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Abstract: Product take-back programs are becoming increasingly popular and 
widespread driven by continuous focus on sustainability and circular economy. 
As a result, manufacturing systems need to be designed to handle not only disas-
sembly, but also reprocessing of materials, re-assembly, and remanufacturing in 
a cost-efficient way. Compared to traditional manufacturing, this involves higher 
need for changeability due to higher uncertainty e.g. in terms of timing, quantity, 
and quality of received items to handle, and in particular due to significant variety 
in returned items. Therefore, the aim of this paper is to provide empirical insight 
on how changeability and reconfigurability can be applied to meet challenges in 
development of closed-loop manufacturing systems for product take-back. 

Keywords: Remanufacturing, Closed-loop manufacturing, Changeability, Re-
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1 Introduction 

Product take-back programs are becoming increasingly relevant for manufacturing 
companies, which is driven by a growing demand for more sustainable and environ-
mentally friendly business models [1-3]. In this regard, a truly closed-loop supply chain 
can be defined as a supply chain with zero waste that reuses, recycles, or composts all 
materials [4]. Thus, a closed-loop supply chain involves both forward flow of materials 
and reverse flow of materials that are processed by the closed-loop manufacturing sys-
tem, involving activities such as inspection, cleaning, testing, sorting, disassembly, re-
pair, remanufacturing, re-distribution, and disposal [5]. Therefore, the closed-loop 
manufacturing systems should be designed not only for new processes such as cleaning, 
sorting, and disassembly, but also with high robustness against fluctuations and high 
levels of changeability in processing, handling, and routing of a large variety of prod-
ucts, parts, components, and materials [5]. As a consequence, business cases of such 
closed-loop systems are highly likely to become unattractive due to e.g. high changeo-
ver times, difficulty in automation, and high labor cost [1, 6], which makes it difficult 
for manufacturers to efficiently meet increasing demands for zero-waste and eventually 
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make attractive business cases. Various approaches and solutions towards these closed-
loop manufacturing challenges have been addressed in research, e.g. product design for 
remanufacturing, utilization of additive or industry 4.0 smart technologies, or forecast-
ing, planning, and control models for remanufacturing [3, 7, 8]. However, while 
changeable and reconfigurable manufacturing concepts have been widely recognized 
and exploited for traditional manufacturing systems involving small batch sizes, high 
need for variety and product customization, short product life-cycle, and high variabil-
ity/uncertainty in demand [9, 10], these principles have been less addressed specifically 
in the context of remanufacturing and design of closed-loop manufacturing systems. 
For instance, it has been widely covered in both research and practice how reconfigu-
rability in terms of modular software and hardware with standard interfaces can be uti-
lized in design of manufacturing systems to achieve both cost-efficiency and rapid re-
configuration [9, 11-13]. However, potential use of reconfigurability principles for ac-
tivities in later stages of product lifecycles have received less attention, but appears 
relevant as well [14-16]. Therefore, the aim of this paper is to provide empirical insight 
on how changeability and reconfigurability as manufacturing system paradigms can be 
applied to meet challenges in development of closed-loop manufacturing systems. The 
remainder of the paper is structured as follows: Section 2 describes related research and 
Section 3 outlines the applied case research method. Section 4 presents the case study 
findings, and Section 5 concludes the paper and describes future research directions.  

2 Related Research 

The focus of this paper lies in the intersection between the following domains and 
search terms: 1) “Manufacturing system” or “production system”, 2) “Changeable man-
ufacturing”, “changeability”, “reconfigurable manufacturing”, or “reconfigurability”, 
and 3) “Remanufacturing”, “closed loop manufacturing”, “circular economy”, “circular 
supply chain”, “sustainability”, or “product take-back”. By combining the search terms 
in each domain, a literature search was conducted in Scopus searching specifically in 
title, abstract and keywords. As a result, 31 documents were retrieved and screened for 
relevance. 19 papers were considered relevant and excluded papers covered mainly ma-
chine tool design or planning and control of traditional manufacturing with sustainabil-
ity included as a general term. Further, a snowball approach revealed additional relevant 
papers to include. In the following, the findings of the review are summarized. 

Initially, the concept of the Reconfigurable Manufacturing System (RMS) was in-
troduced by Koren in the mid 1990’s with the aim of providing capacity and function-
ality on demand [17, 18]. However, competitive factors going beyond rapid responsive-
ness and lower cost increase the relevance of reconfigurability. Bi [11] addressed dif-
ferent manufacturing system paradigms and their abilities to support sustainability. Ad-
ditional conceptual evaluations of RMS in the context of sustainable manufacturing 
have been proposed by e.g. Koren et al. [19] stating that e.g. modular machine tools 
and systems can increase sustainability and allow manufacturing systems to support 
easier redesign, conversion to produce from virgin and recycled materials. Brunoe et 
al. [16] investigated how circular supply chains can be supported by different 
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changeability classes including reconfigurability for different end-of-life product strat-
egies. Garbie [20, 21] considered not only the reconfigurable manufacturing system in 
a sustainability context, but the entire manufacturing enterprise. Going beyond recon-
figurable manufacturing as a paradigm that can increase sustainability of manufactur-
ing, some research particularly addressed traditional reconfigurability characteristics in 
this context. For instance, Barwood et al. [22] explored the adoption of RMS principles 
for electronic waste recycling systems and proposed a concept of reconfigurable recy-
cling system (RRS) with the ability to rearrange and modify processes in order to match 
characteristics of the waste stream. Further, Huang et al [23] explored RMS character-
istics in connection to sustainable manufacturing performance defined in terms of emis-
sion, waste, water use, and efficiency, as well as different types of cost. Particularly in 
relation to product development, Mesa et al. [24] addressed the application of modular 
product development principles as a basis for RMS and for increased sustainability. In 
relation to this, research on cascading use methodology provides insights on identifying 
new EoL solutions for products and materials [25]. Research in relation to reconfigu-
rability and sustainability can also be identified on both hardware and software levels. 
On a machine level, Fan et al. [26] propose a reconfigurable multi-process combined 
machining method to solve the challenge of limited flexibility of machining equipment, 
low efficiency, and high cost of remanufacturing. Likewise, Bi et al. [27] considered 
how existing machines can be reconfigured to achieve higher sustainability of manu-
facturing systems, while Peukert et al. [28] proposed an approach for modular and re-
configurable machine tool frames to make a sustainable footprint [28]. In regard to 
planning, Touzout and Benyoucef [29] addressed process plan generation in a recon-
figurable manufacturing environment considering emission criterion as an environmen-
tal factor. Several other works also address production and process planning in a recon-
figurable manufacturing system aiming at improving different sustainability criteria 
[29-31]. To summarize, research on reconfigurability as support for closed-loop man-
ufacturing covers: 1) reconfigurability on a system/paradigm concept level for closed-
loop manufacturing, 2) exploration of RMS characteristics in connection with sustain-
ability of manufacturing, 3) reconfigurable hardware design for closed-loop manufac-
turing, and 4) production and process planning in reconfigurable system considering 
sustainability factors. Furthermore, the review shows that reconfigurability is a means 
for closed-loop manufacturing, however, insights are primarily driven by conceptual 
explorations or mathematical representations rather than investigations in industry. 

3 Case Research Methodology 

In this paper, the strengths of case research is its ability to support a relatively full 
understanding of product take-back in a real-life manufacturing context, in order to 
identify and explore related challenges and the potential of changeability as means for 
meeting some of these challenges. The case company is a large enterprise with head-
quarters located in Denmark and numerous global manufacturing plants and sales of-
fices. With an annual output of more than sixteen million products, the company is the 
market leader within its product domain. Due to the diverse condition of incoming 
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products e.g. product age, type, wear and tear, the disassembly process is entirely man-
ual (manual pressing tools) and the company has not yet identified or developed a more 
automated manufacturing system with sufficient degree of changeability. The unit of 
analysis in this paper is the take-back program of a small discrete manufacturing prod-
uct, where returns are from both internal and external sources, e.g. End-of-Life, war-
ranty cases, insurance cases e.g. pallet slip, etc. In the case company, the product take-
back project has been running for several years, and longitudinal data is available to 
support this study. In this regard, each returned product type and its value recovery 
process was investigated to achieve comparability and to allow for extraction of prom-
inent characteristics. All identified challenges have been extracted, compared, and dis-
cussed in four phases. The first two phases mainly focused on challenges and the last 
two on potential changes in the manufacturing system considering RMS principles. In 
the first phase, the researchers conducted semi-structured interviews with the lead pro-
ject manager overseeing the circular economy initiatives, aiming at gaining an overview 
of the take-back project, the returned products, the reverse supply chain, and the recy-
cling/remanufacturing process. The current system was mapped and assessed as well. 
Based on this, a workshop was conducted in the second phase with the regional sales 
representative, distribution center manager, production supervisors, and external waste 
handlers. The workshop was used to discuss the overview created during the first phase, 
as well as to identify challenges that affected design and operation of the system. In the 
third phase, data was collected to analyze identified disassembly processes in order to 
measure takt and cycle time as performance indicators. Here, various stakeholders 
within production provided data. The fourth phase consisted of analyzing the results 
and presenting the findings to the lead project manager in order to ensure validity.  

4 Case Study Findings 

4.1 Challenges in closed-loop manufacturing for product take-back 

For presentation of the results, all identified challenges have been assigned to different 
superordinate categories using an Ishikawa diagram as a semantic tool (see Fig. 1).  
 

 

Fig. 1. Categorized challenges identified in the case study. 
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The first identified category is the disassembly process. An inefficient disassembly 
process is one of the main symptoms leading to the poor performance of the closed loop 
manufacturing system. On closer examination we found that three distinct challenges 
are responsible for this. First, the current process is purely manual, which has a signif-
icant impact on the economic performance. The root cause of the manual process design 
is the high demands on flexibility to heterogenous products and product conditions. The 
second challenge is the unbalanced disassembly steps. Root causes for this are the gen-
eral layout of the line, which is not optimized for operation efficiency and the hetero-
genic condition of incoming goods, which leads to a fluctuation of takt times that cre-
ates or worsens existing bottle-necks. A third challenge which is responsible for the 
inefficient disassembly process is that the process is not optimized to the individual 
resource loops in which parts and materials circulate. Recycling only recovers raw ma-
terial value, which allows for efficient, destructive separation of raw materials, albeit 
the case company disassembles products manually. However, as a general rule, disas-
sembly only makes sense financially when functional value is recovered. 

The second identified category is forecasting and capacity planning. The case com-
pany is not applying any forecasting methods, which hinders the ability to optimize the 
capacity planning of the disassembly line. Root causes for this is mainly non-transpar-
ent return flows. The external market acts as a “black-box” to the case company, which 
does not give any indication on potentially upcoming returns. Another root cause which 
leads to poor supply forecasting and capacity planning are fluctuating returns. Longi-
tudinal case data allowed us to observe up to 42% fluctuation of incoming EoL products 
from the same system within a time frame of 5 years. A third identified root cause is 
the diverse quality of returned products. The return volume consist of a mix of 3 product 
types, where the share of each individual product type fluctuates from batch to batch. 
This in turn disrupts the workflow, as each type requires different steps/tools. 

The third category playing a major role in the performance of the closed-loop man-
ufacturing system is the product design. We observed three different root causes in this 
category. First, the product design process did not consider EoL handling, disassembly 
or any other value recovery strategies. This results in a complex and partly destructive 
disassembly process. Second, product design only allows remanufacturing on a com-
ponent level, whereas the number of remanufacturable components is limited to two. 

The fourth category of challenges is quality. Adapting the output quality of closed-
loop manufacturing systems to the quality level of the case company’s conventional 
manufacturing process is a major challenge. One root cause is the low level of trans-
parency in returned products. Currently, the case company struggles to identify reman-
ufacturable components, as numerous incremental design changes have been conducted 
throughout a product’s lifespan. Also, in a majority of cases, value only remains in raw 
materials, since long and intense use phases wear down the product and demolish the 
functional value. Another challenge identified is the limited knowledge about technical 
and financial feasibility of remanufacturing. Only two components across the three dif-
ferent product types have been tested. Thus, arguably a lot of remanufacturing potential 
is currently lost due to lack of knowledge. 
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4.2 Reconfigurable system scenarios for closed-loop manufacturing 

In order to meet the challenges reported in the previous section, redesign initiatives 
for the closed-loop manufacturing system were initiated in the case company. The aim 
was to develop a system capable of changing configurations to fulfill different functions 
in present and future applications. Evidently, not all challenges in terms of poor perfor-
mance of the closed-loop manufacturing system can be met by designing a reconfigu-
rable system. However, a reconfigurable line can in particular support challenges in  the 
two first categories. The redesign largely followed the three steps of 1) requirement 
analysis, 2) concept design considering RMS principles, and 3) concept evaluation.  

In the requirement analysis and specification, products or product families to include 
in the design process were determined, as well as their required processing tasks. Three 
distinct product groups were identified having significant impact on the disassembly 
process. These three processes varied between 9 and 12 processing steps and had cur-
rent cycle times between 100 to 160 seconds. However, due to the heterogeneous con-
dition of the products (e.g. corroded press connections or screws) deviations of up to 
50% in cycle times could be determined in individual cases. The current line facilitates 
the three different products in parallel to each other, which results in significant move-
ment of product and operators. A workflow analysis showed that 21% of the throughput 
time was non-value adding. Thus, increased convertibility of the layout was required in 
the new setup, which was solved by a modular approach to workstations and their inte-
gration. Moreover, in order to develop requirements, a scenario approach considering 
uncertainties in existing and future product commonality, product volume, product va-
riety, and needed process changes was applied. The outcome of this was three distinct 
scenarios that system configurations should be designed to meet, covering not only the 
immediate requirements in output unit/hour and product mix, but also future more long-
term changes. The three scenarios clearly showed a need for high scalability and con-
vertibility of the system, i.e. being able to reconfigure the capacity and functionality of 
the system on both short term basis in terms of mix changes, and on long term-basis in 
terms of more significant volume changes. The first scenario considered only 25,000 
units/year, while the third scenario considered 1,000,000 units/year. Thus, a modular 
system architecture was considered in the concept design phase in order to enable dif-
ferent alternative system configurations. By exploiting a potential modular system de-
sign, different levels of automation, different configurations of layouts, and different 
capacity levels could be reached by changing, adding, or removing system modules. 
Thus, considerations of alternating between modular system configurations in response 
to changes in demand were made, i.e. increasing capacity in a step-wise manner by 
adding more parallel workstations or automating some process steps e.g. inspection or 
some disassembly steps. Moreover, considerations of moving from pure recycling to 
recovery of functional value through remanufacturing was also included. In the final 
evaluation of concepts, the degree to which remanufacturing could be introduced sig-
nificantly impacted the attractiveness of the scenarios and configurations of the closed-
loop manufacturing system. As a remaining task not covered in this paper, the recon-
figurable concept should be designed in detail and the performance evaluated.  
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5 Conclusions & Future Research 

This paper contributes with insights from a case study on challenges in closed-loop 
manufacturing systems for product take-back programs and considerations on how re-
configurability can support and meet these challenges. The findings of the paper shows 
significant challenges in developing well-performing closed-loop systems, e.g. high de-
gree of manual work, difficulty in balancing flows, limited ability to recover functional 
value rather than recycling, low transparency in incoming products, fluctuating quantity 
and quality of returns, and products not designed for EoL and disassembly. This paper 
considers how reconfigurability principles can be applied to aid at some of the chal-
lenges. In particular the low transparency, high uncertainty, and significant fluctuation 
in incoming products. Limitations to this study are first of all that solving these chal-
lenges requires efforts beyond manufacturing system design, involving various stake-
holders in the company. Also, the challenges need to be validated in further industrial 
settings beyond the case company. Future research should also explore the performance 
of reconfigurable systems to support disassembly and remanufacturing.  
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