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1. Introduction


Despite the difficulties created by the COVID-19 pandemic, the year 2020 ushered in a decade of ambitious actions aiming to deliver on the promises made in the United Nations’ Sustainable Development Goals by 2030. Unfortunately, though progress is being made in many places, such actions are not advancing at the speed and scale required. At the same time, optimism concerning the potential of new manufacturing paradigms such as “Digital Manufacturing” and “Smart Manufacturing” continues to grow—primarily in terms of the economic bottom line, but also with an increasing focus on both the environmental and social bottom lines, such as in the case of the “Circular Manufacturing” paradigm. The promise of digital connectivity, big data analytics, blockchain, cyber-physical systems, and the industrial Internet of Things in these areas remains significant and creates the need for more specific examples of how new and renewed manufacturing paradigms can indeed contribute towards achieving a more sustainable future, particularly with regards to more sustainable production and consumption patterns. As such, in this Special Issue, we present scientific contributions addressing this challenge from various perspectives, providing innovative answers to this multidimensional problem.




2. New and Renewed Manufacturing Paradigms for Sustainable Production


In this section, the Guest Editors provide a short overview of the new and renewed manufacturing paradigms and technologies that have contributed to the development of (smart and) sustainable production systems over the decades and discuss their interrelations.



2.1. Manufacturing Paradigms towards Sustainable Production


The “Lean Manufacturing” paradigm stems from the work of Taichi Ohno and the Toyota Production System (TPS) [1] and was popularized by [2] in the early 1990s. The intended outcome of this paradigm is a reduction in production costs, the improvement of product and process quality, and the shortening of product delivery times, all while utilizing fewer resources. This manufacturing paradigm focuses on the identification and elimination of waste within a firm’s production system through the continuous improvement of products and processes. By comparison, the “Green Manufacturing” paradigm also arose in the early 1990s, this time as a result of the 1992 Earth Summit in Rio de Janeiro, Brazil, where government representatives called on manufacturers to review their environmental impacts and seek ways to reduce or eliminate them through pollution control and prevention as well as product stewardship strategies. This second paradigm concentrates on the renewal of industrial production processes and the establishment of environmentally friendly operations and products [3]. Thus, manufacturers have simultaneously adopted these twin paradigms [4] over the last few decades to create an economic and environmental stance that is driven by the minimization or elimination of waste and the reduction in or prevention of pollution to air, water, and land to achieve the development of eco-efficient production systems [5], where it is possible to increase productivity while simultaneously improving environmental performance.



Nevertheless, achieving eco-efficiency has proven to be insufficient to protect people and the planet, as well as the prosperity of businesses, as manufacturers are starting to face the challenge of the rapid depletion of finite production resources, giving rise to the need for a new manufacturing paradigm referred to as “Circular Manufacturing”. This concept started to gain popularity in the 2010s, and its popularity continues today. This more recent paradigm is characterized by not only a reduction in the use of (virgin) materials and (non-renewable sources of) energy in the manufacturing of products but also by the recovery of as much of these as possible at the end of their life cycle for reuse and recycling, leading to the creation of closed-loop production systems [6]. These closed-loop systems focus on taking back products from customers and recovering added value by reusing the entire product and/or some of its modules, components, or parts to obtain increased environmental and economic performance (e.g., remanufacturing) [7].



Moreover, while there is no doubt that the “Circular Manufacturing” paradigm represents a great step forward towards achieving sustainable production systems [8], it does not explicitly refer to the social bottom line of manufacturing, which brings us to the “Sustainable Manufacturing” paradigm. This triple bottom line paradigm involves the creation of production systems capable of manufacturing products through economically-sound processes that minimize negative environmental impacts while conserving energy and natural resources and enhancing employee, community, and product safety [9].



Though much remains to be done in order to achieve truly sustainable production systems, the aforementioned new and renewed manufacturing paradigms represent the efforts of the academic and industrial communities towards creating sustainable production systems.




2.2. Technology-Based Manufacturing Paradigms Supporting Sustainable Production


With the arrival of the Fourth Industrial Revolution (or Industry 4.0) in the early 2010s, manufacturers have seen a rapid (digital) transformation of their production systems accompanied by the adoption of advanced design, engineering, and manufacturing technologies and the pursuit of new environmental sustainability efforts [10]. In this technology-enabled industrial transformation trend, two technology-based manufacturing paradigms should be highlighted in support of the development of smart and sustainable production systems: The “Digital Manufacturing” paradigm, which aims to support the carrying out of tasks and decision making based on digital models and simulations in virtual environments without the use of physical prototypes and experiments [11], and the “Smart Manufacturing” paradigm, which focuses on developing cyber-physical production systems (composed of connected human resources and production equipment) that continuously perform real-time analysis and respond to stochastic changes in the system status and its environment, as well as to forecasted events, optimizing themselves according to desired manufacturing goals [12].



Both of these technology-intensive paradigms offer relevant triple bottom line-related benefits leading towards the development of smart and sustainable production systems [10,13] in terms of (a) economic gains, which are enabled by savings through more accurate and precise smart production planning, control, scheduling, and reprogramming systems and shorter lead times thanks to the development of “Digital Lean Manufacturing” [14] capabilities based on agile and flexible cyber-physical production systems designed for rapidly producing a wide variety of high-quality products in small batches at similar costs of those in mass-production to meet customers’ demands; (b) environmental gains, which are enabled by increased material, energy, and water efficiency in smart and sustainable manufacturing operations based on the real-time monitoring of production assets’ material, energy, and water consumption (for example, avoiding manufacturing waste by employing technology-enabled and enhanced ‘zero waste’ manufacturing approaches [15] to reduce both the consumption of production resources and emissions, as well as adopting ‘zero defect’ manufacturing approaches [16] to ensure both product and process quality by reducing or eliminating defects through compensation and/or prevention strategies); and (c) social gains, which are enabled by smart wearable and collaborative technologies that increase the productivity, safety, health, and welfare of the workforce [17].



Since achieving sustainability is a balancing act of the triple bottom line, digital and smart manufacturing technologies offer great opportunities for the development of smart and sustainable production systems since these two technology-based manufacturing paradigms provide the ability to simulate and model beforehand in order to evaluate, optimize, and achieve sustainable materials, energy, water usage, and workforce efforts in production processes and monitor the resource consumption of production in real-time for additional optimization to achieve next-level environmental, economic, and social performance [18].





3. Contributions to Sustainable Production Development


This section provides a summary of the nine papers that are included in this Special Issue following a rigorous peer-review process and their respective contributions to the field of sustainable production.



Firstly, Lu [19] develops a fuzzy network data envelopment analysis for the selection of alternative Advanced Manufacturing Technologies (AMTs) considering multiple decision-makers and weight restrictions when input and output data are represented as fuzzy numbers. The author suggests that since the adoption of AMTs can offer significant sustainability and efficiency improvements in manufacturing, this approach provides a practical decision aid for selecting relevant AMTs; this will help companies to realize new manufacturing paradigms of sustainable manufacturing.



Córdova-Aguirre and Ramón-Jerónimo [20] explore the incorporation of sustainability into strategy and management control systems in Peruvian manufacturing enterprises in the plastics sector. By focusing on identifying and analyzing the current way in which sustainability is incorporated and managed, the authors determine the shortcomings that must be corrected in the future in order to design an effective performance management system that includes the concept of sustainability to help companies achieve sustainable growth.



Subramaniam et al. [21] investigate both the positive and negative impacts of COVID-19 on digital transformation. Their research shows that the positive elements far outweigh the negatives, with the results of the study clearly highlighting that the disruption caused by the pandemic is leading to technology adoption and disruption in the form of automation and collaboration—specifically through allowing "working from anywhere", which otherwise removes geographical barriers and office dependency.



Pfeifer [22] investigates the application of a Smart Manufacturing Execution System (SMES) in a Small and Medium-sized Enterprise (SME) in the Czech Republic and proposes a smart manufacturing architecture for SMEs. Though the system appears suitable for simple, standardizable work tasks, the research uncovers the challenges imposed by complex work content—for example, a high degree of manual work and human involvement—and identifies avenues for further research.



Bjørnbet and Vildåsen [23] present life cycle assessment as a tool for evaluating the environmental sustainability of circular business models. The authors draw on insights gained from a single longitudinal case study to highlight lessons learned regarding the interaction between life cycle assessment and circular economy and find that life cycle assessment offers a common platform for communicating with stakeholders.



Nåfors and Johansson [24] present the results of longitudinal research spanning eight years of industrial studies, where the researchers applied 3D laser scanning and immersive virtual reality to improve the layout planning processes of brownfield factories in real industrial scenarios, something the authors suggest is a novel approach in their research field. By using virtual engineering in such a fashion, industries can improve their brownfield factory layout planning process and make well-informed decisions, leading to sustainability benefits with fewer costly mistakes, improved employee engagement, and less need for travel.



Using a systematic literature review, Bertagnolli [25] complements existing research on lean manufacturing and sustainability by analyzing specific lean methods used in the context of sustainability and further exploring the sustainability characteristics of such lean applications. From an in-depth analysis of 81 case studies, the authors reveal the primacy of intra-company and ecological assessments in the lean context, while social and inter-company aspects also remain underexposed.



Im and Cho [26] explore the factors that influence the technological innovation efficiency of SMEs in South Korea. The authors use data envelopment analysis to identify specific criteria and provide a rationale to improve the efficiency of technological innovation in both the manufacturing and service industries.



Finally, Pawlik [27] examines the application of lean best practices in industrial remanufacturing processes. The authors identify specific lean methods that can help manage the inherent complexity of remanufacturing processes and consequently improve the overall productivity of these processes. This work also identifies factors that limit the application of lean practices within remanufacturing.




4. Conclusions


The nine works published in this Special Issue provide a broad overview of contemporary approaches to realizing more sustainable production systems and present specific examples and actionable knowledge that can be applied in other companies and settings around the world to advance the field and inspire fellow scholars in their current and future research on sustainable development within the limits of responsible production and consumption.



Specifically, the works of this Special Issue suggest that sustainable production cannot be reduced to a mere spontaneous action but rather is the result of a long-term strategic plan [20] based on circular business models centred on a new view of the economy [23]. Consistent with this theory, the implementation of any green strategy can only be achieved through a transformation process involving the continuous rethinking of organizational and managerial practices following the founding principles of lean thinking, as suggested by some of the articles presented herein, which address the role of lean concepts in achieving more sustainable production, such as the use of lean practices to resolve the challenges of remanufacturing [27] and to realize corporate sustainability [24]. In this new era of transformation, whether it is implemented in large companies or small- or medium-sized enterprises, technological innovation assumes a decisive and determining role [26], especially in the current situation influenced by the COVID-19 pandemic and characterized by the need to operate remotely to maintain safety while still improving operational efficiency [21]. By adopting specific smart tools and techniques [19], various technological advances leading to more sustainable production can then be implemented, such as the smart manufacturing execution system presented in [22] and the virtual engineering approach described in [23]. Nevertheless, regardless of which of these new or renewed manufacturing paradigms is implemented, some general advice emerges: The future appears bright and promising for those who are able to think lean and use technology to achieve the triple bottom line of sustainable production.
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