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Abstract. The coronavirus crisis had a critical impact on supply chains and
production worldwide. In particular, closed borders often prevented companies
from obtaining the components required for their production. Such disruptions
are the results of globalization, with suppliers spreading all over the world. The
circular economy is an opportunity to overcome this challenge since
components from end-of-life items may substitute supplies from afar. However,
many barriers exist in the implementation of circular processes, as
manufacturers perceive it as a radical change to their procedures. Therefore, we
propose not to use completely new lines for the circular economy, but to use
already existing systems. This paper presents the definition of circular
integrated production systems (CIPS) and suggests a research roadmap for such
to investigate what challenges and potentials arise, and what future research
will be needed.
Keywords: Disassembly, Remanufacturing, Sustainable Production, Integrated
Production Lines, Circular Economy.

1 Introduction
When parts are not available, production is interrupted: the recent coronavirus crisis
demonstrates the critical impact of supply chain disruptions, as many companies are
unable to source the components required for their productions, often due to closed
borders [1, 2]. The circular economy can make a major contribution to address this
challenge: Products return to factories at the end of their life cycle instead of ending
up in a landfill. In this way, locally available resources are used and companies are
less dependent on distant suppliers. In addition, increasing environmental awareness
and scarcity of available resources are putting pressure on companies to manage
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available resources in the domestic market. A circular approach can change the
company's perspective: Instead of seeing used products as a liability, they can now be
a source of parts or materials.
The purpose of this paper is to give a research roadmap for a new production
paradigm. So-called circular integrated production systems (CIPS) should help to
enable circular economy for more companies. Therefore, this paper compiles the
current and previous research results to derive existing research gaps on circular
production systems with integrated lines. In addition, specific action areas are defined
to describe a roadmap for further research on the outlined topic. After describing the
path from conventional production systems to circular integrated production systems
(Section 2), the manuscript includes a section that divides the aforementioned
research roadmap into the design (Section 3.1) and operation (Section 3.2) of CIPS,
leading to a summary overview (Section 3.3). Section 4 discusses the results and
draws a conclusion.

2 The Way from Conventional Production Systems to Circular
Integrated Production Systems (CIPS)
The conventional production triangle, which describes the conflict between time, cost,
and quality, is gradually being superseded by the holistic approach of sustainable
production. Sustainable production combines economic, ecological and social aspects
of value-adding activities. Due to regulation and green consumerism, most
manufacturing companies are now willing to adopt more sustainable practices such as
circular economy. This trend will likely increase in the coming years, since laws and
regulations will become stricter pushing the manufacturing industry even more into a
sustainable direction. For instance, the European Commission recently adopted the
“Right to Repair”, obliging the manufacturing industry to provide long-lasting
machines and spare parts and to repair electronic equipment. Nevertheless, only a few
companies are remanufacturing end-of-life items. Despite the willingness of the
industry, several barriers prevent the adoption of circular economy. The barriers can
be economical (high costs to build the reverse system, costs to manage the reverse
inventory, not realizing the value, etc.), operational (lack of know-how, lack of
guideline, coordination issues, etc.), environmental (lack of laws and regulations
regarding end-of-life items, lack of government policy to support a return flow, etc.),
socio-cultural (acceptance of remanufactured parts from customers, etc.),
technological (current information systems mostly do not support circularity, etc.) or
strategic (lack of management commitment, lack of performance indicators, etc.) [3].
To mitigate these barriers, the authors suggest a new approach of integrating
circular economy into conventional production systems:
Circular integrated production systems (CIPS) are defined as production systems
that can perform both conventional linear processes and circular activities on the
same systems.
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Disassembly or remanufacturing are examples for circular activities in manufacturing
companies. Within CIPS, existing elements, such as assembly lines, transport
network, planning and scheduling software, and operation management, of factories
mostly remain as they are designed for linear production, and are only adapted to
comply with circular flows while minimizing costs of reconfiguration and the
environmental impact. CIPS will not only reduce waste and enhance ecological
sustainability but will also be a profitable form of processing of used products into
existing lines. Returning products e.g. through recycling or remanufacturing can
satisfy the rising customer demand for sustainable products. The creation of CIPS
opens up local sources of supply for components and can therefore mitigate the risks
of production stoppages during global supply chain disruptions.

3 Research Roadmap for CIPS
Before CIPS can be implemented in companies, there are still questions to be
answered and challenges to be overcome. On the one hand, qualitative research is
required to analyze and describe the type of industry that can use the system and
methodology to operate the resulting integrated lines. The conditions under which a
company can benefit from an integrated circular production system with identical
elements being used for linear and circular activities need to be analyzed. This
analysis includes the characteristics of the products and those of the factory, along
with the internal and external environment. On the other hand, quantitative research
must be performed to provide methodologies and software solutions to help
manufacturers design a production system integrating an end-of-life item recovery
process into an existing production process. More precisely, manufacturers must
possess tools for (1) process planning and (2) operating a factory with integrated
lines. The integration of circular processes creates challenges for capacity planning
since it uses the same resources as the initial production and for requirement planning;
for example recovered parts can be used for the initial production. Furthermore, a
major challenge in the operation management is to deal with the arising uncertainty
regarding the amount, the quality and the condition of revised products or parts.
3.1 Designing a Circular Integrated Production System
Definition of the System Boundaries and External Influences. Research on
sustainability in production systems and supply chain management has been subject
of a lot of interest during the last two decades. This research has taken several forms
including work related to green logistics [4], design of processes for the treatment of
returns through remanufacturing and refurbishing [5] and energy and resource usage
along the supply chain [6]. Moreover, recycling and reuse are fundamental processing
steps for products and their components, which are incorporated in disassembly.
Disassembly is considered an important aspect of end-of-life product treatment [7]. In
this context, researchers have either considered that returns are processed in a
dedicated plant or within the same assembly plants of new products. The latter are
called hybrid systems and have been studied from various perspectives. A
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classification of these studies can be found in [8]. One of the views considers two
completely separate lines, where the disassembly line provides the assembly line with
remanufactured parts that can be considered to be as good as new [9].
Further research is required to identify the prerequisites, barriers and enablers for
the integration and introduction of circular activities in linear production companies.
Such work must systematize the initial situation, analyze the internal and external
requirements for implementing CIPS, and define the scope and boundaries.
Qualitative research must include the following aspects:
 Analysis of aspects related to industrial circular economy to derive industry
sectors that are suitable for integrated production systems
 Analysis of aspects related to in-house logistics, depth of in-house
manufacturing as well as the analysis of regulations and legal conditions to
identify common areas, as well as advantages and disadvantages of the different
systems regarding the industrial circular economy
 Analysis of aspects related to the impact of product design for circular economy
to derive suitable product groups
 Analysis of applied loop strategies to identify the nature of the relationship
between product, corporate strategy and loop strategy
System Structure. To close the cycle successfully, companies must be able to
disassemble used parts effectively and efficiently. The costs for disassembly should
be lower than the costs for purchasing a new part. Investment of companies in new
lines must be kept as low as possible. Therefore, researchers must investigate whether
the use of already existing assembly lines is suitable for disassembly. This way, idle
times can be exploited and expensive downtimes can be avoided. In addition, the
reuse of parts for remanufacturing can help to save energy and thus CO2-emissions by
omitting energy-intensive material extraction and manufacturing processes.
Moreover, a cheap and readily available solution for disassembly would likely
increase the use of remanufacturing, thus reducing the need to produce new products.
Very few studies on the design of disassembly lines from existing assembly lines
have been conducted so far. Tiwari et al. [10] argued that disassembly plays an
important role in restoring and reusing the parts and components of a product as much
as possible. Boothroyd et al. [11] propose a widely used approach to the design of
assembly as well as disassembly lines. The objective is to reduce assembly costs and
set up principles to improve product sustainability through disassembly. In the same
context, Mesa et al. [12] studied open architecture products and presented metrics to
assess the complexity of the various modules for assembly and disassembly.
Furthermore, a lot of research focuses on disassembly, in which both deterministic
and stochastic problems for complete disassembly without any target component are
considered [13]. Nevertheless, there is a dearth of research when it comes to CIPSs.
Compared to the assembly process, operational and physical properties are more
complex in disassembly processes [14]. The most important difference is the
production structure. In an assembly system, the parts converge to a single final
product, whereas in a disassembly system, the parts diverge to multiple components.
The first difference between assembly and disassembly line balancing is the use of
various precedence graphs. Disassembly precedence constraints are often modeled
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using a transformed AND/OR graph [15]. One of the major challenges in disassembly
line design is the creation of a line able to cope with the high uncertainties in inputs
and outputs, especially regarding the time required for planning or configuration.
Hence, these uncertainties can consist of the unknown state of the returned products.
The number of returned products may vary as well as their quality and thus the type
of operations to perform. While some authors tried to tackle some disassembly
problems with these uncertainties (e.g. [16]), there is still unexploited potential:
uncertainties have not yet been examined within the scope of integrated linear/circular
lines. Mete et al. [17] published the only research paper on the topic of balancing
hybrid lines for assembly and disassembly. In this work, a configuration of two
parallel lines dedicated to assembly or disassembly is considered. However, the two
lines can use shared workstations.
Future research is required to create a methodology that enables companies to
define a suitable production system structure according to its conditions. Suitable
circular material flow and the corresponding system structure must be elaborated
based on qualitative aspects, i.e. the requirements definition and the assessment
procedure. Furthermore, quantitative aspects must specify the derived system
structure. This includes algorithms to design the circular production line at minimum
costs with respect to the given throughput time. In addition, a future research direction
is to investigate different possible configurations including the possibility to use the
same line for assembly and disassembly or reassembly. The design of a line able to
disassemble items in different conditions such as partial disassembly will also be a
crucial point.
3.2 Operating a Circular Integrated Production System
A production system using the same resources for production and product recovery
requires a proper management of resources and inventory. The integration of circular
into linear systems creates challenges for operation management. On the one hand,
the capacity of the line must be managed differently because the line capacity has to
be divided between disassembly and assembly operations. On the other hand, the flow
of re-entrant products is subject to various uncertainties in terms of the quantity and
quality of items. Therefore, the development of a production planning tool to support
the use of integrated assembly/disassembly lines is crucial. The resulting tool must be
able to properly account for the capacity of the line, for the level of inventory of the
recovered components, and for the high level of uncertainty inherent to the
disassembly process.
Since the seminal work of Gupta et al. [18], the disassembly lot-sizing problems
have attracted a lot of attention and Slama et al. [19] presented a recent review. Most
of the literature on disassembly systems concerns the deterministic incapacitated
problem [20, 21], and a small number of studies focus on the stochastic capacitated
version [22]. Few works exists on joint planning of reassembly and assembly. For
instance, cost-optimized production planning is examined, but without considering
set-up times and system dynamics [23]. Further sources for reassembly integration
provide approaches for planning and control under consideration of set-up costs [24],
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in a stochastic environment [25], with the inclusion of set-up times and costs [26], for
set-up and production control policies [27] and for batch size and supplier selection
[28]. Finally, in practice, the product recovery process is sensitive to various sources
of uncertainty, such as uncertain demand from customers, recovery rates, lead times,
etc. As in supply planning for assembly systems, these uncertainties create disruptions
in the disassembly plan, and lead to unmet customers’ demand and difficulties with
inventory management [29].
Further research is required to provide tools to help production planners to manage
a factory with integrated lines. Firstly, there is currently no methodology to
characterize an item and to define the suitable circular activities based on its
condition. Such an approach must characterize the product’s functional and geometric
conditions, examine the capability of the production system with regard to product
condition, and compare these characteristics to define the suitable circular activity
(repair, refurbish, or disposal). Secondly, there is a need for a planning tool that
extends the classical mathematical model for production planning. Such a model must
both place orders to suppliers and plan the assembly and disassembly operations
under limited capacity. In particular, it must account for component substitution by
enabling the possibility of disassembling end-of-life items in order to substitute new
components in the event of component shortage. Finally, circular activities are highly
uncertain. Not only is the amount of return items unpredictable, but their quality – and
thus the circular activity – varies significantly. Therefore, the approach must rely on a
robust/stochastic optimization approach to integrate uncertainty in delivery lead
times, returned quantity, and component quality in the model.
2.4 Summary of the Roadmap
The outlined state of the art as well as the derived need for research is summarized in
Figure 1.
Designing an Integrated Circular Production System

Definition of System Boundary
and External Influences
State of the
Art

Green logistics, treatment of
returns, hybrid systems with
separated lines

System Structure

Design of disassembly line, reconfigurability, remanufacturing
systems

Operating an Integrated Circular
Production System

Disassembly lot-sizing problems, joint re- and
assembly cost optimized production planning

Research
Gap

Integration of combined lines for linear and circular production (e.g. assembly and disassembly)

Field of
Action

Analysis of internal and external
influences, definition of system
boundaries

Methodology for qualitative and
quantitative analysis

Production planning and scheduling
algorithms for integrated lines under
uncertainty

Research
Questions

• What are suitable industry
sectors?
• What are the regulations and
legal conditions?
• What is the impact of product
design?
• Which loop strategies can be
applied?

• What are the requirements for
the production segments in
which lines are integrated?
• What is a suitable system
structure for integrated
systems?
• How can integrated systems be
configured?

• How can the end-of-life product condition
be integrated in production planning?
• How does a mathematical model need to be
extended to jointly place orders with shared
limited capacity?
• How can production planning deal with
uncertainty in product amount and quality?

Fig. 1. Summarized Research Roadmap for CIPS
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4 Conclusion
This paper presents a vision and a road map regarding the integration of reverse flow
activities within existing production systems. The innovative ideas behind the project
aim to foster the adoption of circular economy by the manufacturing industry through
classification of the challenges and requirements of integrated production lines.
Integrating lines, especially assembly and disassembly lines, can help manufacturing
companies to maintain more products at a higher value-added level. Instead of
throwing away and disposing of products at the end of their life, companies can
consider how they can preserve products in the best way and which of the circular
processes are suitable. The possible circular processes are repairing, reusing,
remanufacturing and recycling. Processes that obtain the products at the highest
possible value-added level are preferable, and recycling – as material recovery –
should only be the last option.
We provide a description of the tools and methods required for decision-makers to
design and operate integrated production lines using existing production resources for
the entire cycle of manufacturing decisions including process selection, production
system design, planning, scheduling, and real-time control.
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