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Abstract

:

The advancements in human lifestyle result in growth in daily demands of products, and accordingly, an increased rate of manufacturing. However, the resources on the planet Earth are limited, thus depleting day-by-day. More goods also contribute to more end-of-life (EOL) dumping or even before EOL in some cases. Therefore, an interest in remanufacturing has appeared, and it offers a solution that can solve or perhaps mitigate the risks of consuming more resources and increasing waste. Remanufacturing is a procedure of bringing used products to “like-new” functional status with a matching warranty. However, due to its relative novelty in terms of research field and industry, remanufacturing is poorly understood. People often mix it with other terms such as recycling, reconditioning, or repair. Therefore, in this research, the focus is on the remanufacturing systems’ definition, relevance, main phases, case studies, and solution methods proposed by various researchers. The word ‘remanufacturing’ is clearly described in this paper by differentiating it from alternative green manufacturing initiatives. Both qualitative and quantitative analysis of literature are performed. The quantitative analysis is conducted using a bibliometric method. For quantitative analysis, a systematic approach is utilized for research papers’ selection. The qualitative analysis has been carried out by discussing different aspects of remanufacturing and how the researchers are working on its different domains and phases. The review showed that researchers focused on some phases more as compared with others. Moreover, it is also revealed from the literature that the common solutions methods applied in this domain are optimization techniques. Future research directions are also identified and presented.
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1. Introduction


In every field, researchers and industries are looking for sustainable development and thus reducing waste. Therefore, the manufacturing domain is not left behind, and a great deal of emphasis has been placed on sustainable development. By encouraging secondary market processes (reuse, recycling, recovery, and so on), sustainable development is addressed. The significance of these processes is that, by prolonging the life of goods and components, they help restrict landfills, so they take longer before disposal is required [1]. Hence, sustainable development remanufacturing can be considered as more environmentally friendly than usual manufacturing because it can be profitable in terms of economy as well as reducing burden on environment.



Remanufacturing is one such process. Researchers now agree that remanufacturing is a critical strategy for achieving long-term manufacturing sustainability [2,3,4,5,6,7]. Remanufacturing, an industrial process of recovery methods, is carried out to restore a used product to its original form. This activity usually applies particularly to complex electromechanical, electronic, and mechanical products that have cores, when recovered, and will have a high added value compared to their market value and original cost [8]. Remanufacturing activities can be found in many different manufacturing and industrial sectors [9,10]. It is a process used by manufacturers to save and improve the reuse of resources, protect the environment, and reduce waste [11]. Remanufacturing also saves costs in energy and materials [12]. The remanufacturing process is becoming more popular due to the increase in recent awareness by corporate leaders and governmental regulations [13]. Many different manufacturing companies have created and developed new policies, strategies, and procedures related to remanufacturing and product EOL (end of life) to benefit from used products [14]. The potential benefits of remanufacturing have sparked widespread interest. The economic benefits are largely derived from cost savings (up to 50 percent) arising from energy saving (up to 60 percent) and material cost reductions (up to 70 percent) [15]. In 2008, researchers from the Center for Sustainable Systems at the University of Michigan conducted a life cycle assessment study for automotive engines [16]. The results revealed that, through the remanufacturing process for engines, 68–83% less energy is required and 73–87% fewer carbon dioxide emissions. Apart from that, other emissions were also significantly reduced. The production of solid waste was reduced by 65–80%, and the consumption of raw materials was reduced by 26–90%. Remanufactured products are expected to save the equivalent of 400 trillion Btu of energy per year [17]. It is reported that when a product is remanufactured rather than newly made, the greenhouse gas emissions associated with its life can be decreased by 79–99 percent [18]. Moreover, the raw material consumption is reduced by 80–98% in remanufacturing of industrial equipment when compared against producing it from scratch [18]. Hence, remanufacturing has several advantages such as conservation of materials, reduced energy consumption during manufacturing, less waste, decreased disposal costs, and lower price for equivalent quality, to name a few.



Remanufacturing is divided into phases, such as design and development, collection, inspection, disassembly, inspection of components, and cleaning/re-assembly [19]. In each of these phases, different activities are carried out to make up the complete remanufacturing process and produce products with the same quality as new ones. More details of these phases are presented in the subsequent sections. Apart from the above-mentioned phases, there are also different activities in the remanufacturing process that will be discussed in this paper.



This paper will review some of the major phases and steps involved in remanufacturing. The literature will identify and discuss the research papers by some of the phases of remanufacturing. Most of the recent reviews in the remanufacturing field are focused on a particular domain, such as barriers in automotive industry [20], lifecycle strategies to enhance remanufacturing [21], assembly management in remanufacturing [22], applicability of remanufacturing for marine or offshore components [23], decision making in remanufacturing [24], and scheduling in remanufacturing [25]. Thus, a recent holistic review is missing, and this research will fill that gap. Moreover, most of the reviews are qualitative, and only a few of them are quantitative. In this work, both the qualitative and quantitative analyses are conducted. The main aim of this paper is to provide an in-depth insight into remanufacturing, discuss its various facets, as well as identifying the various solution methodologies applied in this domain. The motivation of this review paper is to neatly review the recent progress in remanufacturing and to identify areas that have not been researched or explored thoroughly, so the readers will acquire a piece of good knowledge about this important area. This research, therefore, aims to thoroughly analyze the existing remanufacturing challenges and opportunities. The following key research questions (RQs) are formulated to guide the review in achieving the mentioned objectives:




	RQ1: 

	
How is remanufacturing different from allied concepts such as recycling, reuse, reconditioning, repair, and so on?




	RQ2: 

	
What are the major phases involved in remanufacturing and solution methods employed by researchers for remanufacturing?




	RQ3: 

	
What are the barriers and challenges in adopting remanufacturing?




	RQ4: 

	
What are the research trends in the remanufacturing domain during the last decade and knowledge gaps for future research?









The remainder of this paper is organized as follows. Section 2 reports the methodology employed for this review. Concepts and phases of remanufacturing are presented in Section 3. Section 4 discusses the solution methodologies implemented in the remanufacturing domain by researchers, and Section 5 examines the barriers in espousing remanufacturing. Section 6 presents the results from a bibliometric analysis perspective. Section 7 presents the discussion about the research. Lastly, Section 8 summarizes the conclusions, limitations of this study, and future research directions.




2. Research Methodology


In this research, the remanufacturing field is analyzed both qualitatively as well as quantitatively. Major focus is placed on research work during the last decade so as to gain an understanding of recent research patterns and directions. For qualitative analysis, research works by various authors are reviewed, classified into various categories, and their major findings are presented. Qualitative analysis is required by researchers to grasp an idea about the recent advances in the field and how people are approaching different research directions within a domain. Hence, qualitative analysis is also conducted for remanufacturing research. In qualitative analysis, various phases of remanufacturing are discussed and how the researchers are investigating these fields. Moreover, the solution methodologies employed by researchers for remanufacturing are also explored.



For quantitative analysis of remanufacturing research, a brief bibliometric analysis is conducted. Through bibliometric analysis, it is easier to realize more about factors, such as journals that are more prominent in this field, dominant authors and institutes working in this area, and so on. Through this methodology, the above-mentioned RQs are addressed. Bibliometric analysis is a research field that analyses published articles, citations, and their sources of information. These types of research enable researchers and specialists to have a better perception of a specific research field by considering research articles, journals, authors, institutions, and countries. This provides researchers to have a general notion of the research field. In the literature, many researchers have published bibliometric analysis-based research in several fields [26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41]. However, in the remanufacturing domain, there is no general research that provides any kind of bibliometric study. Therefore, through bibliometric analysis, the aim is to provide an overall picture of remanufacturing research from the beginning of this research area, which was reported nearly 38 years ago. Based on the information gathered from the Web of Science website (WOS), an overview of the most productive and influential studies in the concerning research area will be presented.



In order to be informative and neutral with the information, the search process is based on the results found only in the WOS database, although there are other databases available that are not considered, such as SCOPUS and Google Scholar. Most of the time, data collected from different databases have overlapping [42]; thus, to avoid redundancy, the research was conducted on the WOS database only. Moreover, it includes the most influential journals in most of the scientific fields [43,44]. Moreover, the WOS provides a good classification that facilitates the analysis of research articles easily. This research is considering the remanufacturing research work, so these two keywords—“remanufacturing” or “remanufacture”—were used to perform the search process in the “Topic” search section. This search collected all the articles belonging to the “remanufacturing” field. The data-collection process was completed in February 2021. There were 3545 papers under the topic of “remanufacturing” or “remanufacture,” considering that this number includes all the types of documents covered by the WOS, which includes 13 different types of publications, including journal articles, proceedings papers, books, notes, comments, reviews, and editorial material. To focus on the main articles, this information has been filtered by only looking for journal articles and reviews. This is because most of the quality research works are reported in the journal articles by researchers that compare and summarize original ideas. The results were filtered accordingly, which reduced the total number of publications to 2525 papers. Most of these publications came from the last decade. The various results obtained from this methodology are presented and discussed in Section 6. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart was chosen to help in visualizing the process of selecting articles (see Figure 1). It included the articles identified in the initial search (n = 3545) and the articles after the screening (n = 2525). This large number of articles is utilized for quantitative analysis only (bibliometric); not all articles are included in qualitative analysis.




3. Concept and Phases of Remanufacturing


Though the concept of remanufacturing has been known for some time, still many people confuse it with other closely related concepts such as reconditioning, recycling, reuse, and so on. All of these processes are very closely connected to each other, but there is a differentiation between them that is important to understand. Various researchers defined this term in their own ways, and some of them are listed below.



Haynsworth and Lyons [45], in 1987, defined remanufacturing as “The process of bringing a product to like-new condition through replacing and rebuilding component parts”. Via case study, it was shown that one of the essential factors that practitioners use to separate remanufacturing from repair and reconditioning is to bring remanufactured goods to at least original requirements. The definition has a flaw because it does not provide the consumer with a way of quickly identifying that remanufactured goods are of better quality than restored and reconditioned alternatives or that remanufactured products are of comparable quality to new alternatives.



Amezquita et al. [46], in 1995, described remanufacturing as “The process of reusing, reconditioning, and replacing parts to bring a product to a similar new condition”. Conversely, in the same research, reconditioning was defined as a process that differs from remanufacturing and produces goods that are lower in quality than those produced by remanufacturing. Therefore, the above definition does not clearly distinguish between remanufacturing and reconditioning.



Ijomah [47], in 2002, defined remanufacturing as “a method of returning a used product from the customer’s perspective to at least original equipment manufacturer (OEM) performance specifications and giving the resulting product a guarantee that is at least equal to that of a newly produced equivalent.” This definition seems to be more complete than the previous ones. The authors went further ahead to define repair and reconditioning also. They point out that repair is simply the process of correcting a particular defect or breakdown in a product, and that the warranty only applies to the parts that have been replaced. Although, reconditioning is the process of returning end-of-life or used product to a suitable performance condition that is less than the original OEM specification, and its warranty is limited to the key worn components. Figure 2 below shows the differentiation between remanufacturing, reconditioning, and repair. Furthermore, Table 1 presents the various product recovery techniques [48] and depicts how they differ from each other.



Remanufacturing is described as a particular industrial process of disassembling, cleaning, inspecting, repairing, replacing, and reassembling the components of a part or product in order to return it to “as-new” condition, according to Nasr and Thurston [49].



The World Trade Organization (WTO), in 2009 [50], has determined remanufactured goods to be, “…non-agricultural goods that are entirely or partially comprised of parts that (i) have been obtained from the disassembly of used goods; and (ii) have been processed, cleaned, inspected, and tested to the extent necessary to ensure they have been restored to original working condition or better; and for which the remanufacturer has issued a warranty”.



The United States International Trade Commission (USITC), in 2012 [51], has defined remanufacturing as: “An industrial process that takes place in an industrial setting that restores the end-of-life goods to original working condition or better. Firms that provide remanufacturing services to restore end-of-life goods to the original working condition are considered producers of remanufactured goods”.



In 2016, six international automotive remanufacturing associations have reached an international agreement on a remanufacturing definition (specific to the automotive sector) [52], and defined it as follows: “Remanufacturing is a standardized industrial process by which cores are returned to same as new, or better, condition and performance. The process is in line with specific technical specifications, including engineering, quality, and testing standards. The process yields fully warranted products. A core is a previously sold, worn or non-functional product or part intended for the remanufacturing process. During reverse- logistics, a core is protected, handled, and identified for remanufacturing to avoid damage and to preserve its value. A core is not waste or scrap and is not intended to be reused before remanufacturing”.



Thus, it can be said that remanufacturing is defined by researchers and organizations according to their domain and application. The exact method and operation carried out by remanufacturers vary depending on the product type, although the major concepts and steps of remanufacturing remain the same for all sectors with slight variations in implementation.



First, the major phases of conventional manufacturing are shown in Figure 2, so one can easily see the difference between conventional manufacturing and the remanufacturing process. As depicted in Figure 3, conventional manufacturing is a linear process.



The life cycle of a remanufactured transmission commences at the conclusion of the life of another transmission. From the EOL stage of manufacturing, the remanufacturing phase starts. Figure 4 below shows the major steps involved in the remanufacturing process. As depicted in Figure 4, remanufacturing is a circular process and thus helps in resource saving. A brief definition of these steps is provided subsequent to the figure.



	
Product collection: After the end of life step in the conventional manufacturing process, the product (or core) is acquired for remanufacturing. It is a very important phase, and a proper collection system should be developed for an efficient remanufacturing process [54]



	
Disassembly: Then, the failed product is completely dismantled at the remanufacturing facility. Disassembly planning is vital since it is a time-consuming process if the product is not designed properly for disassembly [55].



	
Condition assessment and sorting: To evaluate the condition of the dismantled product, each piece is examined. The pieces are then divided into three categories: functional, repairable, and unusable [56].



	
Cleansing and surface processing: The pieces that are functional and repairable are then thoroughly washed and cleaned. In this step, the individual component is reconditioned [57].



	
Repair: Repairs and upgrades to the parts are carried out using a variety of processes that depend on the experience of the workforce as well as advanced manufacturing technology [1].



	
Reassembly and replenishment: The parts and components that have been gathered, cleaned, restored, and processed are used to reassemble an entirely new product. Any new parts that are needed are also integrated [1].



	
Testing: The remanufactured product’s output is assessed against the OEM’s (Original Equipment Manufacturer) requirements for that particular model. Especially non-destructive testing methods are employed [58].



	
Service life: The product is shipped and goes into operation for its new service life. The warranty is provided based on the life cycle assessment made for the product [59].



	
Product return: When a product hits the end of its useful life, it should be returned to the remanufacturing process to see whether it can be remanufactured again. Thus, in this way, it is a perpetual process and saves a lot of time and energy [1].






Apart from the aforementioned steps, with advances in the remanufacturing area, more emphasis is now being placed on the design and development stage. Some researchers consider design and development as the first phase, and it aims at facilitating the remanufacturing process by product design so that the coming phases are carried out smoother [13]. The next sub-section discusses some of the research works on the design and development of the remanufacturing domain.



3.1. Design and Development


It is critical to recognize the steps involved in remanufacturing procedures before designing goods for successful remanufacturing. The items intended for remanufacturing must be adaptable to all stages of the remanufacturing process rather than only some phases. Many factors must be addressed when designing for remanufacturing, including ease of disassembly, sorting, cleaning, refurbishment, reassembly, and testing [60]. However, many goods are not designed to be remanufactured [61]. The purpose of remanufacture design is to make products and parts easier to reuse. The modular design of items is a critical technical issue in bringing this concept to life [62]. In fact, design for remanufacturing (Dfrem) includes all strategies, namely design for assembly, design for disassembly, design for recycling, design for modularity, and design for environment. These strategies have several benefits; however, it is difficult for a designer to fulfill all of these, since many constraints exist, such as material, technology, cost, time to market, and so on [63]. Some researchers also proposed Dfrem guidelines [64,65]. Hence, Dfrem is beneficial in terms of cost and time saving, and it has a potential for reducing the time and expenses of the remanufacturing process. However, there are challenges identified by researchers, and major challenges are information sharing and lack of communication [66,67]. Most of the manufacturing firms do not conduct remanufacturing and have contracted remanufacturers. Thus, a proper communication between the design team and the remanufacturer is vital [66]. One of the researchers mentioned that one key criterion in remanufacturing is that the parts to be replaced must be able to endure being inspected, disassembled, cleaned, reprocessed, reassembled, and tested multiple times [68]. Further, they created a RemPro matrix, which shows designers which product features make each remanufacturing process step easier. It was further augmented by Allwood et al. by adding design guidelines [69].



Regarding design and development, many studies in the literature, such as Cheng et al. [70], have discussed the remanufacturing phases, where a heavy-duty machine tool method was proposed for green remanufacturing. The axiomatic design was used along with an algorithm based on atomic theory utilization in the study. The method was tested on a milling machine and proved to support design efficiency. In other studies by Zhang et al. and Fang et al. [11,12], a review was provided on some of the top remanufacturing research issues; they used them to determine the design factors that influence the remanufacturing process, especially at the EOL (end of life) phase. Using the Taguchi method, Sitek et al. [71] used three different techniques in the remanufacturing design of BGA component balls. The quality and parameters of the balls were assessed afterward, and their shapes and sizes were compared. The study found all three techniques suitable for BGA components’ ball remanufacturing, quality-wise. Gong et al. [72] found the optimal design schemed for remanufacturing by presenting a multi-attribute decision-making method. Using an assembly machine to test their method, the results proved the proposed method effective and reliable in decision-making design schemes in remanufacturing. Similarly, Huang et al. [73] presented a design method for the remanufacturing of incomplete information of used parts using 3D scanning and the geometric information recovery model. After the remanufacturing process, the same turbine blades were tested for accuracy and error analysis, and the results proved the method’s feasibility. Ramachandran et al. [74] used the Taguchi optimization method to find the effective design parameters for piston reuse and remanufacture. They carried out the design and analysis using SolidWorks. After implementation, the results showed that the new piston created was similar to the original one. Den Hollander et al. [8] discussed how products could be designed so that they can be reused. They provided guiding principles, design strategies, and methods for product design in a circular economy, where no product goes to waste but instead is reused, using consumer products as their focal point. Um et al. [75] developed an initiative system for an efficient development method for remanufacturing using a ubiquitous product recovery management system. The method was tested on the remanufacturing of a starter motor in a construction machine, and the results showed that the method can be used for general and specific products as well. Zhang et al. [76] conducted a study, and the aim was to understand and discuss the design concept of remanufacturing as well as the different methods and tools in this area. They also discussed the key issues and the associated problems. Since the design for remanufacturing is a growing area, the results reported that there is a need of tool and method development for the different product groups according to specific guidelines. Ke et al. [77] proposed an intelligent design for a remanufacturing system based on vector space model (VSM) and case-based reasoning (CBR). VSM was utilized to extract customer demand data features from mass customer demand data, which included remanufacturing data, and the K-means method is used to identify customer demand data features, allowing design for remanufacturing targets to be extracted. Clutch remanufacturing, as case studies, was presented. The results showed that the approach can produce a design scheme that is precise enough to meet the needs of the consumer.



In order to decide whether remanufacturing can be carried out, assessment methods need to be conducted. Fang et al. [12] presented an assessment framework for product re-manufacturability based on design information with the use of CAD models. In their model, they focused on the evaluation of two remanufacturing aspects; part disassemblability and part recoverability using four correlated numerical metrics; disassembly complexity, fastener accessibility, disassemblability, and recoverability. An automotive alternator SolidWorks CAD model was used to validate the system. The results showed that design information proves to support the re-manufacturability assessment of a product design and makes it more effective. Joshji et al. [78] suggested an advanced ARTODTO (advanced remanufacturing-to-order and disassembly-to-order) system to evaluate the effects of product designs on recovery operations for EOL products. By the use of decision-making techniques and linear physical programming, the model is created and implemented on a disassembled EOL cell phone. The study concluded that a product’s design is an important part of product recovery, and considering recovery options initially during the design phase of a product can reduce recovery costs. The proposed method can efficiently determine the best possible product design for product recovery.



Some studies turned to green remanufacturing, which is a type of recycling that adapts to ecological and economical requirements. For example, Smith et al. [79] aimed to create a selective parallel disassembly planning method for green design. The study used a modular design theory and the results showed that the method can be used for many design types as well as reducing disassembly steps, disassembly time, and energy use. To improve green manufacturing capacity of heavy-duty machine tools, Dong et al. [80] used axiomatic design along with particle swarm algorithm to find the best design method for these tools. The study extended the design process into many different domains, including customer domain and process domain. Similarly, a heavy-duty gantry milling machine was used to verify the method used by Cheng et al. [70] for green manufacturing of heavy-duty machine tools. Their module contributed to design efficiency support in remanufacturing. Hence, it can be said that much effort can be reduced if the design of remanufacturing is kept in mind from the starting. It will ease the work at later stages. Hence, this research area needs to be explored more.




3.2. Disassembly


In this phase, the unit is fully disassembled down to the single component level. In this process, the product to be remanufactured would be disassembled into its modules, which are further disassembled into the individual components [81]. Researchers have proposed many suggestions. For example, Huang et al. [82] suggested a metal magnetic memory (MMM) technique to evaluate disassembly damages under contact pressure. The results showed various damage forms on the disassembly interface. In the study by Mesa et al. [83], a method for mechanical joining was created based on assembly and disassembly principles. They found the method to be useful in the improvement of such tasks, including component addition, exchange, and removal between manufacturers and suppliers. Smith and Hung [79] aimed to create a selective parallel disassembly planning method for green design. The study used a modular design theory, and the results showed that the method can be used for many design types as well as reducing disassembly steps, disassembly time, and energy use. Aiming to investigate the disassemble-to-order problem, Inderfurth et al. [84] used real data to model random yields in manufacturing. Their results showed the lowering of costs of penalties and obtaining preferable results. Hu et al. [85] presented a model that estimates disassembly time automatically. In the study, SolidWorks in visual C# programming was used for the implementation of the algorithm and method. They presented four case studies to test their method. In a study by Abdullah et al. [86], a reverse assembly strategy for disassembly was presented. The study showed that using a standard operating procedure is more relevant than random methods.



In most cases, remanufacturing involves disassembly of all component parts for inspection and cleaning; however, in some cases (such as digital printers), only disassembly down to the module level may be necessary. This is particularly true when the module has been designed for remanufacturing, in this case the module’s planned technical life may be longer than the one shown by the product’s design [18]. After collection, disassembly is the main step in the remanufacturing process; therefore, efficient disassembly planning methods are required to reduce the time spent and the damage incurred to the product.




3.3. Condition Assessment and Sorting


During this stage, used products are inspected for their quality conditions in order to assess their re-manufacturability status [81]. Other studies have focused on the inspection phase of remanufacturing. For instance, Ridley et al. [87] discussed factors that affect decisions concerning pre-processing inspection. These are aimed at the overall remanufacturing process and pre-processing inspection of cores to convey that automotive remanufacturing sectors may save up to 20% of their time by properly inspecting cores preceding processing. Their results were presented in a research conducted in an industrial manufacturing facility on the remanufacturing of returned products. Suhariyonto et al. [88] proposed a multi-life cycle assessment for products during remanufacturing. By the use of a continuous-time Markov chain (CTMC) and the matrix-geometric method, Farahani et al. [89] developed an optimal decision-making model that considers the quality of returns and recoverable product capacity. They also developed an optimization model to initiate optimal quality levels of product returns and inventory for a general remanufacturing facility. The study found that variations in return arrivals and the quality of the recovered product affect customer’s order completion for recovery of smaller product inventories. Paterson et al. [90] presented a tool that helps to determine the status of a product that has undergone an end-of-life recovery strategy, whether it is a recycled, remanufactured, reconditioned, repaired, or re-used product. The tool showed many benefits, such as being able to identify product status and check whether the remanufactured product was labeled correctly. To provide optimal recovery options for EOL products in remanufacturing, Jiang et al. [91] presented a multi-objective optimization method. A used lathe was used as an example to validate the method. The results proved the method effective in the value recovery of EOL products. Liu et al. and Lu et al. [92,93] both discussed fatigue damage assessment methods that could be used during remanufacturing. Similarly, Chen et al. [94] performed remanufacturing of EA4T steel axles and investigated the microstructure and fatigue crack growth. The results supported the theoretical and experimental basis for the remanufacturing and fatigue fracture mechanism of EA4T steel axles. Errington and Childe [95] presented a case-study-based research for the inspection process in remanufacturing for both electronics as well as mechanical products. A model was developed and tested to provide a better understanding of the remanufacturing inspection procedures currently being used. Lahrour et al. [96] focused on products and components with characteristics that are suitable with additive remanufacturing. They presented key steps that will help remanufacturers decide on product re-manufacturability and provided assessment feedback that might improve the design and manufacturing process. Jiang et al. [97] provided a prediction approach for the evaluation of used parts in remanufacturing. Their approach was validated with the use of a TPX6113 boring machine as an example, and the method provided a new perspective on used parts evaluation. Wang et al. [98] proposed a mechanism for the modification coatings for damaged equipment that will be remanufactured. Intelligent coatings were designed and developed and were successfully applied to critical friction components, such as the spindle of large centrifugal compressors, engine cylinder piston components, and driver gear pairs. This step is very crucial in remanufacturing since good experience as well as methodology is required to assess the current condition of the components, and what further processing is required is decided based on this step.



EOL Products Decision Making


Decision-making in remanufacturing is a model by which manufacturers can conclude which decisions should be made. Yang et al. [99] provided a decision support tool for EOL strategy planning with the use of remanufacturing. The method includes a list of proposed methods to evaluate the remanufacturing ability of a product and its components. An optimization model was created to determine a set of optimal strategies along with a genetic algorithm to calculate these strategies. In the study, two types of desktop phones were used to implement the proposed method. The results showed significant perceptions of EOL decisions. Favi et al. [100] presented an approach to help designers in the evaluation and improvement of product EOL performance. Designers can benefit from the proposed method in the modification of the product structure for the reuse and remanufacture of components along with material recycling. The approach was validated by a case study in helping designers during the redesign phase of products to reduce the number of materials and therefore reducing industrial wastes sent to landfills. Barkmeyer et al. [101] proposed a procedure for the assessment of end-of-life strategies to support decision-making within product development. Pneumatic cylinders were used as a case study to illustrate the procedure.





3.4. Cleansing and Surface Processing


Cleansing generally involves de-greasing, de-oiling, de-rusting, and removing old paint from the components. Regarding the cleaning phase, Esquer et al. [102] presented a cleaning program for a manufacturing facility for the remanufacturing of air compressors. The program consisted of prevention, elimination, and reduction of risks. The program created found areas of opportunity to improve in equipment, material, and methods in the company. Zhang et al. [76] carried out an experiment to clean carbon deposition, which is very difficult to be removed during the remanufacturing process. They used a molten salt formula, and the results showed that the cleaning process works best when the mass fraction of NaOH is 30%. Similarly, aiming to clean surface paint, Qin et al. [103] used a high-temperature decomposition process. They concluded that the process is an effective method for removing paint from steel metal used parts. However, it was found ineffective in carburizing and quenching steel. In a study by Li et al. [104], engines were cleaned by two different methods and compared. The results showed that SCCO2 cleaning is a manageable approach and has minimal impact on surface hardness, while thermal pre-treatment can drastically decrease the hardness.




3.5. Repair


In a study by Feng et al. [105], an approach for a damaged part in the field of remanufacturing repair was proposed. By the use of 3D metal printing instead of traditional mechanical repair, a more practical and complete framework is created to tackle repair issues. A damaged gear was used to validate the experiments, and the method is proven to be effective, robust, and highly automated. Studies benefit supply chains as they found that small recoverable product inventories have variations in return arrivals and quality of recoverable products, which in turn affects the completion of customer’s orders. Liu et al. [106] constructed a model on a remanufactured crankshaft taking assembly operation and part attributes as input and assembly quality as the output. Afterward, they created a transfer function for assembly quality, which was then used to characterize the coupling mechanism of assembly error. The results of the case study show that the methods can improve the reassembly precision. In another study by Liu et al. [107], they provided a review on IMAC (in situ monitoring and adaptive control) research, which is regarded as an effective method to overcome challenges such as having the ability to turn worn-out or damaged products into a workable condition to achieve better performance. This review is the first to focus on IMAC technology of LCR (laser cladding remanufacturing) in the remanufacturing industry and serves to help researchers understand what has been investigated and the research gaps that need to be further investigated. Further, Liu et al. [108] aimed to discover surface defects of rotational parts using a new method based on improved two-dimensional reciprocal cross-entropy. The effectiveness of the method was tested on a case study of rollers and proved to be the best out of the other three methods in segmentation, accuracy, and noise immunity. Kawasaki et al. [109] presented a method for the remanufacturing of pinion and large-sized skew bevel gears. They used a computer numerical control (CNC) machine and provided a mathematical model, which, in result, proved that there was a good agreement between them. A research work was oriented toward machine tool spindle and the analysis of repaired spindle function. This paper analyzes the spindle through static and dynamic performance before re-manufacturing. In order to make reasonable arrangements for the parameters of the spindle, the accuracy level is too high to avoid, which causes costs to the parts’ remanufacturing. To provide the new product with quality and warranty, an appropriate repair process has to be implemented.




3.6. Reassembly


The reassembly stages involve tools for the reassembly of the components into remanufactured products. In a study by Shen et al. [110], a new quality control assembly method based on the Jacobian–Torsor model for remanufacturing assembly was used to produce and analyze six different batches of remanufactured engines. This new standard optimized the traditional one and proved to be a suitable engine assembly. Yu et al. [111] considered a remanufacturing scheduling problem to determine the job sequence on the parallel disassembly workstations, the sequence of the jobs on each workstation of job-shop-type reprocessing shop, and the allocation/sequence on the parallel reassembly workstations. They developed two types of solution algorithms to solve the disassembly, reprocessing and reassembly scheduling sub-problems. One algorithm solves the problems separately and at the same time as well. The results showed that the integrated algorithms significantly outperform the intuitive decomposed ones. In another study by Ge et al. [112], a reassembly classification selection method based on the Markov chain was proposed as an effective method to improve the utilization of used parts in remanufacturing. The method was executed on a remanufactured crankshaft to show its feasibility.



To overcome the challenge of unpredictable supply of inventory for future reassembly purposes, an optimization model for simultaneous reassembly and procurement planning to determine the type and number of parts that should be reassembled and procured was created by [112]. Marketing demand was considered along with recycling benefits, and a smartphone was used as an example of the method.



Different reassembly techniques may be used for various industries. In the case of medical devices, each disassembled component has a unique serial number, and it must be reassembled into the very same remanufactured product; this is in contrast to other industries, where decommissioned parts can be placed in a generic inventory and used as required in the remanufacturing of totally distinct product units [18]. Reassembly is same as assembly in the traditional way of manufacturing; thus, a product has to be designed for ease of assembly to save cost and efforts at this stage.




3.7. Testing


After reassembly, quality check is required to examine the proper functionality of the remanufactured product. The remanufactured transmission output is measured and evaluated against the requirements set by the OEM of the particular model [59]. Williams et al. [113] discussed the remanufacturing benefits and testing of the electronic control unit of automotive. A testing strategy was presented and verified. Changliang et al. [114] presented various types of non-destructive testing (NDT) methods for old automotive engine testing for remanufacturing. Different types of NDT methods reported for this purpose are ultrasonic testing, metal magnetic memory testing, and eddy current testing. Tant et al. [115] proposed a concept of design for testing for improving remanufacturability. It was proposed that NDT methods are more suitable for remanufacturing because these methods do not alter the component at the microstructural level. The remanufacturing process claims to provide warranty and quality similar to the new product; hence, rigorous testing methods need to be employed to ensure the product quality.





4. Solution Methodologies


There are several methods the author proposes for solving the problems of remanufacturing, and they depend on the availability and plan of the solution; authors have various opinions on their types of solution. The solution techniques are classified based on their methodology such as optimization-based methods, simulation-based methods, case-study-based research, decision-making-based methods, uncertainties models, and other techniques.



4.1. Optimization Techniques-Based Methods


Some researchers used optimization techniques. For instance, the study by Gao et al. [116] focused on deterministic EOL product recovery evaluation and optimization, while Farahani et al. [89] developed an optimal decision-making model that considers the quality of returns and recoverable product capacity. They also developed an optimization model to initiate optimal quality levels of product returns and inventory for a general remanufacturing facility. Jiang et al. [91] introduced a multi-objective optimization method for the value recovery of EOL products. It was used to obtain the optimal value recovery options for used components and to recover valuable components from EOL products. Shi et al. [117] proposed a new environment-aware scheduling model for the remanufacturing system. An improved flower pollination algorithm with a new two-dimensional representation scheme was employed, and the results obtained were compared against six baseline algorithms (different variants of genetic algorithm, simulated annealing, and particle swarm optimization) for scheduling problems. It was reported that the proposed algorithm performed better than the other six algorithms for remanufacturing system scheduling problems.




4.2. Simulation-Based Methods


Studies that used software in their methods are Fang et al. [12], who presented a product remanufacturability assessment model using CAD and SolidWorks, and Dung et al. [118], who also used CAD to develop a system that can process digitized data for repairing processes. Some combined optimization techniques and software. Others, such as [71,72,73], combined optimization techniques and the use of machinery.




4.3. Experimental or Case-Study-Based Methods


Validating work is an important process with which to prove the efficiency of the developed methodologies and techniques, and from these perspectives, researchers have validated their works using some experimental methods or case-studies-based methods.



Some studies carried out experimental-based methods, such as a study by Feng et al. [105], where a repair volume extraction method that integrates surface reconstruction and repair volume extraction was proposed. The proposed method was validated by two experiments designed to extract the repair volume of a damaged gear with both planar and non-planar broken surfaces and is proven to be effective, robust, and highly automated. Zhang et al. [11] proposed a two-phase QFD (quality function deployment) model by reusing failure modes feedback from EOL products. The comprehensive list of design factors of products is developed by literature review, which includes engineering characteristics and DfRem guidelines. A case study of the automotive engine crankshaft validates the feasibility of the method proposed. The main contribution of the proposed method lies in finding the DfRem improvement direction accurately based on the failure modes.



4.3.1. Case Studies at the Component Level


To validate their proposed work and studies, authors need to experiment and implement on case studies. These studies may include individual parts. Zhang et al. [119] presented the effectiveness of the Gauss–Newton iterative method on the remanufacturing assembly process of a cylinder head. Huang et al. and Mesa et al. [82,83] applied their methods on fit joints and mechanical joints, respectively. As mentioned earlier, Joshi et al. [78] utilized the ARTODTO system, which is a system that receives sensors and RFID (radio frequency identification) tags for embedded EOL products. They implemented it on a cellphone to determine the best product designs for product recovery. Likewise, Huang et al. [73] proposed a remanufacturing scheme design method on turbine blades. Chen et al. [94] experimented with the microstructure and fatigue fracture behavior of EA4T steel with laser cladding remanufacturing. Esquer et al. [102] conducted a cleaning program for the remanufacturing of air compressors in a manufacturing facility. Shi et al. [120] presented a re-manufacturability evaluation method for the remanufacturing process of disassembly, cleaning, testing, repairing, and assembly and tested it on a WD615.87 diesel engine. Dung et al. [118] created a framework for the detection of automatic weld beads on free-form surface parts that are used in remanufacturing processes. In a research study, the remanufacturing process of injectors was discussed. They defined a control methodology of the injector that helps to prevent defective injector bodies from entering into the remanufacturing process [121]. In another study, researchers utilized an optimization model for determining the optimal EOL strategies on two desktop phones along with their components [99].




4.3.2. Assembly and Sub-Assembly Level


Others implemented on combined parts. For example, Gao et al. [116] and Serb et al. [122] employed their methods on motors. Fang et al. [12] presented a product re-manufacturability assessment model on an automotive alternator. Ridley et al. [87] aimed at the overall remanufacturing process and pre-processing inspection of cores to convey that automotive remanufacturing sectors may save up to 20% of their time by properly inspecting cores’ preceding processing. Their results were presented in a research conducted in an industrial manufacturing facility on the remanufacturing of returned products. Sitek et al. [71] as well as Ramachandran and Agarwal [74] both utilized the Taguchi method on a BGA (ball grid array) ball grid and scrapped piston, respectively, to prove its effectiveness during the remanufacturing process. Dong et al. [80] studied the evaluation of remaining fatigue life of a remanufacturing truck crane.




4.3.3. Product Level


Machines are also utilized in these studies, such as that conducted by Cheng et al. [70], who implemented a novel modularization method on a heavy-duty gantry milling machine remanufacturing. Additionally, Du et al. [123] established an evaluation criteria system for heavy-duty machine tool remanufacturing such as a heavy-duty horizontal lathe. Moreover, researchers used a lathe machine to obtain the optimal value recovery options for EOL products [91]. Lu et al. [93] presented their damage mechanism and evaluation model on large centrifugal compressor impellers. Their discoveries show that the model is successful in the analysis and assessment of large centrifugal compressor impellers before the remanufacturing process. In another study, researchers utilized impellers to present a life cycle assessment method comparing the environmental impacts of different impeller manufacturing and remanufacturing methods [124]. Jiang et al. [97] proposed a method that provides a new perspective on implementing used parts evaluation with a used TPX6113 boring machine as an example of their approach. Nassehi and Colledani [125], demonstrated their proposed method on a test case with an automotive part remanufacturer. It is noticed that the more we go in the production area, the more do the authors face complexity in applying their ideas as case studies. This is due to the major role of monitoring and controlling of the items in the products.





4.4. Decision-Making-Models-Based Methods


The literature also consisted of research works that used decision-making models in the remanufacturing process.



One research study provided a decision-making methodology for inspection along with a tool for cost assessment in their study [87]. Rizova et al. [24] provided a systematic review for the decision-making models’ research in remanufacturing. They classified decisions in remanufacturing into three categories, namely operational, strategical, and tactical. The assessment showed that 48% of the studies focused on strategic-level decisions, 34% on tactical-level decisions, only 5% on operational-level decisions, and the rest on combinations. It was also reported that 60% of the researchers proposed mathematical models. Moreover, uncertainties were discussed in 36% of the studies.



In another study, a multi-objective decision-making approach was discussed for EOL product recovery [116]. Some researchers focused on how remanufacturers can make decisions on products’ re-manufacturability. An artificial bee colony (ABC) algorithm was considered in the study to find the best EOL options in product recovery [96].



Another study aimed to propose a decision-making method of heavy-duty machine tool remanufacturing based on the analytic hierarchy process (AHP)-entropy weight and extension theory [123]. To accurately select the optimal design remanufacturing scheme, [72] presented a non-empirical hybrid multi-attribute decision-making method.



Nassehi and Colledani [125] analyzed the relationship of customer behavior on remanufacturing decisions. Joshi et al. [78] proposed a decision-making approach for remanufacturing based on the fuzzy analytical hierarchy process (AHP) to evaluate re-manufacturability and product design.



To solve the uncertainty problems in remanufacturing, a scheme design method was provided based on the incomplete reconstruction of used part information [73]. In their research, den Hollander et al. [8] discussed principles and methods required for circular product design in remanufacturing. Suhariyanto et al. [88] shed light on the decision-making process of life cycle assessment. In another research study, a decision-making model was developed for the remanufacturing process of recoverable inventory [89]. Mesa et al. [83] created an algorithm for decision-making to identify the best joining method in line with assembly and disassembly requirements in the product life cycle. With the use of an optimization control model, [126] concluded that this method could be used effectively for the reassembly system in remanufacturing. Bakeshloo et al. [127] implemented a Markov decision-based strategy for inventory control problems in a hybrid manufacturing–remanufacturing system with stochastic demand. The model was implemented for the tire industry, and the results revealed that profitability, serviceability, and core acquisition could be improved by the proposed strategy.



Govindan et al. [7] provided insights that support decision-makers; for instance, how policy makers can benefit from how to improve the branding of remanufactured products. Paterson et al. [128] investigated several decisions such as whether or not remanufacturing is occurring and whether recycling is applicable to CFRP (carbon fiber reinforced polymer) and carbon fibers. Many other research works, such as [7,8,12,73,74,78,83,88,89,91,126,128], utilized decision-making models in the remanufacturing domain.




4.5. Uncertainty Studies in Remanufacturing


Remanufacturing is more difficult than conventional manufacturing because of the difficulties and uncertainty involved in managing returned goods [129,130]. Researchers [131] studied a remanufacturing production planning model taking into consideration some possible uncertain factors in remanufacturing such as its features and characteristics. A two-stage, hybrid programming model was proposed based on the uncertainty theory to minimize the total remanufacturing cost. To show the model’s efficiency, a remanufacturing simulation case was studied. Since the remanufacturing process involves many uncertainties, Um et al. [75] used a selective assembly method to reduce assembling deviation based on uncertainty analysis. The method improved production efficiency and reduced uncertainties in assembly process and repair cost, leading to customer satisfaction. Gao et al. [116] proposed an artificial bee colony (ABC) algorithm multi-objective decision-making approach for dealing with uncertainty in EOL products. The objective was to find the best EOL options of product recovery components and profit. In the study, a motor was used as a case study to demonstrate the methodology. The proposed approach shows that, compared with selections of EOL options that disregard uncertainty, considering uncertainty makes EOL product recovery more realistic and can give better alternatives to decision makers.




4.6. Other Methods and Studies


Other topics that were covered were literature reviews conducted by [7,11,93,132] on the topic of remanufacturing. Suhariyanto et al. [88] conducted a systematic review on multi-life cycle assessment for products in the remanufacturing process. The study identified gaps in the field, which will help in the understanding of multi-life cycle and life cycle assessment of these products. Ngu et al. [133] presented an in-depth study of the remanufacturing industries in Malaysia. Different aspects, challenges and issues, as well as the current status were discussed. To summarize the advancement of remanufacturing technologies, Zhang et al. [134] conducted a comprehensive literature review of investigating energy, climate, and economy in remanufacturing using the life cycle assessment (LCA) process. The LCA method’s shortcomings were also addressed. Ardente et al. [135] utilized an LCA approach to assessing the environmental benefits of remanufacturing. A server was selected as a case-study product; it was reported that even though the remanufactured product consumes more energy for running, it is still environmentally beneficial.



Sutherland et al. [136] presented a comparative study in terms of energy savings between manufacturing and remanufacturing of a diesel engine. The results revealed that remanufacturing saves a significant amount of energy consumption over a life cycle of a diesel engine; moreover, hazardous emissions were also reduced.



Chen et al. [137] conducted a study on consumers and their willingness to pay for remanufactured products through a questionnaire. Govindan et al. [7] discussed marketing issues found in remanufacturing and their products. The article explored different opportunities to improve marketing approaches for remanufactured products by the use of various strategies, consumer behaviors, as well as pricing and branding. Nassehi and Colledani [125] investigated the relationship between customer behavior and manufacturer decisions using a simulation model to examine, analyze, and predict decisions of remanufacturing enterprises and their possible long-term effects on customer behavior. Feng et al. [105] studied the benefits in supply chains of remanufacturing, as they found that small recoverable product inventories have variations in return arrivals and the quality of recoverable products, which in turn affects the completion of customers’ orders.





5. Barriers and Challenges for Remanufacturing


The concept of remanufacturing was introduced more than two decades ago; though, it is still on the ground level and is not adopted due to barriers and lack of awareness. Circularity gap report in 2019 reported that only 9% of the 92.8 billion tons of minerals, fossil fuels, metals, and biomass entering the economy are re-used each year [138]. Merely 2% of US total production and only 1.9% of EU production is remanufactured [18].



Still, there are several challenges faced by remanufacturing. One of the notions is that consumers’ low willingness-to-pay for the remanufactured product is a major barrier for remanufacturing [139,140,141,142]. Sharma et al. [48] presented the roadblocks for remanufacturing India. Through surveys and literature, they reported major roadblocks, which are: (1) Quality concerns; (2) no framework, guidelines, and policies; (3) product design; (4) unorganized sector; (5) lack of marketing strategies; (6) customers’ willingness to return the products; and (7) trade barriers. Wei et al. [143] discussed the barriers faced by remanufacturing industries in China. It was mentioned that the difficulties faced by remanufacturers are different for different sectors, though there are also some common barriers, such as government policies. Figure 5 shows the rank of overall barriers as presented by Wei et al. [143]. The horizontal axis shows the seriousness scale in which 1 = not serious at all; 3 = serious; and 5 = extremely serious.



Tian et al. [144] discussed barriers faced by automotive components’ remanufacturing. It was reported that limitation in the supply chain is one of the barriers. Sometimes, the cost of the remanufactured product poses an issue [145]. Other barriers reported in the literature are a lack of awareness, government policies, lack of proper facilities and thinking at the design stage, and so on [18,146]. Zhang et al. categorized barriers into three types: before remanufacturing (design, less enthusiasm, and lack of cores); during remanufacturing (lack of technologies, lack of know-how, and scarcity of standards); and after remanufacturing (market, policies, and consciousness). Xia et al. [14] utilized the Grey-Decision-Making Trial and Evaluation Laboratory (DEMATEL) approach for investigating the internal barriers in China for automotive parts remanufacturing. Kurilova-Palisaitiene et al. [147] discussed how lean manufacturing would help with remanufacturing challenges. They identified several challenges in the remanufacturing process and categorized them into three types, as shown in Figure 6. Gunasekara et al. [20] presented a review about barriers in remanufacturing. They classified barriers into three categories, which are: academic-level barriers, policy-level barriers, and industry-level barriers. Table 2 shows the finding presented by them.




6. Results


A bibliometric analysis is performed in order to have better comprehension and to know about the research trends in the remanufacturing domain, as discussed in Section 2 (Methodology). The results obtained through the bibliometric analysis are reported in this section.



6.1. Publication and Citation Analysis


Remanufacturing research has gained the interest of researchers in the past few years, which is demonstrated by the yearly increase in the number of publications in this field, as shown in Figure 7. Obviously, there is an increase in the number of researchers in remanufacturing, and also WOS has included more journals in the last years. According to WOS records, there are around 200 papers published each year in the field of RSC from 2016, and the number of articles in 2020 reaches 366 articles. It can be seen from literature that in the initial years of research (1980s) on remanufacturing, the focus was on the general introduction of the topic. Later, in the following decade (1990–2000), attention was paid to defining the remanufacturing process more precisely and how it is different from other allied fields, such as recycling and reconditioning. In the following 10 years (2000–2010), the focus on remanufacturing research was shifted toward solution methodologies, some guidelines development, the creation of a remanufacturing ecosystem, and so on. During the last decade (2011–2020), researchers explored various topics in the domain such as the environment benefits, design aspects, barriers for implementation, and how it supports circular economy, to name a few. Moreover, from the past few years, investigations have been started into the implementation of a fourth industrial revolution in the remanufacturing field, uncertainties in various processes, design for remanufacturing, advance machine learning algorithms for scheduling and planning, and so on.



As research on remanufacturing is receiving more attention, the same has been reflected in the citation trends. During the last decade, remanufacturing research paper’s citation rate has been high, with 136 papers having more than 100 citations. Citations provide an idea that a research area is still active and that researchers are still exploring the area. Table 3 displays the full citation record of all the papers available in WOS in the field of remanufacturing to provide a better picture of the citation. The table categorizes the articles according to the number of times they have been cited, with the percentage of every category. In addition to the 136 papers that have been cited more than 100 times, 9.6% of the total publications on remanufacturing have been cited more than 50 times. A further interesting activity is to analyze the global H-index [159], found in remanufacturing research. The H-index [160] is a measure that aims at representing the importance of a set of papers. For example, if a set of papers has an H-index of 25, this means that 25 of the papers included in the set have received at least 25 citations each. The H-index for all of the results collected in this research study is 113.




6.2. Most Influential Journals in Remanufacturing Research


Remanufacturing research projects are currently being published in various and a high number of journals, with more than 400 journals only in the WOS. To provide some information on the journals interested in remanufacturing research, Table 4 depicts the 10 top influential journals sorted by the number of publications in the field of remanufacturing. Journal of Cleaner Production (JCP) and International Journal of Production Research (IJPR) are the most influential journals by the sum of total publications, whereas European Journal of Operational Research (EJOR) has the most citations per item.



To generate more useful information, a trend analysis was conducted with respect to the most influential journals. To this end, the whole study period was divided into several intervals, and the most influential journals within each interval were analyzed to assess the trends, as shown in Figure 8. The results show that JCP is the most interested in remanufacturing research in recent years.



To focus on the more important papers on remanufacturing, all of the search projects were sorted according to the highest cited papers. Therefore, it is possible to collect articles that have received more citations in the field of remanufacturing. The more citations received by an article, the more important and popular it is in that field because the articles with new and useful ideas are always cited more. Table 5 shows the 10 most cited papers available on WOS in the period under consideration for remanufacturing research.



It is clear from Table 5 that the paper published by Savaskan et al., in 2004 [161], is the most cited and popular one. Next are the paper published by Gungor A. and Gupta S.M., in 1999 [162], and the paper by Guide, in 2000 [163], with more than 500 citations for each. There are several other influential authors; for example, the recent paper in 2016 by Lieder et al. [164] has the most citations per year in the list.




6.3. An Overview of the Most Productive and Influential Authors in Remanufacturing Research


Many authors are playing a key role in remanufacturing research studies. It is an important issue to determine which authors have the highest presence and influence. Table 6 presents the 10 most influential authors with the greatest number of publications in the field of remanufacturing. Note that the number of articles published is only an indicative measure; this is because many factors must be considered, such as co-authorship, paper size, and journal quality. Therefore, in order to present a full picture of all of these most active and influential studies, many other indicators were added in Table 6, such as the total citations received by each author, H-index, and citations per item. Table 6 shows that Guide V.D.R. is the most influential author in the field of remanufacturing, with more than 3600 citations, followed by Gupta S.M., with 2387 citations, regardless of the small number of articles he published; next is Adenso-Govindan K, with 1149 citations. Regarding the number of publications, Guide is also ranked high with 34 papers published in the field of remanufacturing; next in line are Xu B.S (34 papers), Gupta S.M. (32 papers), and so on.




6.4. Most Productive and Influential Institutions in Remanufacturing Research


Remanufacturing research projects are conducted in more than 500 institutions. Many of these institutions are popular, and the 10 most influential institutions in remanufacturing are presented in Table 7, sorted according to the total number of publications (TP). The results of Table 7 reveal that the Indian Institute of Technology System has the most TP in the field of remanufacturing. However, Northeastern University is the most cited institution and has the most rate of citations per item. In this list, most of the institutions are from China, and in general, 80% of the institutions are Asian organizations. It is worth noting that only two USA institutes have been found in this list, and no European institute has been listed.





7. Discussion


Remanufacturing is gaining admiration because it is a step toward sustainable manufacturing. It is closely related to the circular economy, and one can say that it is one of its pillars. Remanufacturing possesses several benefits in terms of saving in cost, time, and energy. However, still many aspects need to be explored in order to make it a success.



Researchers around the world have started investigating various facets of remanufacturing. Based on this comprehensive literature review, it can be said that most of the focus was made on common phases of remanufacturing, such as disassembly cleansing, condition assessment, and solution techniques.



Industry 4.0 is gaining a lot of momentum in the manufacturing field; hence, its implementation in the remanufacturing domain should also be explored. Some research projects have been started in this domain as well [171,172,173,174]. Industry 4.0 tools, such as the Internet of Things (IoT) and big data analysis, will be quite useful in reverse logistics [175], predictive maintenance [176], and assessment of EOL products [172]. Disassembly and assembly are integral parts of the remanufacturing process. Tools such as augmented reality (AR)/virtual reality (VR) are quite useful in assembly/disassembly planning [177].



Secondly, uncertainties in various factors such as demand, transportation, and production still require research from the perspective of remanufacturing [129]. Many researchers have proposed mathematical models and techniques for optimization in manufacturing [178,179]; though, in remanufacturing, still a lot of effort is required, including the dynamic nature of remanufacturing process and also the multi-criteria involved [180,181].



In terms of national and international policies, still much synergy is required; because it is vital to identify the barriers that are hindering the implementation of remanufacturing and then finding ways to eradicate those barriers [20,182].



Design for remanufacturing is another important area that needs to be explored because it is better to think from the start how the product will be designed so that it will support the remanufacturing process later [63,183]. All of these research directions required joint efforts from researchers around the world to make the manufacturing process greener and more sustainable.




8. Conclusions


In this paper, the literature on remanufacturing was comprehensively reviewed. A detailed investigation of various aspects of remanufacturing was carried out qualitatively as well as quantitatively to address the four research questions mentioned in Section 1. The goal of RQ1 is to differentiate remanufacturing with other related terminologies. Several definitions of remanufacturing provided by researchers and organizations were presented, and we discussed how it is different from other close concepts



To address RQ2 (major phases and solution methodologies employed for remanufacturing), several aspects of remanufacturing and the solution methodologies applied in this domain were presented from the literature. It can be seen that mathematical modelling-based optimization techniques as well as simulation techniques are quite well explored by researchers, and the dynamic nature of remanufacturing activities’ uncertainty models are also included at some instances.



Even with so many benefits and gains, remanufacturing implementation on the ground level is still not discernable; thus, factors that are creating obstacles in its execution are presented in order to answer RQ3 (barriers and challenges in remanufacturing adoption). From the literature, it can be concluded that government support and customers’ willingness both are required to make remanufacturing successful.



Finally, to address RQ4 (research trends and future research directions), apart from a qualitative literature review, bibliometric analysis was performed, and trends and research distributions were analyzed and discussed. Both qualitative and quantitative analysis research trends and future research directions were identified.



Based on the literature review, it can be seen that barriers and challenges are the least investigated in the literature. It can be concluded that researchers should pay more attention to barriers and challenges while also providing solutions to these issues. Though design for remanufacturing is an obvious enabler for remanufacturing, yet this review indicates that research is lacking on this perspective; the design phase is found to be the least investigated among other phases of remanufacturing. Moreover, the testing phase also requires attention from researchers. Another conclusion that emerges from bibliometric research is that developing countries such as China and India are studying it more than developed countries.



Based on the qualitative and quantitative literature analysis, some of the future research directions are listed as follows:



	
Barriers in Adoption: Several barriers and challenges are identified by researchers. Some challenges are global while the others differ from region to region, such as local government policies, customer behavior, and so on. Some challenges need more investigation to include uncertainty of core supply, discontinuity of replacement part supply, lack of product knowledge among consumers and retailers, hesitation of retailers to sell remanufactured products, and government policies, to name a few.



	
Uncertainties: The dynamic nature of various remanufacturing activities creates several uncertainties that need to be explored, such as changes in demand, resource allocation, transport issues, and so on.



	
Solution Methods: As complexity increases, the solution methods to model the process are also required to be updated. Updated models with the help of the latest algorithms are required in different solution methodology techniques such as multi-criteria decision making, mathematical modeling, simulation methods, and meta-heuristics.



	
Design for Remanufacturing: If, from the start, the designer develops a product while keeping in mind its remanufacturing process, then several problems will be resolved. Design for remanufacturing includes both design for disassembly as well as design for assembly. More investigations are required in the initial level of design, developing know-how, and creating design guidelines.



	
Industry 4.0 for Remanufacturing: Industry 4.0 in usual manufacturing has been gaining much popularity since the last decade. However, there is a scarcity of research for implementing Industry 4.0 tools such as Internet of Things (IoT), artificial intelligence tools, and big data analytics in remanufacturing.
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Figure 1. PRISMA flowchart for quantitative analysis literature. 
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Figure 2. A figure illustrating the difference between remanufacturing, reconditioning, and repair [47]. 
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Figure 3. Major phases of conventional manufacturing (modified from [53]). 
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Figure 4. Major steps involved in remanufacturing (modified from [53]). 
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Figure 5. Overall barriers for remanufacturing in China (adapted from [143]). 
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Figure 6. Challenges in remanufacturing as identified by Kurilova-Palisaitiene et al. [147]. 
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Figure 7. The number of annual publications on remanufacturing. The blue bar indicates the total number of yearly remanufacturing-related papers, and the red line indicates the ratio of yearly remanufacturing-related publications to the total publications in all fields × 1000. 
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Figure 8. Trend analysis of the most influential journals on remanufacturing. 
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Table 1. Product recovery techniques [48].
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	Technique
	Disassembly
	Quantity

Recovered
	Quality (vs. New Good)
	Technological Upgradation
	Service Life
	Warranty
	Embodied Value Retained





	Reuse
	Limited
	Fully/Partially
	Low
	No
	Low
	No
	Yes



	Repair
	Limited
	Fully/Partially
	Inferior
	No
	Low
	Yes
	Yes



	Refurbish
	Limited
	Fully/Partially
	Low
	Yes
	Extended
	Yes
	Yes



	Cannibalization
	Selective
	Selective
	Moderate
	No
	-
	-
	Lost



	Recycle
	Selective
	Selective
	Depend
	No
	-
	-
	Lost



	Reconditioning
	Selective
	Selective
	Inferior
	No
	Extended
	No
	Yes



	Remanufacture
	Complete
	Very High
	Very High
	Yes
	High
	Yes
	Yes
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Table 2. Barriers identified by Gunasekara et al. [20].
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Barriers Category

	
Description






	
Academic Level

	
There are not enough remanufacturing awareness programs [148].




	
Remanufacturing equipment is not readily available [48].




	
There are not enough regional innovation research and development projects [149].




	
A scarcity of human capital with sufficient technical knowledge [150].




	
Policy Level

	
There is a lack of environmental laws and regulations [148].




	
Policymakers’ lack of support [147].




	
A lack of financial incentive [143].




	
Incentives for the growth of new industries are lacking [151].




	
Tax burdens are excessive [151].




	
There is a lack of coordination among government agencies that provide services to the industrial sector [20].




	
Industry Level

	
Remanufactured goods have a low demand [148].




	
A lack of desire to return used goods [152].




	
It is difficult to set up a system for returning used goods [3,153].




	
Balancing supply and demand is a difficult task [154].




	
Struggling to stay competitive with a brand new product [48,143].




	
Long-term investment is needed to start a remanufacturing company [148].




	
Investment in the remanufacturing industry is not financially viable [155].




	
The manufacturing industry is suffering from a lack of investment [20].




	
Uncertainty of quality of returned used item [147].




	
Complicated due to a large number of product models/variations [156] and/or fashion obsolescence [157].




	
The method is extremely labor-intensive (disassembly, cleaning, refurbishment, inspection, assembly, testing) [3,143,150].




	
Difficulty in production scheduling due to varying processes [155,156,158].




	
Replacement parts are difficult to come by due to price and distribution issues [143,155].




	
Poor standards of product recovery activities such as repairing and reconditioning [20].
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Table 3. Citation structure of remanufacturing papers.
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	Number of Citations
	Number of Papers
	% Papers





	≥100 citations
	136
	5.5%



	≥50 citations
	238
	9.6%



	≥20 citations
	455
	18.4%



	<20 citations
	1648
	66.5%



	total
	2477
	100.0%
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Table 4. Most influential journals.
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	Rank
	Journal
	No. of Publications
	Times Cited
	Citations/Article





	1
	JCP
	313
	10,138
	32.39



	2
	IJPR
	172
	4636
	26.95



	3
	IJPE
	155
	6766
	43.65



	4
	Sustainability
	93
	684
	7.35



	5
	IJAMT
	90
	1595
	17.72



	6
	CIE
	81
	2637
	32.56



	7
	EJOR
	78
	4186
	53.67



	8
	POM
	47
	3822
	81.32



	9
	RCR
	45
	1938
	43.07



	10
	JMS
	28
	964
	34.43







JCP—Journal of Cleaner Production; IJPR—International Journal of Production Research; IJPE—International Journal of Production Economics; IJAMT—International Journal of Advanced Manufacturing Technology; CIE—Computers and Industrial Engineering; EJOR—European Journal of Operational Research; POM—Production and Operations Management; RCR—Resources, Conservation & Recycling; JMS—Journal of Manufacturing Systems.
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Table 5. Most influential articles on remanufacturing, based on WOS database.






Table 5. Most influential articles on remanufacturing, based on WOS database.





	Rank
	Journal
	Article
	TC
	Author/s
	Year
	C/Y





	1
	MS
	[161]
	1045
	Savaskan, RC; Bhattacharya, S; Van Wassenhove, LN
	2004
	65.31



	2
	CIE
	[162]
	605
	Gungor, A; Gupta, SM
	1999
	28.81



	3
	JOM
	[163]
	584
	Guide, VDR
	2000
	29.20



	4
	JEM
	[165]
	545
	Ilgin, Mehmet Ali; Gupta, Surendra M.
	2010
	54.50



	5
	JCP
	[164]
	531
	Lieder, Michael; Rashid, Amir
	2016
	132.75



	6
	MS
	[166]
	436
	Savaskan, RC; Van Wassenhove, LN
	2006
	31.14



	7
	MS
	[167]
	434
	Atasu, Atalay; Sarvary, Miklos; Van Wassenhove
	2008
	36.17



	8
	MS
	[168]
	419
	Ferrer, G; Swaminathan, JM
	2006
	29.93



	9
	POM
	[169]
	395
	Ferguson, Mark E.; Toktay, L. Beril
	2006
	28.21



	10
	MS
	[170]
	390
	Debo, LG; Toktay, LB; Van Wassenhove, LN
	2005
	26.00







MS—Management SCIENCE; JOM—Journal of Operations Management; JEM—Journal of Environmental Management; TC—Times Cited; C/Y—Citations per Year.
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Table 6. Most productive and influential authors in remanufacturing research.






Table 6. Most productive and influential authors in remanufacturing research.





	Rank
	Name
	TP
	TC
	H
	Citations per Item





	1
	Guide VDR
	34
	3603
	26
	105.97



	2
	Xu BS
	34
	270
	9
	7.94



	3
	Gupta SM
	32
	2387
	18
	74.59



	4
	Wang Y
	31
	440
	11
	14.19



	5
	Zhang H
	31
	422
	12
	13.61



	6
	Zhang HC
	28
	374
	12
	13.36



	7
	Jiang ZG
	26
	481
	12
	18.50



	8
	Li YJ
	22
	716
	12
	32.55



	9
	Li BY
	20
	206
	9
	10.30



	10
	Govindan K
	19
	1149
	16
	60.47







TP—total publications; H—H-index.
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Table 7. Most productive and influential institutions in remanufacturing research.
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	Rank
	Name
	Country
	H-Index
	TP
	TC
	C/P





	1
	Indian Institute of Technology Systems
	India
	18
	54
	984
	18.22



	2
	Chongqing University
	China
	22
	53
	1101
	20.77



	3
	Huazhong University of Science and Technology
	China
	22
	53
	1425
	26.89



	4
	Dalian University of Technology
	China
	16
	49
	1074
	21.92



	5
	Hefei University of Technology
	China
	10
	44
	266
	6.05



	6
	Nanjing University of Aeronautics and Astronautics
	China
	11
	39
	349
	8.95



	7
	Northeastern University
	USA
	22
	39
	2605
	66.79



	8
	Shanghai Jiao Tong University
	China
	15
	39
	656
	16.82



	9
	Pennsylvania Commonwealth System of Higher Education
	USA
	20
	38
	1819
	47.87



	10
	Wuhan University of Science and Technology
	China
	12
	37
	498
	13.46
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