increase the quality of products [7]. However, Industry 4.0 focuses primarily on increasing production and quality so that it can increase revenues and competitiveness. At present, this industrial revolution has focused more on production and not on an environmentally sustainable framework, even considering the many challenges facing this industry such as the unification of regulations, organizational protocols, the search for skilled workers, and the adoption of a compatible legal framework [8]. Industry 4.0 has changed the way businesses and production are conducted in their entirety, in terms of procedures, methods, and practicability [9,10]. The cost of Industry 4.0 infrastructure seems to be reasonable when budgeted environmentally, but it is still difficult to predict its direct impact on environmental sustainability [11]. Therefore, the main question is: what is the impact of Industry 4.0 on environmental sustainability and society?



The essential intention of this research was to explain to what extent Industry 4.0 can affect the flow of raw materials, energy, and resources used in production, as well as the waste and residues generated after the adoption of Industry 4.0 technologies, and whether all of these will have a negative or positive impact on environmental sustainability in the final analysis. In doing so, this paper will provide a better understanding of the accompanying impacts and thus help stakeholders and governments to adopt policies that are best suited to the ideal reflected in the adoption of these technologies [10,12]. According to the scenario approach, the methodology examined the literature involving manuscripts on the topic of Industry 4.0 and environmental sustainability. In addition, it used secondary data. This was to test the effects of Industry 4.0 on environmental sustainability. Data were analyzed for justifications, and a description was made of each type. Subsequently, the impact of Industry 4.0 on organizations’ operational scenarios was also investigated. Besides, negative and positive impacts on sustainability were studied to depict their trends. Furthermore, Industry 4.0 attributes which offer a conceivable chance of integration with the sustainable development goals (SDGs) to create greater environmental sustainability were investigated, to provide advice on policies that can align these two sectors so that they can work in harmony and create higher benefits for stakeholders. There was a prediction those good opportunities could be tapped and be beneficial in the long-term if this is worked out well. The only thing lacking was good policies that support the implementation of all these structures; and the conclusion was that the current adoption of Industry 4.0 would lead to environmental sustainability. Therefore, policies on environmental sustainability will serve as the backbone of Industry 4.0. Firstly, an analysis should be carried out to determine how inputs of raw materials, information, and energy can be controlled. Secondly, as the production takes place, there will be refined and quality products and at the same time byproducts; can these be used as raw materials again? Thirdly, upon completion of the production process, how can waste be treated before disposal in a way that can reduce air pollution through emissions of harmful gases and contaminated water and ground, and which in return can be fed back into the generation of natural resources? Finally, policies need to be put in place for the ecosystem to have the opportunity to regenerate itself, to achieve co-existence.



In the introduction, we have presented a wide discussion of Industry 4.0 and its technologies that enhance smart production, while in the literature review we have used 116 published articles to depict the key areas analyzed by other researchers and disclose the gap that necessitates our study. In the materials and methods section, the literature review is used with the papers from 2000 to 2020 on Industry 4.0. In the results, interpretations, and conclusions, policies are been emphasized as the key for a sustainable future.




2. Literature Review


2.1. Industry 4.0 and Its Technologies


This section will introduce the main concepts related to Industry 4.0, starting with a general background and then moving on to the concept of Industry 4.0 and the definition of the basic terminologies accompanying it; at the end of this section, we will describe the characteristics that will emerge from the use of these techniques, including the capabilities and functions created as a result of them. However, Industry 4.0 is a complex topic. Its complexity needs to be analyzed from three perspectives: functional, structural, and qualitative [13]. Also, these complexities can be manifested in both natural and technological settings, and always affect the level of understanding in the system that we are studying and the quality of decision-making within it [14].



The term Industry 4.0 has become a common term recently and was specifically mentioned in a German government initiative in 2011 to be a strategy for industrial production in that country [15]. According to this vision, Industry 4.0 is part of an integrated and interconnected world that has evolved through the information and communication technology (ICT) revolution. This technological change in Industry 4.0 occurs through the Internet of things (IoT) and the Internet of Services (IOS), which connect industry through a supply chain network internally and externally in an electronic way. This makes industry “smart”, and all this is supported by cyber-physical systems (CPSs). The CPS discussed in this text can be defined as systems where hardware and software parts are interconnected to yield results on a large scale [15,16]. A literature review with a systematic approach to Industry 4.0 deals with energy efficiency, and its concerns and challenges [17,18]. Hence, we can see that Industry 4.0 is a major component of CPS and IoT. Previous studies have shown different concepts of Internet-related Industry 4.0 such as the Internet of services (IOS), the Internet of Everything (IOE), and the Internet of People (IOP). Industry 4.0 includes a range of technologies alongside IOE and CPS, such as big data, cloud computing, additive manufacturing (3D printing) [19], and blockchain [20].



CPSs connect the physical elements of the industry, such as machines and other components, to an electronic layer of information systems through sensors and other devices. This technology allows the exchange of information, conducts procedures, and becomes an interconnector between humans and machines. The Internet of things (IoT) is a new term [21] defined as association by the Internet of the physical world which is equipped and outfitted with sensors, and actuators. Through this connection, all signals from the physical production system can be monitored and recorded as “big data” for later use in other processes such as creating new value, especially in the context of changing demand for innovative services [22] and new forms of employment [23]. One of the technologies used in the fourth industrial revolution is "cloud computing" which [24] is defined as computing resources and services of visualization, which is a mixture of innovation and application of new technologies like Industry 4.0 that create a meaningful and gainful impact on organizations’ operations to cut costs and create efficiency. Finally, integration of all forms of existing technologies with the physical elements in manufacturing with all related stockholders (suppliers, customers, consumers, and employees) creates many advantages for Industry 4.0, such as automation and digitization [25]. This helps decision-making because the information is available in a complete way, which limits the institutional hierarchy.



Therefore, Industry 4.0 provides new features and possibilities in manufacturing in two main aspects: the value added to the final customer and production process capabilities. We have collected the most notable advantages that we have found in the literature in Table 1.




2.2. Sustainable Environment and Industry 4.0


The sustainability of the environment in Industry 4.0 is an important topic and has been largely addressed in the previous literature. Although the previous literature represents different views on this relationship, there is no clear consensus that Industry 4.0 has a long-term impact on environmental sustainability [11]. Therefore, this paper focuses on environmental sustainability, and we will address studies that focus on dimensions that are particularly related to this. Other studies argue that start-ups and new companies included their strategies and vision on integrating Industry 4.0 and production with environmental sustainability. Studies by Ford and Despeisse [42] and Jelonek and Urbaniec [43] showed the benefits of adopting technology in manufacturing (such as 3D printing) for environmental sustainability but also revealed the presence of several challenges because the technology is still at an immature stage. On the other hand, Stock and Seliger [44] have argued that industrial value should be sustainability-oriented and Industry 4.0 provides tremendous opportunities to achieve this sustainability. In another study, the authors surveyed some German and Chinese companies to study the expected impacts of Industry 4.0 on environmental sustainability, with the environmental dimension linked through several factors: energy efficiency and resources. According to Burritt and Christ [45], environmental sustainability is positively impacted by Industry 4.0 through comprehensive digitization that provides more accurate, high-quality management and real-time event management for the external environment.



In another study by Müller and Hopf [46], the authors propose a model based on the triple bottom line (TBL), which is a model that includes the challenges and opportunities associated with the application of Industry 4.0; the authors conclude that there is an important and positive relationship between the application of Industry 4.0 and its environmental benefits so that companies tend to adopt this technology more given its benefits and regardless of the company size and industry sector. In other studies, Tim et al. [47] and Müller and Hopf [46] have proposed a roadmap aimed to promote the optimal and sustainable use of natural resources by promoting circular economy principles in organizations in an Industry 4.0 approach to the recycling of waste, which is positive for the environment.



Junior et al. [48] investigated the relationship between environmental protection and process safety variables within Industry 4.0 by exploring the existence of the common keyword in previous literature and found that there is more research linked to environmental protection and Industry 4.0 than literature relating to Industry 4.0 and process safety [49]. In other studies, Junior et al. [48], Carrillo et al. [50], and Lingam [29] have found that value creation contributes positively to sustainable development through new processes and the creation of a life cycle perspective [51] and new business models. In a study by Kumar and Luthra [52], the authors identified 18 challenges that Industry 4.0 can face when developing the sustainability of the supply chain.



Finally, we reviewed several previous literature strands linking Industry 4.0 and environmental sustainability. In summary, previous studies have used different approaches to address the subject, including exploratory studies by Ford and Despeisse [42]; interviews with specialists or experts in the field [28]; content analysis and statistical data; adoption of resource efficiency indexes for environmental sustainability assessment; indexes of efficiency for materials, water, energy, and quantity waste [43,53,54]; environmental costs [33,55]; and environmental impact reduction [55]. In conclusion, after reviewing all these studies, the challenges and opportunities associated with the implementation of Industry 4.0 are still uncertain, and the technologies associated with this industry in terms of environmental sustainability have not been adequately explored because these are still new technologies. Therefore, a gap still exists on how to integrate the efficient use of scarce resources, raw materials, information, responsible consumption, and energy with sustainable development goals in long-term solutions. To reduce pollution in the environment and achieve sustainability, the 4Rs—reduce, reuse, recycle, and replace—can be used. Hence, efficiency and eco-innovation will be realized in Industry 4.0 and the environment. This is a new finding, in addition to other the authors’ contributions.





3. Materials and Methods


To address the problem of Industry 4.0 and environmental sustainability we studied and analyzed theoretical and literature reviews by different authors. Our study included a literature review, and the method used was to collect all the manuscripts on the topic of Industry 4.0 related to environmental sustainability published between 2000 and 2020. Secondary data was also used. This enabled us to examine the positive and negative impacts of Industry 4.0 on the manufacturing sector and its primary technology from an environmental sustainability perspective. In order to obtain a holistic conception, we first went through the production system, i.e. the raw materials, energy, and information needed to process inputs into outputs to obtain products, as well as the waste and end life products, and greenhouse gas (GHG) emissions. This is illustrated in more detail in Figure 1.




4. Results


4.1. Scenario Analysis


The scenario we refer to is a set of conditions that influence environmental sustainability either positively or negatively. In Industry 4.0, inputs such as raw materials, energy, and information go through several stages of production and, consequently, needs and opportunities emerge. The description here appeared in the literature review in terms of the flow of the objects in the production process and any modification(s) that will affect environmental sustainability. In this regard, a scenario-based analysis was used to examine the environmental impact in terms of sustainability. This included, for example, the use of sustainable energy in production, and at the same time, attempts to recycle output waste for better consumption, as has been illustrated in previous research studies. We studied the benefits of Industry 4.0 concerning environmental sustainability in the four scenarios, as follows in Table 2.



Figure 2 explains how all the scenarios are foreseen from the production stage, and the operation stage integrated with SDGs, to achieve environmental sustainability using Industry 4.0.



The below is the model of the operation in Industry 4.0 and references from custimazation to efficiency shows how the deployment and operation with SDGs are integrated to obtain long sustainability both in the Industry 4.0 and environment in theoretical and framework analysis.



Modality customization [19]



Real-time data [56]



Raw material energy information [2]



Industry 4.0 concepts [57]



Product waste [58]



Cloud [59]



Big Data, 3D printing [60]



Internet of Things [59]



Cyber physical systems [25]



Efficiency flexibility agility [36]



Source: Authors’ own editing (2020). IoT—Internet of things.



Deployment Scenario


Without a doubt, the effects of Industry 4.0 and its benefits are evident. Smart production [61], real-time data, and automation are some examples of these positive effects. However, Industry 4.0 is still faced with environmental sustainability challenges. The infrastructure required to enable Industry 4.0 to be operational is highly demanding of new machines, software, and hardware, which might be very costly at the beginning, although in the long run, the benefits will outweigh the costs. In the production process, energy is required for the transformation of inputs to outputs. However, emissions of SO2 and CO2 are released, which are toxic, so a solution is required to avoid health problems. The impact of Industry 4.0 on environmental sustainability will be shown in Table 3 below.



Table 4 shows the expected operational scenario needs of the Industry 4.0 technology framework impacts on the flow of energy, based on the literature.



Table 5 shows how Industry 4.0 offers and creates opportunities throughout its operation, and we can observe the effect of the cause–effect impacts on the relevant flows.



Table 6 shows the integration of the approaches between the SDGs and Industry 4.0 elements and the opportunities for improvement that emerge from that integration. After reviewing many works in the literature, we concur with Bonilla et al. [2] that if good use is made of Industry 4.0, it can be well integrated with the sustainable development goals, which can result in efficiency and the effective use of non-renewable and renewable resources [65].



Table 7 below illustrates the benefits realized in the long run, when all the stakeholders come together to overcome challenges of Industry 4.0 and turn them into opportunities for investors.



In the long term, Industry 4.0 will rely heavily on public choices, social responses, legal structure, and homogenous distribution. Sustainability will be heterogeneously distributed between countries with different digitalization levels, which will lead to niches of non-sustainability patterns and inequality. Nevertheless, the table below shows how these challenges can be converted to opportunities by adopting Industry 4.0, which leads to sustainability and enhances policymaking.



Table 8 shows the benefits of Industry 4.0 that outweigh its challenges to sustainability.



However, an explanation should be given here. It should be noted that sustainability is a broad concept; therefore, flows chosen to address environmental sustainability have already been used elsewhere [37]. When an event is implemented, calculations of flow patterns will become simpler. Nonetheless, the positive effect of activities on the flows is highly dependent on the production quantity. When production increases, flows will also increase and there will be a transformation of negative impacts into positive trends by adopting an e-commerce environmental sustainability dimension. Table 9 shows the advantages and disadvantages of Industry 4.0 and environmental sustainability.






5. Discussions


5.1. Environment Sustainability


First, we would like to mention that the environment provides scarce and limited natural resources. Consequently, it is of great importance to focus our attention on the fact that sustainability is extremely important, not only for companies but also for the community and economic growth dimensions [99]. Without conserving and protecting these resources, sooner rather than later companies will have no raw materials to use in production. The ideal situation of environmental sustainability is where natural resources can regenerate themselves and be used without compromising the life cycle of production. This cannot be quantified in terms of measurement in scale but an increase or decrease in sustainability. Bonilla et al. [2] stated that it will be possible to quantify environmental sustainability by moving towards a distant goal from the ideal point of sustainability to achieve not only sustainable production but also consumption. With this in mind, we measured sustainability impacts by determining whether there was an increase or decrease towards a sustainable state that integrates and supports the United Nations sustainable development goals (SDGs) [100]. In this case, we attempted to use relevant parameters that would give direct meaning to our scenarios. As a result, our purpose was not to measure indicators or quantify them, but rather use a systematic approach and exploration perspective. This provides an easy understanding of the topic without ambiguous and complex procedures to determine how to ensure the sustainability of the environment.



Goodland and Daly [101] carried out a comparison and came up with interesting examples that can be used to measure performance in sustainability systems. Through these studies, we found connections and parameters that had similar characteristics that are desirable for this measurement. According to Habbard [102], a business strategy to ensure environmental sustainability must factor in the following parameters: the performance of companies and the environment. These desirable characteristics allow us to determine whether there was a direct relationship or a cause–effect relationship, simply because it is easy to use, handle, examine, and control internal and external interference.



To determine the influence of Industry 4.0 on environmental sustainability, we investigated the four scenarios in manufacturing activities. Due to a lack of literature on sustainability in the environment and Industry 4.0, we carried out a cross-section study from different authors’ analyses to be able to get a good basis for an evaluation and determination of the sustainability concept. Through the literature, we identified that the digitization of industrial production will positively influence environmental sustainability, as such factors of resources and consumption will be efficiently utilized, as was found in the results of German and Chinese companies in the survey undertaken by Beier et al. [53] of green manufacturing technology as one of the benefits of Industry 4.0, among many others.



Current technologies in Industry 4.0 produce a cause–effect relationship in the manufacturing industry and help activities that are related to environmental sustainability. Breaking down scenarios into smaller categories made the process of detecting the requirements and needs that will become evident in the future much easier. Moreover, the opportunities that appeared after filtering Industry 4.0 components can be captured in more detail in the results tables. Therefore, when comparing scenarios one and two with each other, various implementation techniques were studied. According to the results, the application of Industry 4.0 would lead to fewer negative impacts and more positive impacts in terms of the use of materials, energy, information, and high-quality products. Various degrees of adherence to the SDGs’ fundamentals were investigated while comparing scenarios two and three, which is of great importance. Through the results, it was noted that SDGs numbers 7, 9, 12, and 13 were more suited to our topic of discussion. This was because affordable clean energy and responsible consumption are elements of sustainability methods. Developing industries that are efficient and can protect the planet against climate change is the priority of everyone on Earth, to ensure our survival. In scenario 4, results showed a temporal prognosis with two different and opposing trends, i.e., SDGs support all the operations and ensure environmental sustainability can be enhanced through integration. Therefore, to attain long-term sustainability integration is the main objective.



As demonstrated by comparing scenarios one and two, environmental sustainability trends were stage-dependent. At the deployment stage, the trend was said to be negative, while the operational stage turned positive. Supporting policies and inventions will be required to increase the possibility of converging Industry 4.0 technologies to the SDGs’ platforms. Industry 4.0 will transform opportunities to proactive responses if it is integrated with the SDGs, but to establish good environmental performance well-established eco-innovation should be used in this integration. When properly prepared, environmental sustainability will be provided with a higher range of opportunities by means of the functionalities developed.



For Industry 4.0 to be realized, three stages must take place: digitization, automation, and integration. During the production process, there is wear and tear on machines, and at a certain point in time machines become obsolete and must be replaced with new ones. In addition, there is a high level of consumption and use of raw materials and energy. The environment is on the receiving end where waste is concerned. Recycling must take place, and therefore, to avoid a negative environmental impact, recycling is highly encouraged, and more energy-saving will be achieved. This creates a win–win solution for policymakers, factory managers, governments, and organizations and will ensure environmental sustainability.



With Industry 4.0, the operation scenario represents the predictable status quo and how it affects the raw materials needed for energy consumption, storage, data collection, and analysis. The operation of Industry 4.0 has developed and exceeded the expected level. It is automatically linked and shares the information and data of the system and is smart enough to predict and preserve machines and maintain them to monitor the production process and manage interdependently a decentralized factory system [103]. It is decisive for Industry 4.0 to gather an enormous amount of information and examine it, and to achieve an ideal performance with sophisticated processes [37]. The Internet of things (IoT) was of importance in obtaining data on energy consumption on a real-time basis. To get better energy efficiency, there are six benefits of adopting and integrating the Internet of things with Industry 4.0 in the manufacturing sector [74]. By using the application to save energy, software tools can be optimized, which means a 30% reduction in energy consumption [104]. Factories and enterprises can utilize smart energy allocation by using horizontal integration. Intelligent optimization algorithms are used to optimize energy consumption to save energy in production and management through the data processes platform [69]. Real-time data monitoring shows the consumption of resources and responds to production management. Moreover, the evolution of new technologies will help factories to save on the use of materials with the adoption of additive manufacturing (3D printing) [103]. Layer-by-layer additive manufacturing is effective and more efficient and is less wasteful of resources than conventional subtractive methods.



Suspicions might be raised because of the diversity of results connected with energy efficiency when compared with other approaches to production, i.e., other than Industry 4.0. [44]. Additive manufacturing processes are still inefficient uses of energy and need further investigation. To sustain lifespans, spare parts are produced and there is a set of varying end-of-life practices in additive manufacturing processes [49,89,105]. The techniques of additive manufacturing have a positive impact on maintenance and logistics. Using this method, transport is decentralized, hence fuel and energy are saved, and carbon emissions are reduced [25,106]. Big data analysis could extend the useful life of the machinery and reduce waste by using preventive and predictive maintenance [49]. Customizing products to meet demand is one of the main factors of Industry 4.0 development. There are two main methods related to the sustainability of the environment. The integration of Industry 4.0 with blockchain technology may allow a redesign of business models among industries by keeping and creating records and implementing contracts [79].



Rising energy consumption appears as a problem and must be dealt with in this scenario. This can be achieved by using the algorithms and data analysis that was provided to optimize energy use, but still, the main challenge is consumption, which should be solved to reach environmental sustainability. The scenario elements have mainly positive impacts on environmental sustainability, at least partially.



Table 6 represents the integration of the approaches between the SDGs and Industry 4.0 elements and the opportunities for improvement that emerge from that integration. It can be noticed that the focus on one of the four approaches of the SDGs will create synergic or multiple responses for all the four methods. For example, two major elements were added when selling tangible products: accessibility and functionality [44,53,59].




5.2. The Long-Term Scenario


For management and business, Industry 4.0 will increase sustainable value and make them very competitive, even with all the challenges and risks experienced nowadays [28,46].



Trends in the future will change and have positive impacts experienced by companies and industries of different sizes worldwide if Industry 4.0 is adopted. Environmental sustainability will not be affected directly by Industry 4.0 in the future, compared to previous impacts. Governments’, industries’, businesses’, and societies’ responses are to ensure policies are implemented to encourage better integration to avoid the increasing gap between developed and developing countries which can be mediated if there is a will from all the stakeholders. Economic backwardness and social deficiencies will occur if Industry 4.0 is not accepted in a homogenous way in different countries. Another matter that should be carefully studied is consumer customization, which will motivate and allow consumers to consume responsibly, especially in the more economically productive societies but also in developing ones [107]. Industry 4.0 influences consumer behavior and human capital development [108]. New materials will be one of the demands and requirements, including new technological devices such as spare parts for machines, sensors, and drones. Moreover, energy and resources will become more concentrated because of the security of data transfer provided by the infrastructure [24,92,109], which will, therefore, obtain control and responsibility for the consumption mechanism.



There is clear evidence that if Industry 4.0 is integrated with the SDGs, environmental sustainability will be promoted. However, negative effects on environmental performance can result if Industry 4.0 and environmental sustainability are not well-aligned [17,42]. Another factor that can alter future responses is the starting point in terms of the structure of industries since these responses can be different according to the country of origin and its development stage [53]. To avoid a pessimistic scenario, business models can be invented in which environmentally friendly products are created [110].





6. Conclusions


6.1. Deployment


The deployment/productivity scenario we encourage and propose will create higher levels of automation in the manufacturing industry which is of great benefit in terms of horizontal and vertical integration and will enable cohesion. Therefore, this is closely correlated with environmental sustainability in the sense that companies offer employees better working conditions, safety is prioritized, and employees can work from their homes [111], which ensures flexibility and a reduction in pollution. Undertaking this integration means more efficiency in energy use, and fewer working hours spent in the factory by workers. Therefore, this will result in low-cost production by Brundage et al. [67], which will impact sustainability by cutting out middlemen and, in return, consumers will buy the products at a cheaper price. Before the test and results, it appeared that the impacts were negative, due to the extensive use of materials, energy, and information, and a poor discharge of waste, but the situation has been transformed into one with more positive impacts. This can be facilitated by the use of big data analytics in Industry 4.0 to produce only what is needed and factoring how the waste can be turned to energy use that does not cause pollution to the environment [112].




6.2. Operation Scenario


Operation/quality improvement entails the process of ensuring that there are minimal errors or no defects in the products. Firms deploy quality assurance teams to analyze proactively, and all business processes that might involve inefficiencies are eliminated. This was also supported by Memon et al. [60], who noted that the use of big data analysis helps in the coordination of information, which is an important tool to study the internal and external factors that influence environmental sustainability by reducing negative impacts and increasing positive ones [2]. At this stage, there is a great deal of improvement compared to the ordinary way of doing business and production; Industry 4.0 has created more efficiency. All departments are synchronized with each other and communication takes place through robots used to gather data. There is minimal use of resources, materials, and energy. This is because production is only done on demand and at the right quantity. Wastes from the factory are recycled and converted into materials and what is left is only what cannot be put to another use. Therefore, proper discharge is done by use of the bioeconomy and the circular economy, to avoid weakening the overall economy. Therefore, innovative ways can be integrated to ensure that factories can use waste to feed the energy system, for example, coal-fired plants instead of cutting down forest hence energy efficiency [113].




6.3. Sustainable Development Goals


The sustainable development goals related to our topic are numbers 7, 9, 12, and 13, i.e., affordable and clean energy; industry, innovation and infrastructure; responsible consumption and production; and climate change. Griggs et al. [100] stated that these SDGs are interconnected with each other and interdependently related and as such influence each other. Therefore, care should be taken to balance them, which will lead to the sustainability of the planet, the global community, and business. Industry, innovation, and infrastructure have emerged to form Industry 4.0 with smart factories carrying out smart production, through innovative methods that encourage the research into and development of technology to enhance efficiency and effectiveness [8]. Companies investing in research and development bring more awareness of sustainable ways of enabling technology to be better reused, reduced, recycled, and replaced, so that effective use of raw materials, information, and energy is encouraged, as is responsible consumption, according to the SDGs. This will avoid the negative effects of climate change by using renewable energy. One of the SDGs is about clean energy and this can be also integrated with Industry 4.0 during the production stage as well as during transportation of the goods to the final consumer. Using biomethane which is seen as a solution to decarbonization, for example. Moreover, it will be an effective policy to deal with social-economic analysis that enables waste as a source of energy in the circular economy and sustainable supply chain by the use of big data analytics [1,114].




6.4. Industry 4.0 for Long-Term Sustainability


In the following stages and scenarios, we illustrated the inputs in stage one (deployment scenario) using Industry 4.0, which enables automation, digitization, and integration. The conversion of raw materials into products occurs in the second stage (operation scenario) using real-time data and customization, and hence smart production. Stage three is the relationship between Industry 4.0 and the SDGs (renewable energy, innovation and infrastructure, responsible consumption, and climate change) which will ensure long-term sustainability in the long-term scenario, which is the fourth stage.



Even though the goal of this research does not include a quantitative impact assessment, it should be emphasized that the environmental impact is highly dependent on the biophysical resource consumption. However, to attain maximum benefits of Industry 4.0, well laid out policies must be implemented to protect and conserve the environment and its ecosystems from Industry 4.0’s negative impacts to energy transition of instrument mix policy formulation [115]. This should be a concern for all stakeholders. Come up with the policies that are in harmony with Industry 4.0 and its technologies as well as energy-saving during production, transportation, and consumption for a sustainable future. The environmental impact concept can be expressed (population, waste, and technology). Proof of positive impacts in qualitative terms has been found using this approach, which is related to the third term. Certain different methodologies, such as material intensity, life cycle analysis, and energy calculations should be adopted for the environmental impact quantitative assessment to study the effect of Industry 4.0 technology. A context and time frame should be identified to be able to adopt such a framework, although this is beyond the scope of our research.





7. Limitations of the Study


Due to the complexity of the topic and its importance to future generations, further research is needed, not only into environmental sustainability but also into both social and economic sustainability. In addition to complexity in natural and technological settings which always affects the level of understanding, if we may have missed some critical factors for the system that we are studying and the quality of our decision-making could be affected too. Besides, considering the structural, functional, and qualitative aspects are of great importance [116]. Policymakers would benefit from scenario-based research; they will be able to predict the existence of impacts caused by the reshaping of Industry 4.0 to production systems. However, Industry 4.0 is still evolving and is facing many challenges that need to be studied frequently to avert a negative impact on environmental sustainability.



Every day there is an increase in population and resource consumption, while we neglect the use of technology (Industry 4.0) that can control the situation at a meaningful rate and support sustainability. Much attention has been paid to making a profit while forgetting the conservation of the environment and social aspects. Sustainability cannot be achieved by dealing with one aspect but has three bottom lines. Industry 4.0 is a very important tool that can be used to eliminate the challenges, although if it is not integrated well it can be a disaster.



The future shows that there will certainly be no more resources, as daily consumption and production is increasing at a growing rate. However, recycling, reusing, and reducing can be of great help, if they are well-managed. Therefore, all stakeholders are encouraged to put these 3Rs into practice. Also, the use of technology—i.e., Industry 4.0—is highly encouraged. Further research can be done on the 3Rs employing a scientific methodology. In addition, more funds should be set aside by governments to conduct research and development which will give policymakers an added advantage by getting ahead of the worst scenarios. Another challenge is that since all stakeholders are not able to come together and work as a team, there is a need for improved consultation through training sessions, seminars, and workshops to create awareness.
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Figure 1. The setup of Industry 4.0, its technologies, processes of integration, and sustainable outcomes that lead to environmental sustainability and protection. Source: Authors’ own editing (2020). 
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Figure 2. Setup of an approach to deployment and operation with SDGs to obtain long-term sustainability for. Source: Authors’ own editing (2020). IoT—Internet of things. 
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Table 1. Advantages of Industry 4.0 to the final customer (value-added) and for companies’ production process capabilities.
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	Added Value to Consumers
	Additional Values to Companies





	Enhanced customization [26,27,28].
	Improved efficiency [26,27].



	Better customer experience [29].

Knowledge sharing increased among them [30].

Changing needs of consumers supported [31].
	Boosted synergy (when the structure is decoupled into subsystems with very little interdependence) [32].



	Reduced cost [33].

Easier compliance [34].

Quality products, hence a high standard of living [31].

Job opportunities created [35].
	Enhanced integration through data flow, thus promoting a more flexible structure and data

swap among all the elements [2].

Improved productivity and efficiency, opportunity creation through innovation, flexibility, and agility [36,37].



	The advent of novel business models which allow new ways of value creation; according to reference [28], these are cloud-based, service-oriented process-oriented business models [38].
	Intelligent learning analysis promoted, which allows devices and machines to develop learning capacities and act in response to different situations based on previous experiences [39].



	End-to-end numeral integration, allowing the integration of business processes across the entire value chain, including the factory floor and services using CPSs [40].
	Simulated and modeled impacts of process-steps; the possibility to design and test new plants before setting up by virtualization [41].







Source: Authors’ own editing (2020). CPSs—cyber-physical systems.
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Table 2. Scenario stages illustrating positive or negative environmental sustainability impacts.
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	Deployment Scenario
	Operation Scenario
	SDGs Relation Scenario
	Long-Term Scenario





	Digitization [2]
	Real-time data
	Renewable energy
	Decrease (-)



	Integration [2]
	Customization
	Innovative infrastructure
	Increase (+)



	Automation [2]
	Smart production
	Responsive consumption
	Decrease (-)







Source: Authors’ own editing (2020). SDGs—sustainable development goals.
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Table 3. Impacts of Industry 4.0 on environmental sustainability in terms of the demand for inputs.
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Industry 4.0

	
Attention/Action

	
Effects Flow

	
Impact on Environment






	
Automation [2]

	
Need for new equipment

	
More materials required

	
Negative




	
More energy required

	
Negative




	
Obsolete equipment

	
Disposal or recycled

	
Negative




	
More fuel to transport

	
Negative




	
Digitization [2]

	
New device required

	
More materials required

	
Negative




	
More energy required

	
Negative




	
Obsolete equipment

	
Disposal or recycled

	
Negative




	
More energy required

	
Negative




	
Integration [2]

	
New device required

	
More material required

	
Negative




	
Disposal or recycled

	
Negative




	
Obsolete equipment

	
More material required

	
Negative




	
Disposal or recycled

	
Negative








Source: Authors’ own editing (2020).
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Table 4. The requirements of Industry 4.0 in the operational scenario.
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Requirements of Industry 4.0






	
Industry 4.0 [49].

	
Smart production

	
Production and customization




	
Internet of things and CPS integration [59].Real-time data control [56].

	
On-demand production and customization [19].




	
Needs [2].

	
Needs massive data [62].

	
Dynamic configuration processes [56].




	
Flows [2].

	
Energy flows increase [63].

	
Needs massive data [62].




	
Trend [2].

	
Negative impact [35].

	
Negative impact [35].








Source: Authors’ own editing (2020).
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Table 5. The effect of the cause–effect positive impacts on the relevant flows.
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Elements

	
Opportunities

	
Effects

	
Impact






	
Smart production [64].

The integration

of real-time data control [2].

	
Vertical [65].

	
Material and energy flow

[2].

	
+




	
Horizontal [66].

	
Material and energy use [67].

	
+




	
Collection data [68].

	
Subjectively by customers

	
+




	
Data analytics [68].

	
Material consumption [42].

	
Decreased flow of materials [67].

	
+




	
Energy consumption [42].

	
Decreased energy [67].

	
+




	
Maintenance [68].

	
Decreased energy [67].

	
+




	
Additive manufacturing [69,70,71].

	
Prototyping [19].

Tool and shape manufacturing [72]. Final item manufacturing [73].

Part industrialization [74].

	
Decreased waste [67].

	
+




	
Decreased flow of materials [67].

	
+




	
Decreased waste [67].

	
+




	
Decreased fluids and forging.

	
+




	
Increase energy [75].

	
-




	
On-demand production and customization [76,57].

	
Elimination of the undesired products [69].

	
Decreased material and energy [67].

	
+




	
Disruptive business model [77].

	
The extended life cycle of products [75].

	
+




	
Blockchain technology [78,79].

	
Transparency/decentralization/reliable information [78].

	
Increased energy flows [75].

	








Source: Authors’ own editing (2020).
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Table 6. Benefits of integrating SDGs with Industry 4.0 to enhance environmental sustainability.
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SDG

	
Integration

	
Enhanced Opportunities towards Environmental Sustainability

	
Effect on Flows




	
Digitization (IoT and CPS)

	
Monitoring and data collecting

	
Big data analytics

	
Additive manufacturing

	
Novel business models

	
On-demand production

	
Blockchain




	
SDG 7

	
√

	
√

	
√

	

	

	

	

	
Implementation of smart grids [36].

Implementation of life cycle assessments [80].

	
Decreased energy flows [2].

Increased renewable energy [81].




	
SDG 9

	
√

	
√

	

	
√

	
√

	

	

	
Improvement of weak points of additive manufacturing (energy and recyclability) [2].

Extended integration with the circular economy [2].

	
Decreased energy flows [2].

Decreased material flows [2].

Decreased waste flows [2].

Decrease end-of-life products [36].




	
SDG 12

	
√

	
√

	

	

	

	
√

	

	
Production of reliable and transparent sustainability reports, on Industry 4.0 in manufacturing sector [2].

	
Increased reliable data [82].

Decreased material flows [2].

Decreased waste flows [36].




	
SDG 13

	
√

	
√

	
√

	

	

	

	
√

	
Implementation of smart grids [82].

Implementation of life cycle assessments [83].

Blockchain-enabled emissions trading [20].

	
Decreased energy flows [2].

Increased renewable energy [70].

Decreased GHG emission [51].








Source: Authors’ own editing (2020). GHG—greenhouse gas.
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Table 7. The optimistic and pessimistic long-term scenarios, according to the key factors.
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Key Factor

	
Response




	
Optimistic

	
Pessimistic






	
Device demand [2].

	
Increased recycling [84].

	
Increased raw materials flow in the fabrication [2].




	
Consumer concerns [2].

	
More awareness of sustainability [85].

	
-




	
Company infrastructure [2].

	
Homogeneity in terms of automation and digitization [86].

	
Heterogeneity in terms of automation and digitization [24].




	
Geography [2].

	
Spatially homogeneous adoption of the technology [2].

	
Spatially homogeneous adoption of the technology [2].




	
Exchange of technology between developed and developing countries [87].

	
Technology concentrated in developed countries [88].




	
Equipment obsolescence [2].

	
-

	
Increased flows of products to be disposed of, recycled [2].




	
-

	
Increased fuel for transportation

(towards disposal or recycling) [89].




	
Novel business models [2].

	
Promote value co-creation

Promote pro-environmental markets [77].

	
-




	
Unskilled workforce [2].

	
Focus on training and formation [90].

	
-




	
Raw material demand [2].

	
Research substitutes [91].

	
-




	
-

	
-








Source: Authors’ own editing (2020).
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Table 8. The benefits of Industry 4.0 outweigh the challenges to sustainability.
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	Industry 4.0 Disadvantages
	Industry 4.0 Advantages
	Industry 4.0 Sustainability





	Capital [44].
	Customization [19].
	Robotic-assisted production [22].



	Security [59].
	Optimization [84].
	Big-data-driven quality control [59].



	Privacy [92].
	Pushing research [56].
	Product line simulation [66].



	Staff education [93].
	Vertical networking [94].
	Predictive maintenance [68].



	Reluctance to adopt Industry 4.0 [95].
	Horizontal networking [94].
	Self-driven logistics vehicles [29].



	Data ownership [37].
	Engineering entire value chain [22].
	A machine as a tool to high efficiency in production [57].







Source: Authors’ own editing (2020).
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Table 9. Industry 4.0 and environmental sustainability pros and cons.
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	Dimension
	Advantages
	Disadvantages





	
	Flexibility and integration of production [56].
	Costly to adopt and manage [90].



	Environment
	Increased use of smart gadgets (IoT) Industry 4.0 [91].
	Technical skills required [96].



	
	Efficient production increases economic stability and sustainability [57].
	High pollution of the environment [92].



	
	Large markets with the better financial performance [56].
	Interference of the ecosystem [93].



	
	Ensures quality products [31].
	Disposal of the waste harmful to society [69].



	
	High revenue through vertical and horizontal integration [30].
	Minimum compliance with regulations and laws by companies [97].



	
	Industry 4.0 has reduced production time hence efficiency [37].
	The intensity of Industry 4.0 has led to deforestation [82].



	
	Customization and digitization [77].
	Health-related diseases [98].



	
	Corporate social responsibility is undertaken by companies towards consumers [42]
	Ground and water service contamination [96].







Source: Authors’ own editing (2020).
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