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In the recent years, increasing attention has been posed towards enhancing the sustainability of
manufacturing processes by reducing the consumption of resources and key materials, the energy
consumption and the environmental footprint, while also increasing companies’ competitiveness in
global market contexts. De- and remanufacturing includes the set of technologies/systems, tools and
knowledge-based methods to recover and reuse functions and materials from industrial waste and post-
consumer products, under a Circular Economy perspective. This new paradigm can potentially support
the sustainability challenges in strategic manufacturing sectors, such as aeronautics, automotive,
electronics, consumer goods, and mechatronics. A new generation of smart de- and remanufacturing
systems showing higher levels of automation, flexibility and adaptability to changing material mixtures
and values is emerging and there is a need for systematizing the existing approaches to support their
operations. Such innovative de- and remanufacturing system design, management and control
approaches as well as advanced technological enablers have a key role to support the Circular Economy
paradigm. This paper revises system level problems, methods and tools to support this paradigm and
highlights the main challenges and opportunities towards a new generation of advanced de- and
remanufacturing systems.

© 2017 Published by Elsevier Ltd on behalf of CIRP.

1. Introduction, motivation and objectives
1.1. Context, opportunities and benefits of Circular Economy

Circular Economy has been recently proposed as a new
paradigm for sustainable development, showing potentials to
generate new business opportunities in worldwide economies and
to significantly increase resource efficiency in manufacturing
[175].

The vision of the Circular Economy paradigm is to fundamen-
tally change the current linear “take-make-dispose” economic
approach, which is cause of massive waste flows. For example, in
the fast-growing consumer goods sector alone, about 80% of the
$3.2 trillion material value is lost irrecoverably each year
worldwide [304]. In contrast, Circular Economy is an industrial
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system that is restorative and regenerative by intention and design
[175]. It aims to keep products, components, and materials at their
highest utility and value along their life-cycle. It replaces the
product ‘end-of-life’ concept with restoration and aims for the
elimination of waste through the superior design of materials,
products, systems, and, within this, business models.

Recent studies show that a transition to Circular Economy may
represent a new sustainable growth path as well as a business
opportunity for the worldwide manufacturing industry [82]. In a
world of close to 9 billion people expected by 2030 - including
3 billion new middle-class consumers - the challenges of
expanding resource supply to meet future demand are unprece-
dented. Without a rethinking of how society uses materials in the
linear economy, elements such as gold, silver, indium, iridium,
tungsten and many others vital for industry could be depleted
within the next 5-50 years [304]. A new industrial model that
decouples revenues from material input, and production from
resource consumption is needed for achieving a sustainable
development path, both in early-industrialised countries and in
emerging economies [243]. A sustainable transition to Circular
Economy is expected to bring benefits in environmental, economic
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and social terms. In environmental terms, Circular Economy
practices have potential to bring 80%-90% savings in raw materials
and energy consumption with respect to the production of the
same goods in the traditional linear model, strongly contributing to
CO, emissions reductions and positively affecting the climate
change. In economic terms, the major benefits of Circular Economy
for manufacturers are brought by the reduction of material and
energy costs coupled with the reduction of end-of-life materials
disposal costs. This, in turn, translates into a general product price
reduction of around 25%-30%, that can boost the availability of
high quality affordable products, thus increasing companies’
competitiveness in emerging markets. A recent study showed
that by shifting toward a Circular Economy model the European
economy could achieve annual benefits of €0.9 trillion by 2030, in
addition to the €0.9 trillion that could potentially be brought by
the ongoing European digital transformation of businesses [177]. In
social terms, Circular Economy businesses are expected to bring
new jobs by boosting an increased consumption of sustainable
products driven by the lower prices.

Due to these features, Circular Economy is achieving increasing
importance in the worldwide political and research agendas. The G7
Summit Declaration of June 2015 has launched the “Alliance on
Resource Efficiency” to promote Circular Economy, Remanufacturing
and Recycling as strategic actions for limiting the consumption of
natural resources and reducing waste. At European level, the Com-
mission launched in December 2015 the strategic initiative “Closing
the loop — An EU action plan for the Circular Economy” [69]. In
China, Circular Economy is seen as a new model for industrialisation
and an integrated strategy to essentially reform the traditional
patterns of economic growth and social development for contrasting
the effects of the massive urbanisation and the environmental
problems. Since 2006, Circular Economy initiatives are promoted in
the Chinese “Five Year Plan” of development [305,253]. Similar
initiatives have been initiated in US, Japan, and Australia.

However, a sustainable transition to Circular Economy busi-
nesses will need to be supported by fundamental innovations,
driven by the manufacturing industry, at systemic level, encom-
passing product design, value-chain integration, business models,
ultimately posing new challenges on the way demanufacturing and
remanufacturing technologies and systems are conceived and
implemented. Demanufacturing and remanufacturing, briefly indi-
cated as de- and remanufacturing, are fundamental technical
solutions for an efficient and systematic implementation of Circular
Economy. More formally, De- and remanufacturing includes the set of
technologies and systems, tools and knowledge-based methods to
systematically recover, reuse, and upgrade functions and materials from
industrial waste and post-consumer products, to support a sustainable
implementation of manufacturer-centric Circular Economy businesses.
While demanufacturing liberates target materials and components,
remanufacturing restores or upgrades their functions.

This paper provides an overview and a framework of the
industrial practices, scientific methodologies, and enabling tech-
nologies to profitably design, manage and control de- and
remanufacturing systems. It also identifies key open research
and practical issues that need to be addressed by the research
community. The key questions that this paper addresses can be
formulated as follows: “What are the main industrial barriers for a
profitable implementation of Circular Economy businesses by
manufacturers?” and “Which tools can support the development of
the next-generation de- and remanufacturing systems?”.

The paper is structured as follows. The next paragraphs present
the key definitions and concepts concerning different options for
implementing circular businesses and introduce a set of real cases
that provide the industrial motivation to the problem. Section 2
proposes a new framework that highlights the role of the
manufacturing industry in the implementation of Circular Econo-
my solutions. Sections 3-5 revise, respectively, the state-of-the art
methods and tools and the enabling technologies supporting the
design, management and control of efficient de- and remanufac-
turing systems. Section 6 discusses socio-economic boundaries to

Circular Economy. Finally, Section 7 describes promising future
research topics in this area.

1.2. Definitions and key concepts

The Circular Economy concept cannot be traced back to one
single date or author, but it finds its root in several schools of
thought. The theory of “Regenerative Design” by Lyle introduced in
the late 70s the idea of linking sustainable development to the
concept of resource regeneration [174]. The economic basis for a
transition to a non-linear industrial model was originally intro-
duced by Stahel in Ref. [251] and further refined with the idea of
“Cradle-to-Cradle” design [187]. It is an economic, industrial and
social framework that seeks to create systems that are not only
efficient but also essentially waste free. This model was applied to
industrial design and manufacturing, social systems and urban
environments. “Industrial Ecology” [75], i.e. the study of material
and energy flows through industrial systems, also has links to the
Circular Economy concept. Focusing on connections between
operators within the ‘industrial ecosystem’, this approach aims at
creating closed-loop processes in which waste serves as an input.
As Circular Economy, also Industrial Ecology adopts a systemic
point of view, designing production processes in accordance with
local ecological constraints, while looking at their global impact
from the outset. More recently, the “Blue Economy” movement
originated by Pauli, collected practical cases where the resources
are connected in cascading systems and the waste of one product
becomes the input to create a new cash flow [209]. The modern
concept of Circular Economy can be attributed to the MacArthur
Foundation [176]. Four different mechanisms for value creation in
Circular Economy were introduced that offer opportunities in
comparison with linear usage. They are referred to as:

e The power of inner circle: the closer the product gets to direct

reuse, i.e., the perpetuation of its original purpose, the larger the

cost savings will be in terms of material, labour, energy, capital

and the associated externalities.

The value of circling longer: value created by keeping products,

components, and materials in use longer within the Circular

Economy. This can be achieved by enabling more cycles or by

spending more time within a single cycle.

The power of cascaded use: value created by using discarded

materials from one value chain as by-products, replacing virgin

material in another.

e The power of pure circles: uncontaminated material streams
increase collection and redistribution efficiency while maintain-
ing quality.

At technical levels, different business options for Circular
Economy have been proposed to generate benefits by exploiting
these value-creation mechanisms. For example, Jawahir in its
definition of “Sustainable Manufacturing” proposes the so-called
6Rs model, where the traditional 3R model based on the Reduce,
Reuse, Recycle practices is enriched with three additional actions
namely Recover, Redesign, and Remanufacture [121,120]. In
practice, the following Circular Economy options and the related
business models are implemented in the industrial practice:

Reuse: a generic term covering all operations where a return
product is put back into service, essentially in the same form, with
or without repair or remediation [206].

Repair: the correction of specified faults in a product
[206]. Repair refers to actions performed in order to return a
product or component purely to a functioning condition after a
failure has been detected, either in service or after discard [207].

Remanufacturing for function restore: it returns a used product to
at least its original performance with a warranty that is equivalent
or better than that of the newly manufactured product. A
remanufactured product fulfils a function similar to the original
part. It is remanufactured using a standardised industrial process,
in line with technical specifications [11].
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Remanufacturing for function upgrade: the process of providing
new functionalities to products through remanufacturing. Rema-
nufacturing with upgrade aims to extend products’ value life
enabling the introduction of technological innovation into
remanufactured products in order to satisfy evolving customers’
preferences and, at the same time, preserving as much as possible
the physical resources employed in the process [39].

Closed-loop recycling: recycling of a material can be done
indefinitely, without properties degradation (upcycling). In closed-
loop recycling, the inherent properties of the recycled material are
not considerably different from those of the virgin material, thus
substitution is possible [108].

Open-loop recycling: the conversion of material from one or
more products into a new product, involving degradation in the
inherent material properties (downcycling). In open-loop recy-
cling, the inherent properties of the recycled material differ from
those of the virgin material in a way that it is only usable for other
product applications, substituting other materials [108].

These options entail different value and material preservation
levels. While reuse, repair and remanufacturing constitute product
functions and materials conservation scenarios, recycling offers a
material recovery scenario. Their implementation calls for differ-
ent de- and remanufacturing systems capabilities, which will be
discussed by practical industrial cases in the next paragraph and
further generalised in Section 2.

1.3. Industrial motivation

In order to highlight the main practical implications related to
the implementation of Circular Economy options in different
industrial sectors, a comprehensive set of real industrial cases have
been collected. These case studies have been gathered by analysing
existing publications, running industrial projects, both publicly
and privately funded, and by authors’ expertise. They include
various production sectors, such as the automotive, railway,
electronics, aerospace, heavy machinery and industrial machine
industries. Moreover, they include the most valuable spectra of
Circular Economy options and related systems such as reuse,
remanufacturing for regeneration and upgrade, and recycling for
material upcycling. In line with the objective of the paper, the
common feature of these real cases is the strong involvement of the
manufacturer in the de- and remanufacturing operations. The
focus is on implementations of Circular Economy solutions in
which the product manufacturer plays a key role in the business.
Therefore, more traditional examples of recycling for material
downcycling are not addressed.

Komatsu Ltd. is the second largest manufacturer of construction
and mining equipment in the world. The customers demand
durable and comfortable machines, which can operate without
catastrophic failures for more than 10 years under harsh
conditions. To respond to such customer demands, OEMs need
to take total responsibility of maintenance, repair, and overhaul
(MRO) tasks. To meet these challenges, since the early 2000s,
Komatsu introduced a remote monitoring system called KOM-
TRAX, shown in Fig. 1, which nowadays is considered as an IoT or

Fig. 1. KOMTRAX system.

M2 M system. Through sensors and on-board computers,
KOMTRAX monitors not only the physical conditions of compo-
nents, such as engines, hydraulic components, and suspensions,
but also their operating conditions. The monitored data are utilised
for planning MRO and remanufacturing to reduce the maintenance
cost and risk of unexpected breakdown. For example, the wear of a
piston ring and cylinder liner can be estimated by monitoring the
pressure of blow-by gas, and an alarm is issued when it exceeds a
fixed threshold. The operational data are also used for advising the
customers on specific opportunities for improvement, contribut-
ing to the reduction of the operation cost, which accounts for a
substantial fraction of the life cycle cost of this equipment. In
addition, Komatsu has introduced a component traceability system
to support on-site component exchange performed by the
customers.

The accumulated data acquired by KOMTRAX, as well as the
knowledge extracted from data, have become an asset and a
competitive edge for Komatsu in its life-cycle support of
equipment. The data are also fed back for developing the next
generation equipment. However, identifying failure symptoms is
not always an easy task, especially when the failure mechanism is
unknown. Although machine learning and Al technologies are
promising for this purpose, it is still necessary for the company to
develop the technology to apply them in actual cases, where the
operation environment varies significantly and the available
failure data are limited.

Ricoh Company Ltd. is one of the pioneer companies in
introducing environmental management. Since the early 90s,
Ricoh has developed reuse and recycling technologies based on the
“Concept of a Sustainable Society: The Comet Circle™” [105] and
implemented these technologies in its Office Automation (OA)
business. The company is conducting circular manufacturing by:
(a) remanufacturing reconditioned (RC) copiers, (b) reusing parts
as spare parts, and (c) closed-loop recycling. It is also making
efforts to improve product design for an easier application of 3R
technologies. The Ricoh Eco Business Development Center, opened
in 2016, has integrated its reuse and recycling facilities for OA
devices that are distributed in 12 locations across Japan. In this
center, the company conducts feasibility studies on the environ-
mental technologies with the aim of creating new eco businesses
and executing reuse and recycling activities (Fig. 2).

Ricoh’s management policy is to reduce resource consumption
and environmental load, and to increase profit in parallel. In fact,
the company turned its reuse and recycling business profitable in
2006, as a result of its efforts in establishing circular manufactur-
ing since the 90s. Its competitive edge in the circular manufactur-
ing business lies in the high rate of product return, efficient
recovery technologies, and improved Return on Investment (ROI),
owing to the expansion of its business scale. Those advantages are
supported by various technologies, such as prediction of the
amount of collected products, recovery cost estimation based on
diagnosis of collected products, and dry media cleaning using
plastic films and shells of crabs.

Through circular manufacturing, the company enjoys a
competitive advantage even in the second-hand machine market

Fig. 2. Ricoh’s reuse and recycling system.
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by providing RC machines. It is also reducing maintenance cost by
means of spare parts reuse. The price competitiveness of RC
machines and reuse parts is effective for winning a major contract.
The company announced its Long-Term Environmental Vision, in
which it plans to reduce new resource inputs, from the 2007 level, by
25% up to 2020 and by 87.5% until 2050 [ 106]. To achieve these goals,
Ricoh is developing various challenging technologies in its Eco
Business Development Center, such as plastic-to-oil conversion,
forest biomass utilisation, and optimisation of reverse logistics.

Knorr Bremse is a leading global provider of braking systems for
rail and commercial vehicles and a major player in remanufactur-
ing activities. Remanufacturing is an established business for the
company. A total number of 300 individual product types are
currently remanufactured. As part of the company’s aftermarket
service, a wide range of remanufactured products such as
electronic air controls, compressors and electronic pneumatic
modules are offered to customers.

The automotive industry has a long history of reuse and recycling.
In addition to the economic advantages, remanufacturing contrib-
utes to compliance with the existing legislation, steadily lifting the
targetlevel of reuse and recycling up to 95%in 2015. Market forecasts
indicate that the commercial vehicle population is continuously
ageing and the customers have become more price-sensitive than
ever as a result of the crisis. These trends have recently boosted
remanufacturing businesses. According to APRA — Automotive Part
Remanufacturer Association, the number of parts currently rema-
nufactured in Europe is 35 million units per year. This quantity is
expected to grow to 39 million units per year by 2020. Moreover, in
the aftermarket, which represents roughly the 45% of the total
automotive industry turnover, the customer preference goes to
remanufactured parts in the 75% of the cases. As a consequence, the
company is investing in increasing the production capacities and sell
premium quality remanufactured products.

According to an in-depth study carried out by Knorr Bremse
[150], remanufacturing of Electronic Braking System (EBSs)
provides benefits in terms of material and energy consumption.
A remanufactured part consumes only the 10% of aluminium and
requires the 10% of the energy to be processed, with respect to the
same new part. The financial savings for the customer is between
the 10% and the 20% with respect to new parts.

The current remanufacturing process is carried out in a plant of
9.000 m? in Czech Republic and the regenerated components are
reassembled in the main assembly line, Fig. 3, also used for new
components, in Germany, in order to ensure the same quality as for
newly-manufactured original parts. In the current process-chain,
the collected post-use product, called “core” in the remanufacturing
business, is manually inspected, remanufacturing decisions are
taken by the operator and, if the product is considered to be adequate
for remanufacturing, a manual disassembly process is applied on
the basis of Standard Operation Sheets. The Printed Circuit Boards
(PCBs) are manually remanufactured, and cleaning and refurbishing
operations are carried out with a semi-automated processes.

Core collection and information management is a critical aspect
for the implementation of the remanufacturing process-chain.
Cores are usually gathered from three different sources, namely
internal service centres, independent service centres, or core
dealers. A major success factor for the Knorr-Bremse remanufac-
turing business is the capability of owning and properly exploiting
a deep knowledge about the product materials and critical
functional requirements, being Knorr-Bremse also the manufac-

Fig. 3. View of the reassembly line at Knorr-Bremse [149].

turer of these components. This fundamental asset enables the
company to exploit the synergies between the manufacturing and
remanufacturing processes and systems, maximizing the added-
value throughout the product life-cycle. However, the remanu-
facturing phase is characterised by large variability in the condition
of the input post-use products, not observed during the
manufacturing phase. This feature calls for human-intensive
operations in remanufacturing. This motivates the choice of
performing remanufacturing operations in low-wage countries,
although an increase in logistics cost for transferring the
regenerated parts from the remanufacturing to the reassembly
plant is encountered. In order to smooth the effect of the variability
in the condition of input post-consumer products in remanufac-
turing, innovation areas have been developed within the European
Project “RobustPlaNet” [66]. These include the development of in-
line inspection technologies, decision support systems and
disassembly planning tools to adapt the remanufacturing process
to the specific conditions of the parts under processing. Moreover,
specific solutions for PCB diagnostics, failure mode analysis and
automatic electronics remanufacturing have been investigated.
These innovations may contribute to improve product regenera-
tion rates and decrease remanufacturing costs, thus boosting the
competitiveness of industry in this sector.

As leading supplier of motor vehicle spare parts, Bosch
developed the “Bosch eXchange program” to reduce the volume
of raw materials they use, and, where possible, feed materials back
into the production cycle. This remanufacturing program involves
different product groups (i.e. starters and alternators, diesel
systems and control units) that are subject to a standardised
remanufacturing process (Fig. 4). The product is disassembled,
cleaned, components are repaired or replaced, and the individual
components as well as the whole product are tested to ensure that
the original design specifications are met. Besides the availability
of the core to be processed, a fundamental success factor is related
to the ability to control the return flow in the manufacturer
production/recycling process. In this perspective, information
technology and reverse-logistics could potentially be the enablers
for the implementation of this sustainable business. Bosch carries
out its European Remanufacturing activities in its plants in
Germany, Ukraine (Fig. 5) and Slovakia.

A key challenge is the human intensive tasks in remanufactur-
ing and the intensive competition based on labour costs, especially
for products such as starters and generators with a well-developed
independent remanufacturing industry. As a result Bosch performs
a two-sided strategy: increasing automation in the German plant,
while transferring labour intensive tasks to the plants in Ukraine
and Slovakia. Automated remanufacturing processes are already

Fig. 4. Example of core and remanufactured product.

Fig. 5. Remanufacturing line in Krakovets, Ukraine.
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considered in the design of new products. In addition, Bosch
transferred its expertise on reverse logistics into an independent
subsidiary Circular Economic Solutions GmbH, offering reverse
logistics as a service as well as consulting. The major issue is
represented by the high variety of returned products that affects
the possibilities for advanced automation in the remanufacturing
processes. From the technical point of view, the identification of
the used returned part and the subsequent clustering is the
missing link between the reverse logistics and the development of
more efficient remanufacturing processes.

French car manufacturer Renault is actively contributing to the
development of the Circular Economy. Amongst its numerous
initiatives, the Group is a founding member of the Ellen MacArthur
Foundation. From 2008, a wholly owned subsidiary, Renault
Environment, coordinates a large part of the Group’s Circular
Economy activities. Renault is the only European carmaker to have
taken shares (50%) in companies that recycle End-of-Life Vehicles
(ELVs), such as Indra, a French specialist in vehicle dismantling and
parts recovery, and Boone Comenor, that manages ferrous and non-
ferrous metallic waste at Renault sites. The recovery of end-of-
series vehicles at plants and after-sales warehouses is managed by
the wholly-owned subsidiary, Gaia. The vision of Jean-Philippe
Hermine, Head of the Environmental Plan of the Renault group,
says a lot about the Group’s commitment: “Detecting potential
resources in end-of-life products and safeguarding their technical and
economic value is a new, and virtuous, way of sharpening your
competitive edge. Who is better able than the producer of the goods
and corresponding services to control these resources, ensure their
quality and traceability, and make optimum use of them?”. Renault’s
plant in Choisy-le-Roi, near Paris, remanufactures automotive
engines, transmissions, injection pumps, and other components
for resale (Fig. 6). The plant’s remanufacturing operations use 80%
less energy and almost 90% less water, as well as generate about
70% less oil and detergent waste, if compared with new production.
Remarkably, the plant delivers higher operating margins than
Renault as a whole can boost.

To facilitate end-of-life practices, the company redesigns
certain components to make them easier to disassemble and
reuse. The design of Renault vehicles includes constraints linked to
dismantling and recycling and considers closed-loop reuse
options, achieved by converting materials and components from
worn-out vehicles into inputs for new vehicles.

Renaults contributes to the collection and processing of the 25%
of the total ELVs in France through Indra, operating a network of
400 dismantlers processing more than 95,000 vehicles in 2015. The
experts of Indra developed and industrialised advanced engineer-
ing applications helping the dismantlers to optimise the disman-
tling process planning, to organise the disassembly lines and to
take optimal decisions concerning the inventory of spare parts. The
dedicated software was developed to guarantee traceability
throughout the chain and the technical identification of reusable
parts intended for resale. The experts of the company are also
involved in collaborative projects such as VALVER (glass recycling),
VALTEX (recycling textiles and foam), and PAREO (recycling
engineering plastics and polyamides). Through these innovations,
INDRA can reach a target dismantling time of three hours per
vehicle, ensure the daily breakdown of 25 ELVs at each site and met
in 2015, the objective to recycle 95% of vehicle mass.

One of the major challenges is to optimise the transportation of
the materials to be recycled. Indeed, some technically recyclable

Fig. 6. Car door disassembly and remanufacturing.

materials are not processed because of high transportation cost. By
sharing the transportation between materials having high and low
recycling profits, one can expect improving the overall recycling
rate. Another technological challenge is the development of new
dismantling procedures for hybrid and electrical vehicles and the
establishment of a proper recovery network for the used batteries.
From the business perspective, the challenge is the estimation of
the return rates of particular models of vehicles in order to
optimise the inventory and revenue management.

Airbus, a leading aircraft manufacturer, estimated that annually
more than 200 aircraft will be retired from their service in the coming
years. For this reason, in 2005 Airbus launched the PAMELA project
“Process for Advanced Management of End-of-Life of Aircraft”. The
key achievements of this project were threefold. Firstly, a full-scale
experimentation demonstrated that 85-95% of aircraft components
could be easily recycled, reused or recovered. Secondly, the project set
up a new standard for safe and environmentally friendly manage-
ment of End-of-Life Aircraft (ELA). Finally, the project launched a
European network for dismantling processes. During the project, the
consortium created a three-steps approach for handling End-of-Life
Aircrafts, 3D approach, including D1—decommissioning, D2—disas-
sembly, and D3—smart dismantling. The process was demonstrated
on an Airbus A300, as shown in Fig. 7.

In the decommissioning phase, the aircraft is inspected, cleaned
and decontaminated. During the inspection, a detailed list of
aircraft parts that could be disassembled and reused is prepared.
This ensures that the aircraft parts can be traced through the
complete end-of-life phase. Furthermore, all operating liquids are
removed and either re-sold for direct reuse or disposed of in
specific recovery channels, according to the existing regulation.
Besides operating fluids, hazardous substances also need to be
removed and disposed of, e.g. depleted uranium.

In the disassembly phase, the owner of the aircraft may decide
to refurbish it by repairing and/or replacing defective equipment
and parts. Otherwise, the End-of-Life Aircraft enters the irrevers-
ible disassembly process in which all the equipment and parts that
can be reused are removed. Re-usable and disassembled parts are
usually engines, landing gears, avionics, Auxiliary Power Unit
(APU), Ram Air Turbine (RAT), as well as parts of the cabin
equipment. For the selected parts, the geometry, the exact position
in the aircraft as well as technical information, materials and
connections to other parts are gathered. This information is used to
create a disassembly sequence. Disassembly sequence planning
includes a detailed scheduling of the disassembly tasks and the
shop floor control.

The smart dismantling phase takes into consideration best
practice recommendations and full compliance to applicable
regulation. Aircraft mapping in the smart dismantling phase is
considered as a fundamental step to identify accesses and zoning.
The material fractions are precisely identified, among them
aluminium, steel, titanium, and composites. A 14-step procedure
was conceived consisting of dividing the airframe into sections,
separating the wings from the fuselage, sorting different materials,
grouping the materials for recovery, preparing the structure for
shredding and smelting. In summary, the project designed a
generic methodology applicable to any kind of commercial aircraft,
identified best practices recommended to ELA industry platforms,
provided feedback of lessons learnt to design offices, and
demonstrated the need for establishment and further develop-

Fig. 7. Airbus EoL process.
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Fig. 8. Closed-loop high-purity plastic recycling system.

ment of a hybrid reverse supply chain. As a result, the possibility to
increase the ratio of value creation up to 80-85%, the reuse and
recycling ratio up to 70%, and to reduce landfilled waste down to
15%, against the current 40-45%, was shown.

Following the enactment of the home appliance recycling law in
Japan in 1998, Mitsubishi Electric Corporation started its electric
appliance recycling business in 1999. Later, in 2010, the company
introduced a large-scale high-purity plastic recycling system,
enabling closed-loop recycling of shredded plastic mixtures (Fig. 8)
[93]. With this system, the company secured a stable supply of high
quality plastics, with reasonable cost for producing new home
appliances. It was also important for Mitsubishi to elevate the
brand value by exhibiting their initiatives for efficient and effective
resource utilisation.

Plastic recycling makes up a significant part of home appliance
recycling. Conventional closed-loop plastic recycling is, however,
limited to large size plastic parts with a single material, which can
be easily disassembled. However, such plastic parts only account
for about 10% of all plastic used in home appliances. The remaining
90% of plastic has to be shredded into a plastic mixture containing
many kinds of plastic and small metal fractions, which can only be
used for thermal recycling.

The high-purity plastic recycling system has enabled Mitsubishi
to recover polypropylene (PP), polystyrene (PS), and acrylonitrile—
butadiene-styrene (ABS) flakes from a shredded plastic mixture,
with a over 99% purity. These three kinds of plastic account for 70%
of the plastic used in home appliances. The company developed a
separation process consisting of specific gravity separation,
electrostatic charge separation and X-ray transmittance separation
for removing the plastic flakes with a bromine flame retardant
content, as shown in Fig. 9.

To implement such a recycling system, the company had not
only to develop new separation technologies but also a specific
circular chain, compliant with the current home appliance
recycling law. The key issues include a stable supply of used
products as raw material and the market, whose demands have to
be met by the recycled material in terms of quality, price, and
volume. Therefore, the company had to verify whether the entire
chain could work before starting the recycling business. The
company still faces the challenges of continuously improving the
system for adapting to variations in product design, leading to
changes in material mixtures, and to new legislation.

Fig. 9. Mixed plastic recycling process.

The reported industrial cases support these considerations:

o Circular Economy is already a profitable business opportunity for
manufacturers in different sectors.

e The implementation of Circular Economy businesses provides
substantial social and environmental benefits.

e The application of Circular Economy businesses is not in contrast

but, in fact, is highly synergic with new product manufacturing

operations.

De- and remanufacturing solutions are applied both in small and

large volume scenarios, where a trend towards increased

automation levels is observed, aiming at cost efficiency.

Uncertainties in product returns and market demand are the

major causes of complexity in de- and remanufacturing systems,

with respect to manufacturing systems [60].

Product information plays an important role in the decision

making process about de- and remanufacturing operations, and

this feature provides competitive advantage to the manufacturer

in the implementation of circular businesses.

o The role of advanced de- and remanufacturing technologies and

systems is fundamental to achieve the required quality and

efficiency of the regeneration process.

The profitability of the business is strongly influenced by

manufacturers’ product design decisions.

A value-chain and business model reconfiguration may be

needed while shifting to new Circular Economy businesses.

2. Reference framework for de- and remanufacturing

Several frameworks have been introduced in the literature to
highlight the main features of Circular Economy. For example, in Ref.
[175] a diagram characterised by multiple closed loops correspond-
ing to different Circular Economy options and taking into account
the flows of technical and biological materials, is presented. Other
models, such as those proposed in Refs. [54],[100],and [277], are less
specific in the representation of the material flows and mainly
concentrate on the Circular Economy options, in interaction with the
traditional linear product life-cycle phases.

Although these models are useful to explain the Circular
Economy concept in a product life cycle perspective, they fail in
highlighting the de- and remanufacturing related operational
implications for manufacturers while introducing a Circular
Economy business. Moreover, they do not highlight the role of the
involved stakeholders and the flow of information along the value-
chain. However, as denoted by the real cases presented in Section 1,
the modern implementations of Circular Economy business models
rely on the strong involvement of the product manufacturer. This
emerging vision goes beyond the principle of Extended Producer
Responsibility (EPR), on which most of the existing legislations
ground, which is at the basis of traditional open-loop material
recycling businesses. To overcome this limitation a new framework
is proposed in this paper and presented in the next paragraph.

Fig. 10. Manufacturer-centric Circular Economy framework.
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2.1. Manufacturer centric Circular Economy framework

The proposed manufacturer-centric Circular Economy frame-
work is represented in Fig. 10. It grounds on existing manufacturing
frameworks and extend them to meet the vision of modern Circular
Economy business scenarios. The baseline model is the one
proposed in a past CIRP keynote paper dealing with the co-
evolution of products, processes and production systems in
manufacturing [268]. The main idea introduced in that framework
was the need to match the dynamics of the product, process and
system life-cycles in order to improve manufacturing performance
in highly changeable and unpredictable market contexts. To achieve
this goal, a co-design and coordinated evolution management of
products, processes and systems were advocated, and specific tools
and methods to support these objectives were revised. Starting from
the same basic considerations, in this paper we extend the concept
to de- and remanufacturing operations and post-use products.

The framework highlights four major phenomena. Firstly,
focusing on the “System” element of the product, process, and
system triangle, the manufacturing and de- and remanufacturing
operations are represented in this new model as integrated.
Although the related processes may not be physically located in the
same plant and, in some cases, may be applied by different
stakeholders in the value-chain, considering these systems in a
synergic way is at the basis of modern industrial implementations
of Circular Economy. For example, referring to the Knorr Bremse
case, while disassembly and remanufacturing operations are
carried out in a dedicated plant, the reassembly operations are
carried out in the same assembly line used for new products. This is
due to the need of avoiding replicating investments in expensive
product inspection equipment. In this case, the synergy is
exploited within the same company, but in different production
sites. Another example is related to the Mitsubishi case: the de-
and remanufacturing operations and the production of new
components take place “under the same roof” in order to exploit
locally root cause analysis and quality assurance procedures.
Finally, in the Renault case, joint-ventures with specialised
companies are created to implement de- and remanufacturing
operations, exploiting the availability of the product knowledge
provided by the manufacturer. As these examples show, integrat-
ing manufacturing and de- and remanufacturing operations is an
effective way for reducing the cost of shared equipment, for
exploiting product knowledge during the de- and remanufacturing
processes and to achieve improved quality.

In fact, manufacturing and de- and remanufacturing objectives
are clearly not independent. The products that are manufactured
and sold to the market today are the products that will be collected
and processed in input at the de- and remanufacturing system
after the customer use phase. As a consequence, the rapid
introduction of new products and the increasing product variety
in manufacturing is reflected in the continuous evolution of post-
use products collected from the market. In addition, the use-phase
introduces variability and uncertainty in the conditions of these
post-use products. Such variability needs to be smoothed by the
de- and remanufacturing system, in view of delivering a
regenerated product that is of comparable quality with respect
to the new product. In the proposed framework, this second aspect
is represented by an increased variability of post-use products
collected from the market, with respect to pre-use products.

The third key aspect reflected in this model is the information
flow, represented by interrupted lines between the different
elements, which creates and enriches the manufacturer knowl-
edge base, in a continuous learning perspective. Two major
information flows are relevant. The first flow makes the product
design information available to the manufacturing and de- and
remanufacturing system. This information is useful especially in
the context of complex products, were managing product
information is a valuable asset for better targeting de- and
remanufacturing operations. For example, the widespread use of
embedded software and system integration in mechatronics

makes product information availability a strategic resource for
remanufacturers in the automotive market, due to the complexity
of diagnostics and testing. The second flow refers to the gathering
of information from the product use-phase back to the manufac-
turer. This information is useful for better understanding the
condition of post-use products and adapting de- and remanu-
facturing decisions and operations accordingly.

The fourth key aspect of the model is the consideration of the
company value-chain and business model. It acts as a “higher level
controller”, defining targets for the manufacturing and de- and
remanufacturing operations as well as the specific allocations of
activities to different stakeholders in the value chain. It defines the
mechanisms for delivering added-value functions to the custo-
mers, also considering a product-service [188] perspective.

Bringing the concepts represented in this framework to the
boundaries, the idea of Circular Factory emerges [128,263]. Consid-
ering the environmental load and resource consumption of the
product life cycle, the role of manufacturing should be to provide
people with the functions that are realised by products rather than
with products themselves [277]. In this sense, it should not be
discriminated between newly produced and second-use products,
as long as they provide the required functionality. The circular
factory should be a sort of “purification and enhancement system”
that circulates resources in effective and efficient ways, smoothing
the product variability, with minimal environmental load. New
resources are acquired only to replenish a deficiency or to apply
enhancements in the system. The circular factory should perform
both manufacturing and de- and remanufacturing operations,
exploiting the synergies among them and the knowledge on the
product conditions, to improve the business profitability along the
entire product life-cycle.

2.2. Specific challenges for de- and remanufacturing systems

As highlighted by the analysis of the real cases, the realisation of
a modern manufacturer-centric Circular Economy model poses
several challenges on de- and remanufacturing systems [235,7,254].
These challenges are summarised in Table 1.

The trend towards an increased product variety [59] and a fast
rate of product model substitution in manufacturing translates
into a need for specific forms of flexibility [267] and reconfigur-
ability of de- and remanufacturing systems. Furthermore, the high
level of variability of the post-use product conditions requires
adaptability of the de- and remanufacturing system as well as
solutions for data gathering and data management. This would also
support a controlled supply of return products to the system,
which is pre-condition for the Circular Economy business
profitability. Not only the input product, but also the market
value of the output product, component, or material, is affected by

Table 1
Challenges for de- and remanufacturing systems.

Global trends Challenges

Short life-cycle of products and high  Flexibility and reconfigurability

product variety

High variability in the conditions of
post-use parts

Poor information about return
products

Increasing product complexity
High fluctuation in materials’ value

Pressure on costs and efficiency

Increasing quality requirements on
recovered materials and
components

Increasing attention on safety and
ergonomics

Variability of process sequences and
processing times

Need for Information and
Communication Technology (ICT)
solutions and big data management
Need for in-line part and materials
inspection

Need for knowledge-based tools
Involvement of the manufacturer
Emphasis on business models,
inventory and production planning
Need for hybrid automation solutions
Need for process automation,
repeatability and quality assurance

Need for human-centric design of
disassembly and sorting workstations
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high variability and fluctuation in Circular Economy businesses.
Such uncertainty generates pressure on the development of robust
inventory and production planning tools, able to maintain the
business model effectiveness during the operational phase. The
continuous pressure on operational costs reduction and the strict
customer requirements on the quality of the regenerated products
or materials pose specific challenges on the efficiency of de- and
remanufacturing processes. This trend calls for advanced auto-
mated and semi-automated solutions, able to combine high
efficiency and quality in operations. Finally, the increasing pressure
on operators’ safety and ergonomics requires new human-centric
designs of de- and remanufacturing systems, especially in process
stages with high manual work contents.

2.3. Requirements for de- and remanufacturing systems

The aforementioned challenges put the basis for the develop-
ment of a next generation smart de- and remanufacturing systems
characterised by (i) high adaptability to the product and market
conditions, (ii) high level of automation, (iii) availability and
traceability of information, (iv) high safety and ergonomics levels
in human-centric environments, and (v) managed by advanced
decision support tools based on data analytics, distributed data
gathering and cyber-physical systems. While these concepts have
been investigated in the manufacturing system community,
establishing the basis for the modern concepts of smart
manufacturing and Industry 4.0, they have been addressed in
the de- and remanufacturing area by a less structured approach.

In line with the requirements analysed in the previous sections
and with respect to the innovative manufacturer-centric Circular
Economy model, the remainder of this paper is dedicated to a
systematic review of the state-of-the-art methodologies, tools and
enabling technologies that represent the fundamental building
blocks for the smart de- and remanufacturing systems of the
future. More than 300 papers in the field have been revised and
framed with respect to the proposed framework. They will be
presented starting from process and technological characteristics,
in Section 3, continuing with the methods for planning and control
de- and remanufacturing considering product and market
implications in Section 4, and concluding with de- and remanu-
facturing systems design approaches in Section 5.

3. De- and remanufacturing processes and emerging enabling
technologies

With the objective to recover and upgrade functions and
materials in complex products, de- and remanufacturing systems
are usually multi-stage, integrating different processing stages. In
this section a simple taxonomy of de- and remanufacturing
processes is proposed. They represent the fundamental compo-
nents of de- and remanufacturing systems that need to be properly
integrated in order to provide the combined capability to the
system. The goal of this taxonomy is the positioning of each process
in a typical de- and remanufacturing stage, highlighting its
function and its scope. For each process, the most promising
physical and digital emerging technologies towards smart de- and
remanufacturing systems of the future are revised (Table 2).

Table 2
Emerging enabling technologies.

Process stage Emerging enabling technologies

Materials and functions
liberation

Sorting and separation

End-recovery

Inspection

Automated disassembly via cognitive robotics;
human-robot cooperation; active disassembly
Automatic sorting; robotic sorting

Solid-state recycling

Hyper-spectral imaging; multi-sensor systems;
embedded sensors; Internet of Things (IoT)
Additive manufacturing; hybrid additive and
subtractive technologies

Flexible and reconfigurable automation;
distributed control; Cyber-Physical Systems

Reconditioning

Logistics

3.1. Materials and functions liberation processes

Material and product function liberation processes are usually
the first stages of a de- and remanufacturing process-chain. They
include disassembly and size-reduction processes.

Disassembly is performed with the scope of isolating (i)
hazardous components that should not enter the de- and
remanufacturing flow, (ii) re-usable parts with high residual
value, (iii) parts that need to go through a dedicated process-chain.
Disassembly makes it possible to achieve product function
recovery, high material-return rate, and pre-concentration of
waste. However, it is usually an expensive process due to the
difficulty of the tasks and the demand for manual labour.
Disassembly processes have been classified into three categories,
namely destructive, semi-destructive and non-destructive
[288]. In non-destructive disassembly all the output components
remain undamaged. This is desired for maintenance, reuse and
remanufacturing. In semi-destructive disassembly, only connective
components are destroyed, e.g. via breaking, folding or cutting,
leaving the main components with little or no damage. Destructive
disassembly deals with the partial or complete destruction of
obstructing components (e.g. welds). In general, destructive
processes, sometimes called dismantling, require reduced costs
and times with respect to non-destructive processes. The
definition of the disassembly mechanism to be adopted for a
specific product depends on the (i) type of joint, (ii) type of
material, (iii) required performance and (iv) target automation
level. A classification of specific disassembly operations in relation
to these factors is reported in Ref. [239]. Moreover, specific tools to
support disassembly operations are classified in Ref. [296].

Disassembly is one of the key steps for efficient treatment of
post-use products [223]. However, the process may become
economically infeasible due to high labour costs, especially in
high-wage countries [54]. Therefore, automation could be a
possible solution for cost-effective disassembly. Other reasons of
interest for this area are the attempt to increase the level of quality
and standardisation of the process and the need of increasing the
workers’ safety by reducing the risk of contact with hazardous
materials. However, uncertainties and variations in returned post-
use products are significant sources of problems for disassembly
process automation. Automated disassembly solutions have been
developed to deal with specific applications. Examples are
reported in Refs. [54] for washing machines, [154] for mobile
phones, in Ref. [269] for PCs, in Ref. [294] for traction batteries and
in Ref. [101] for lithium-ion batteries. In these applications, the
ability to deal with various models of products automatically is still
limited, since a priori information regarding product models needs
to be supplied. In order to address this problem, an emerging
approach based on the concept of cognitive robotics together with
learning was recently proposed [286,285]. Fig. 11 shows the
architecture of this solution. In this approach, the concept of
cognitive robotics is used to emulate the behaviour of human
operators and is capable of handling the uncertainties in the
disassembly process. As a result, the system is able to deal with any
models of products and variable conditions without supplying
specific information regarding products and operations.

In order to combine the requirements for automation,
flexibility, and human ergonomics and safety, the idea of designing
hybrid disassembly systems based on human-robot cooperation
and cognitive robotics has also been recently proposed. Human-
robot Cooperation (HRC) is an emerging paradigm in manufactur-
ing aiming at safely sharing the working space among robots and
operators in performing complex and physically demanding tasks
[159]. The introduction of human-robot collaborative cells in
disassembly enables a re-allocation of tasks among the human and
the robot, increasing human satisfaction and comfort. The robot
will execute all the majority of low value tasks (e.g. screwing or
unscrewing), while the human will maintain high value tasks
through which knowledge can be valorised (e.g. extraction of
delicate/valuable components). Moreover, human ergonomics can
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Fig. 11. Cognitive robotics architecture for disassembly [285].

be improved, using the robot as a holder able to quickly re-
orientate in the space the workpiece to be disassemble in support
of the human task that is in execution. A first example of human-
robot cooperative plant for mechatronics disassembly for rema-
nufacturing is presented in Ref. [46]. Despite the advantages
deriving from the introduction of human-robot collaboration in
disassembly systems, several technological and scientific barriers
can be identified. The first barrier is represented by safety norms
that have to be considered when the paradigm of separation
between humans and robots cannot be applied. The technical
specification ISO/TS 15066 [118] is ready for providing implemen-
tation guidelines [181]. The second barrier is represented by the
lack of industrially exploitable methodologies able to study human
intention and to plan the robot motion in order to increase human
comfort and reduce the stress induced in the human by the
collaboration with a robot [12]. Risk perception and cognitive
workload are gaining increasing consideration in both research
and industrial communities [190].

Another relevant enabling technology in this area is the
development of reversible and detachable joints for active
disassembly. In manual disassembly localizing fasteners typically
accounts for one to two thirds of the disassembly time depending
on the product category [53,210]. Visual localisation is also in
conflict with the trend towards miniaturisation and the increasing
aesthetics requirements for many categories of products. In
response to these observations, active fasteners, that can be
externally triggered without requiring individual localisation and
access, have been developed. A summary of the state-of-the-art
solutions is shown in Table 3.

A range of research efforts towards active disassembly has been
focusing on temperature sensitive fasteners based on shape
memory materials [40,199]. However, commercially available
temperature sensitive fasteners are conceived as tapes containing
thermoplastic expandable microspheres that encapsulate a
hydrocarbon liquid which gasifies and expands when exposed to
heat [19,140]. Furthermore, pressure sensitive fasteners, equipped
with a cavity that contracts when the ambient air pressure
increases, were patented [157,224]. The embodiments of these
fasteners were optimised by means of 2D topology optimisation in
Refs. [300] and [301]. More recently, a number of small-scale
pressure sensitive active fastener designs, using closed-cell
elastomer foams, were developed and their robustness has been

Table 3
Fasteners for active disassembly [211].
Trigger Temperature Pressure [210] Impulse [212]
Working Phase change Compression of Damping by
principle materials closed-cell foam elastomer
Example
Required Oven Pressure room Manual disassembly
installation station

demonstrated in electronic equipment applications [212]. Also,
low-cost elastomer fasteners have been developed that can be
released with standard disassembly tools by applying a sufficiently
high force over a sufficiently long period of time, typically around
one second [282]. The concept behind these elastomer-based
fasteners is that they will not release but only deform to a limited
extent during a product drop, since the elastomer will absorb the
released energy. When the impulse is sufficiently high, for example
by placing a lever between the attached components with
maintained force, the elastomer-based fasteners will deform and
subsequently release [212]. These fasteners have been validated to
allow reducing disassembly times by 70%-90% for the housing of
LCD TVs, without compromising product robustness [211].

The scope of size-reduction, or comminution, processes is
substantially different from disassembly processes. Their goal is to
(i) break large elements or particles composing a mixture into
smaller fractions and, by doing so, to (ii) liberate inhomogeneous
or mixed material particles. Size reduction processes are therefore
applied in favour of improving the feasibility and quality of the
downstream separation processes. Differently from disassembly,
size-reduction is always a destructive process.

Size-reduction processes are characterised by a cutting mecha-
nism that induces a mechanical stress, that can be compressive,
tensile or shear stress, on the particles through the action of one or
more cutting tools. The fundamentals of size-reduction processes
date back to classical minerals processing [241]. Even if the applied
treatments are similar, or the same in some cases, it was learned
that the breakage and liberation behaviour of consumer products
differs fundamentally from that of mineral ores. The main reason is
related to the presence of joints, usually of different materials with
respect to the joined parts. According to Refs. [281],[229] and [283],
the degree to which the different connected materials are liberated
to mono- and multimaterial particles during size-reduction is
determined by the following design properties:

e The combined material properties (e. g. brittle, ductile) of the
connection/product/component.

e The type of the material joints and connections.

e The characteristics of the joint, e. g. size of the connections in
relation to particle size distribution after shredding.

o Complexity and homogeneity of the components connections (e.
g. spatial distribution of the connections in the product, number
of materials connected per connection).

e The thermodynamic compatibility among metals, alloys and
metal compounds.

Typical size-reduction processes involve grinding, shredding or
pulverizing stages and can be performed as wet or dry processes
and at controlled temperature. Different size-reduction mecha-
nisms and technologies include hammermills, granulators, cutting
mills, shearing cutters and cryogenic mills. These machines are
usually fed top-down and the output particle size may be
controlled by a meshed grid. Due to the weak control of the
particle geometries in output and the presence of multi-material
joints, the output particle size in size-reduction processes is always
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a random variable. It mainly depends on static parameters (the
kind of process, the number and geometry of tools, etc.),
dynamically controllable parameters (shaft speed, grid size,
etc.), and specified parameters (the composition of the input
stream, the rate of flow, etc.). Typical limitations concern the
energy consumption, which is a function of the degree of size
reduction, and the tool wear. These are major factors determining
the operational process costs. For reviews of size-reduction
processes and the related machines see Refs. [178] and [102].

3.2. Sorting and separation

The scope of sorting and separation stages is to split a mixed
input material stream into two or more output streams in which
the concentration of target products, components or materials is
greater than in the input stream. Separation is usually performed
by a series of stages involving different technologies that classify
materials on the basis of their properties. For typical incoming
mixtures, multiple separation stages may be needed for (i)
exploiting different properties to separate in sequence different
materials at high grade or (ii) for repeating the same process to
increase the recovery/grade of the required material in the
interesting flows. The most common mechanical, or physical,
material separation processes use the following material proper-
ties for the classification: particle size and shape (tilted plate,
sieves), magnetic susceptibility (magnetic separation), electric
conductivity (eddy current, corona electrostatic, and triboelectric
separation), density (gravity separation, floatation, jigging, hydro-
cyclone), colour, light reflection spectra, transparency (automatic
optical sorting). For reviews of physical separation processes see
Refs. [51] and [302]. A separation process creates an environment
in which particles with a high value of the property move
differently from those with a low value of the property. Random
disturbances make the result of actual separation processes subject
to inaccuracy and errors. This causes the contamination of the
output flows, where materials are wrongly classified. For this
reason, physical separation processes are usually adopted in the
early stages of a process-chain for an initial sorting of streams. They
prepare the materials for the end-refining treatments.

One of the most promising emerging enabling technologies is
automatic sorting. This technology has been widely diffused in the
last decades to separate different types of plastics, stainless steel
from metals, and glass. The basic components of these systems are
(i) the sensor array, which identifies the material, (ii) the material
identification software, (iii) the transportation module, and (iv) the
actuation system, for sorting after identification. Since they
combine high capacity and high separation quality, these systems
are becoming more and more common in mechanical de- and
remanufacturing systems for material recovery. One of the major
limitations is, however, the actuation system. Usually, it is based on
arrays of fixed ejectors, which use compressed air to deviate the
particles to be sorted. Being customised on specific particle sizes
and material densities, the actuation module is usually poorly
reconfigurable for different mixtures and it needs to be replaced in
case of considerable changes in the material properties, due to a
product change. Recently, flexible robotic sorting systems have
been proposed and industrially applied, especially for coarse
particles and entire sub-assemblies. Successful applications are
found, for example, for construction waste [172]. These actuation
systems are extremely flexible and may constitute a relevant
technological enabler towards smart de- and remanufacturing
systems. Various material sizes and compositions can be handled
by combining modifications in the robot control and grippers.

3.3. End-recovery

End-recovery processes make use of chemical-thermal pro-
cesses to separate the target materials, usually metals, at very high
grade levels. They take in input pre-sorted mixtures and apply
batch processes to purify the target materials to be ready for post-

recovery use. Among the most effective end-refining processes
hydrometallurgical [64], pyrometallurgical [142], electrometallur-
gical and biometallurgical [111] processes, and their combinations,
represent the most common options. Hydrometallurgical and
pyrometallurgical processes are the major routes for high-tech
waste such as electronic and automotive waste. In hydrometallurgi-
cal processes the isolation of metals of interest is conducted through
solvent extraction, adsorption and ion exchange enrichment
processes. Finally, metals are recovered from solution through
electrorefining or chemical reduction processes. In pyrometallurgi-
cal processes the liberation and purification of valuable metals are
achieved by smelting in furnaces at high temperatures. In these
processes, metals are sorted by exploiting their chemical and
metallurgical properties. Although environmental benefits are
achieved through hydrometallurgical processes, pyrometallurgical
plants are more widely installed at industrial level, due to the fact
that hydrometallurgical reactions are slow, time consuming and
may impact the economic performance of the process. For reviews of
end-recovery processes see Refs. [281], [50] and [14].

Solid-state recycling has been proposed as a viable and eco-
efficient alternative to metallurgical processes for end-refining and
re-production of light metals in bulk as well as sheet components.
The recovered material is treated by means of plastic deformation
and directly formed into the final product. The main advantage of
this technology is the avoidance of fusion of the material through
the use of cold or hot re-forging, re-forming and powder
metallurgy technologies. The drawbacks are the need for highly
pure recovered input materials, which makes solid-state recycling
applicable mainly to industrial scraps and chips formed during
metal cutting processes. Recent studies have shown that, if
technically feasible, this process outperforms traditional metallur-
gical processes in terms of economics and environmental
performance, making the process feasible also for small lot
productions [56]. A review of processes and technologies for
solid-state recycling can be found in Ref. [245].

3.4. Inspection

Inspection processes are applied in de- and remanufacturing
systems at different stages, for several purposes. Different types of
applications are found in material characterisation during recovery
processes and in product functionality assessment during remanu-
facturing processes. Concerning applications in recovery processes,
the goal of inspection is to gather information about the composi-
tion, the particle shape and size of the mixture under treatment.
Applications are usually off-line and require sample extraction,
preparation and measurement execution. Typical technologies for
this purpose are Inductively Coupled Plasma - Mass Spectrometry
(ICP-MS), Inductively Coupled Plasma - Optical Emission Spectrom-
etry (ICP-OES), Scanning Electron Microscopy (SEM), X-Ray Diffrac-
tion (XRD) or X-Ray Fluorescence (XRF). The collected off-line
information is useful for mixture value and quality assessment but
cannot be exploited for process control. With the objective to
provide intelligence to de- and remanufacturing systems for
material recovery and enable their adaptability to different post-
consumer products, the application of in-line material characteri-
sation technologies would provide capabilities for (i) a full materials
data storage and traceability, (ii) a remote monitoring and control
of the processes, and (iii) an easy reconfiguration of the system.
Indeed, it would enable the recycler to have a continuous visibility
of the material under treatment, gathered in-line and during the
process, thus avoiding expensive and time-consuming off-line
sampling material characterisation procedures.

HyperSpectral Imaging (HSI) technologies have been proposed
as promising solutions. Also known as Spectroscopic Imaging and
originally developed for mining and geology, HSI has now spread
into different fields, such as pharmaceutical and food sectors, and
is penetrating the recycling market, especially for the characteri-
sation in polyolefin packaging waste [274], construction and
demolition waste, and waste from electric and electronic
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equipment (WEEE) [218,219]. Imaging spectroscopy allows the
simultaneous determination of the optical spectrum components
and the spatial location of an object in a surface. The main
advantage of this technique is related to the possibility to collect
information of electromagnetic energy at each pixel of an image,
with the objective to identify the target materials and evaluate their
spatial distribution in the acquired image. Moreover, by combining
and properly synchronizing different acquisition systems with a
multi-sensor approach, multiple materials such as metals, polymers
and inert materials can be jointly classified in the same mixture. HSI
allows to collect a large amount of data, both spectral and spatial, for
awide set of samples in short times. However, due to the large size of
hyperspectral image data, the on-line implementation of this
technique in industry is challenging, requiring the use of advanced
algorithms to classify materials in short time.

Concerning applications in remanufacturing processes, inspec-
tion is mainly applied at three different stages of the process chain
[63], namely post-use product acceptance, part inspection, and
final product testing. These stages of inspection have different
objectives and technologies. The objective of core inspection is to
remove parts that will be uneconomic or impossible to remanu-
facture. This stage is usually performed by visual inspection done
by skilled operators or by simple data gathering methods, such as
barcode reading. The second stage of inspection is carried out once
the parts have been disassembled. It aims to identify and remove
damaged, non-reusable components from the product. This stage
can be performed by a combination of visual, dimensional
measurements and non-destructive tests (NDT), such as magnetic
particle inspection. Functional tests are also adopted in case of
electronics. The third stage has the goal to assess and validate the
quality of the regenerated product, before delivering it to the
customer. Visual, dimensional, geometric and functional tests are
adopted.

Concerning product acquisition management, innovative IT
technologies such as IoT and embedded sensors can represent a
revolution in the controllability of return products, affecting the
profitability of the entire de- and remanufacturing business
[27]. Examples [113] show that embedding sensors in the product
and applying remote monitoring of its conditions can improve the
ability to take strategic remanufacturing decisions, improve
inventory management and production planning and control.

3.5. Cleaning

Cleaning is among the most demanding steps in remanufactur-
ing and it is an essential process because the quality of the surface
cleanliness directly affects the capability to perform surface
inspection, reconditioning, reassembly and painting [77]. Rema-
nufacturing cleaning is distinct from cleaning in maintenance or
cleaning in new production. Cleaning in maintenance concentrates
on the surroundings of the damage before repairing. Cleaning in
remanufacturing is done for the whole part in order to meet the
quality requirements after remanufacturing. The workpieces
under cleaning in new production processes are constant in size
and material, and the contaminations are mainly due to residual
metal cutting fluids, lubricating oil, antirust oil, polishing paste and
so on. Cleaning in remanufacturing is performed on parts that are
of high variability in sizes, materials, shape and surface conditions.

Cleaning in remanufacturing has the objective to reduce
contaminants present in or on a component until specified
cleanliness levels have been reached. The objectives of remanu-
facturing cleaning in each stage of the remanufacturing process
chain are different. Before the disassembly process, the goal is
mainly to reduce the quantity of contaminations outside the
products. The goal of cleaning after the disassembly is to detect
surface abrasion, micro cracks or other failures in order to assess
the remanufacturability of the product and to adjust the needed
process stages according to the part conditions. The cleaning
process after regeneration and before reassembly and painting is
performed to remove surface machining contaminants and to

prepare the surface for additional treatments. Therefore, each
phase requires a specific analysis of the best techniques and
methods to be applied. Four basic elements have to be considered
to select remanufacturing cleaning processes: the cleaning object,
the contamination source, the cleaning force/mechanism and the
cleaning medium. The most common cleaning technologies can be
categorised into five groups: organic solvents, jet, thermal,
ultrasonic, and electrolytic cleaning. For a review of cleaning
processes in remanufacturing see Ref. [170].

3.6. Reconditioning

Reconditioning processes are applied in de- and remanufactur-
ing process-chains in order to restore the functionality of
components after disassembly, cleaning and inspection. Depend-
ing on the part features to be reconditioned and the specific defect
type, different reconditioning processes may be applied. In any
case, common reconditioning processes include the following four
steps [270]: (i) surface and shape defects removal, (ii) material
addition and deposition, (iii) material properties restoration, (iv)
surface finishing. In the first step, cracks, scratches, nicks and burrs,
burnt or corroded regions, and inclusions are removed by
subtractive machining processes such as turning, milling, drilling,
and grinding. Surface finish and tolerances are not of top priority
but rather the removal of all stress raisers. Shape defects, such as
bends, warps and dimples, are also removed if technically feasible.
In the second step, part with cavities and material lacks can be
restored to the intended shape through additive processes, such as
welding, powder deposition, laser cladding. Due to the application
of high temperature, pre-heating is required to avoid cracking. In
the third step, desired material properties are restored through
heat treatments, which either remove unwanted residual condi-
tions or prepare the part to be more resistant to its operating
condition. High surface quality can be achieved by grinding,
reaming, honing, and hard turning processes. In other cases,
painting, coating by spraying processes, and polishing can be
applied. For a review on reconditioning techniques see Ref. [196].

Great potential for modern part reconditioning processes in
remanufacturing are provided by Additive Manufacturing (AM). AM
combines the advantage of flexibility in processing free-form
geometries, typical of damaged parts, and the ability of feeding
different mixes of materials, thus controlling the composition of the
added layer and making functional graded materials. Therefore, AM
provides the opportunity to support regeneration and upgrading of
part functionalities [266], for example adding a wear-resistance
layer on the processed surface. Moreover, being based on a digital
model of the part, it is particularly suitable for manufacturer-centric
Circular Economy implementations [80]. The most widely adopted
AM remanufacturing technologies are Directed Energy Deposition
and Power Bed Fusion [185]. Typical examples of AM remanufac-
tured parts are dies and molds [35]. Another example is the
remanufacturing process adopted at Siemens [197] for repairing gas
turbine burner tips, where Selective Laser Melting is used to
reconstruct new tips after the machining process. One of the
disadvantages of AM is that the surface roughness is usually not
sufficient for the required remanufacturing standards. For this
reason, novel potentials for remanufacturing are offered by
integrated and hybrid additive-subtractive solutions. With this
aim, in [198] a novel framework, called iAtractive is presented,
combining additive (Fused Filament Fabrication — FFF), subtractive
(CNC machining) and inspection processes on a single platform. The
approach is aimed at reusing and remanufacturing existing parts or
reincarnating them into new parts, with new features.

3.7. Logistics

Logistics processes are applied in de- and remanufacturing
systems to implement spatial transformations on the products,
components or material mixtures under processing. However, de-
and remanufacturing systems have the specific feature of being
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hybrid systems, in the sense that discrete part flows, continuous
bulk processes and batch processes co-exist in different stages of
the process-chain. When discrete parts need to be transported, for
example in disassembly, inspection and regeneration, traditional
mechanical transportation systems are adopted. However, due to
the high variability of part conditions, conveyor belts or racks are
typically adopted. Continuous bulk processes, or granular material
flows, are found in size-reduction and separation processes. In this
case, specific transportation solutions, such as closed screw
conveyors or chain conveyors, can be adopted. Having internal
powder aspiration systems they make it possible to safely
transport granular materials, avoiding considerable losses of
precious materials during transportation. Material batches are
typically transported in end-refining processes. In these cases,
fixed and closed material transportation systems or tanks are
adopted, connecting the different reactors or smelters for the end-
refining treatments. In general, state-of-the-art material transpor-
tation systems adopted for internal logistics processes in de- and
remanufacturing systems are very rigid, in the sense that it is very
difficult to modify the material, components or mixture routing,
throughout the system life cycle. To support this function, Industry
4.0 technologies for de- and remanufacturing would constitute
suitable solutions for highly reconfigurable logistics systems. For
example, in Ref. [220] a suitable combination of rigid transporta-
tion modules (e.g. mechanical conveyors) and flexible routing
modules (e.g. based on pneumatic systems) was proposed for
granular flow routing in recycling systems. The use of hybrid
pneumatic-mechanical transportation systems will allow easy
implementation of new control logics whenever a significant
change in the incoming products, calling for a different process
sequence, is observed, or easy integration of new processing
technologies if new materials have to be processed. A similar
approach is proposed in Ref. [49] for supporting the adaptation of
routing in electronics remanufacturing. The control system is
based on the IEC61499 standard and the pallets move autono-
mously visiting the needed resources in the system according to
locally implemented optimisation algorithms.

4. Methods for de- and remanufacturing planning and control

In this section, the methodologies and tools to profitably plan
and control de- and remanufacturing business processes are
revised. The analysis takes the point of view of a manufacturer
interested in implementing a transition to a Circular Economy
business. It provides practical insights on decisions and support
tools to be considered for the implementation of an economically
and environmentally sustainable business and the related system.

4.1. Impact of product design on de- and remanufacturing planning

Product design has a significant effect on de- and remanu-
facturing systems since it affects (i) the existing Circular Economy
business options that the manufacturer can adopt [20], (ii) the
selection of the related technological solutions, and (iii) the
efficiency and profitability of the de- and remanufacturing
process-chain [147]. By evaluating in advance the effect of product
design decisions on the post-use value and function recovery
processes, the manufacturer can anticipate potential issues
undermining the process feasibility and implement corrective
design changes towards a sustainable business development, since
the early design phase of the product. This lever constitutes a
unique strategic competitive asset while implementing manufac-
turer-centric Circular Economy businesses.

The area developing design methods to investigate the link
between product design and de- and remanufacturing solutions is
called Design for Life-Cycle Management [272], more specifically
detailed into ‘Design for Recycling’, or DfR [278], and ‘Design for
Remanufacturing’, or DfRem [98]. These could be considered as a
particular set of tools and technics for design [173]. DfRem and DfR
are areas of research that have received high levels of interest in the

recent years. DfRem and DfR could be considered as a succession of
DfX activities [34]. In DfRem and DfR research, most of the
contributions are focused on the investigation of de- and remanu-
facturing problems associated with product design, and the
subsequent development of product design methods and strategies
to help reducing the impact of these issues [99]. Used inversely, these
methods make it possible to adapt the definition of the de- and
remanufacturing strategy depending on the characteristics of the
post-use product. Within the literature, there is widespread
agreement that any approach to DfRem and DfR must consider
both product and process, and more widely, include a ‘life-cycle
thinking’ vision, taking into account organisational factors affecting
the integration of de- and remanufacturing considerations into the
design process [277].

DfR was developed to investigate product design characteristics
that affect the feasibility and profitability of recycling processes for
material recovery. DfR guidelines concern many aspects of the
product design. For example, specific tables are available were
unsuitable coupling of difficult to separate materials are reported.
The suggestion for the designer is to avoid using incompatible, in a
recycling sense, materials in the same product. Another aspect
addressed by DfR is the consequence of different types of fasteners
on the recycling process feasibility. For example, in Ref. [281] it is
shown that the knowledge about the type of fasteners adopted in
the product strongly affects de- and remanufacturing system
decisions. Furthermore, DfR approaches focus on the presence of
hazardous materials or components and advocate to privilege
product designs that favour the easy disassembly of hazardous
components, at the beginning of the recycling process. Finally, the
search for substitutions of suitable alternatives for critical
resources and difficult to recycle materials is envisaged. Examples
of recent DfR methods for complex aeronautics parts made of
aluminium [164] and for composite made parts [215] showed that
DfR can bring high benefits in recycling rates of critical and high-
complexity products. Specific Computer Aided Design (CAD)
software tools embedding DfR capabilities have also been
developed and tested on real automotive parts in Ref. [205].

DfRem has arisen as a real design approach from the recognition
that many of the technical barriers to remanufacturing can be
related to how the product was designed [114,115]. In DfRem,
specific product properties that may have a positive or negative
effect upon critical remanufacturing stages, such as disassembly
and cleaning, are identified [256]. The goal is to provide designers
with specific design guidelines in favour of remanufacturing
options [116,310,257]. Guidelines concern the product materials
and their coupling, the product structure and geometry, the
fastening and joining methods that can support an easier and more
efficient disassembly [279] and remanufacturing process [114].

Several works investigated the critical factors that make a
product suitable for remanufacturing, thus influencing the
feasibility of this Circular Economy business strategy. For example,
Ref. [185] reports such characteristics as (i) stable product and
process technology; (ii) the physical lifetime of critical compo-
nents is substantially longer than the time the product is used; (iii)
a product that fails functionally rather than by dissipation; (iv) a
high recoverable value added in relation to the original product
cost. Other pre-conditions include the existence of a market for the
remanufactured product and the capability to achieve economic
and environmental benefits [264].

A design methodology of great benefit for remanufacturing and
reuse is modular product design [109,144,276,244], or platform
design [146,200], or open architecture product [156] design.
Modules are the simplest parts of a system characterised by
independency (from other modules) and substitutability (with
other modules). These practices enable specific standard parts that
are either of high-value, made of durable materials, or of high
robustness, to be reused for at least a second life-cycle. Supported
by the concept of modular design, “Design for Upgradability” is a
product design approach intended to easily upgrade product
functions with the addition or the reconfiguration of one or more
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modules. It uses modularity to conceive products to be remanu-
factured and upgraded. Practically speaking, this means to design
products that are easily cleaned, disassembled, repaired (through
the substitution of broken modules) and upgraded (through the
addiction of new modules or the change of modules). The idea of
remanufacturing with upgrade is to extend products’ value life
enabling the introduction of technological innovation into
remanufactured products in order to satisfy evolving customers’
preferences and, at the same time, preserving as much as possible
the physical resources employed in the process [39]. For example,
in the railway industry, Meinfesa re-used EMD 645 series engine
blocks and power transmission components salvaged from
333 series mainline locomotives for the construction of a
follow-up sub-series 333.3 in the early 2000s. With the appearance
of standard vehicle designs and interchangeable components,
upcycling and re-use have gain momentum. Rebuilding practices
differ from those of original construction, resulting in the emergence
of enterprises that specialised in rebuilding, such as Morrison-
Knudsen based in Boise, Idaho. This trend in the railway industry is
aligned with the vision of a remanufacturing value chain involving
several stakeholders, as outlined in Subsection 2.1. Many authors
have built models or tools to define the optimal modular structure of
a product to be upgraded [217,16,246,248,158]. Product design for
upgradability may also support the diffusion of new Circular
Economy business models based on the “product-service system”
idea, aiming at selling the product use instead of the physical
product and offering product upgradability options to customers
throughout the product life-cycle [228,216].

Design for product life-cycle methods are powerful enablers for
the development of manufacturer-centric Circular Economy
businesses through smart de- and remanufacturing systems. For
example, it was shown through the analysis of specific real cases,
that design for product life-cycle methods can improve the ability
to automate de- and remanufacturing processes [259]. However, as
a matter of fact, in spite of the wide availability of these tools in the
literature, these methods have not yet massively penetrated
industrial practices. The main reason is the additional cost that
they can introduce in the very critical phase of New Product
Introduction (NPI), were the majority of the costs and business
risks are absorbed by companies. To overcome this limitation,
systematic models and tools to capture life-cycle costs and profits,
under a risk aware environment, should be developed to support
manufacturers in this complex business evaluation.

4.2. Post-use product return forecasting and acquisition control

A strategic information for planning and control effective
Circular Economy businesses is the estimate of product returns. In
the analysis of post-use product return the underlying issue is to
forecast the time when a product will be returned, the quality and
the quantity of the return product as well as the demand for reused
products that will be absorbed by the market. With this
information the profitability of the Circular Economy business
can be better assessed and relevant design and planning problems
such as reverse logistics network configuration, capacity planning,
facility and resource allocation, and inventory management can be
formalised [42]. However, predicting product returns is a complex
task due to the market uncertainties and multiple social and
technological factors [94,137].

Social factors influence people’s behaviour towards the disposal
of malfunctioning and obsolete products as well as the reuse of
regenerated products, components and materials. For example,
small electronic waste, such as mobile phones, have an average
life-span between purchase and disposal that is significantly
longer than the average substitution time of the device [236]. The
reason for this extension is the consumer behaviour: obsolete
mobile phones are stockpiled at home instead of being disposed at
electronic waste collection points. As frequently used in marketing
research to determine customer and environmental behaviour of a
population, socio-demographic and psychographic data can be

Fig. 12. Issues in forecasting return products [184].

used to represent people’s behaviour in relation to de- and
remanufacturing. Technological factors include technology inno-
vation cycles, product reliability, advertising and marketing
strategy. In the literature, works reporting different forecasting
methods based on sub-sets of the aforementioned factors have
been proposed. From the methodological point of view, they can be
categorised into two approaches.

In the first approach, the time distributions of product end-of-life
and product returns are calculated by adding estimates of the
product use period to the time distribution of new product sales
(Fig. 12). This approach has been widely used in the material
recovery scenario, where aggregated product sales distributionsin a
target area are used, as well as in remanufacturing, where
disaggregated sales data of specific components and specific
manufacturers are used. Most of the models only consider the
return product quantity and timing and neglect the quality aspect.
Marx-Gomez et al. [180] combined simulation and fuzzy logic
models to forecast the quantities and timing of returns of
photocopier. Simulation was used to obtain sales, failures, usage
intensity, return quotas, and other impact factors. Umeda et al. [275]
proposed a model that describes the balance between product
returns and demands for single-use cameras, photocopiers, and
automatic teller machines based on empirical data and market sales
data. Takata and Sakai [260] proposed a model for estimating the
number of returned products, taking into account sales mode
differences, including selling and renting modes. The consumer
behaviour is included in terms of different awareness of the contract
end period. The model is constructed using actual copier collection
data. In Ref. [15] a method based on grey systems theory to include
both precisely known data and unknown data in the forecasting
model was proposed. In Refs. [95] and [96] the authors developed
forecasting methodology based on fuzzy coloured Petri-nets by
taking into account all the aforementioned factors. The methodology
was tested in several real cases and the results demonstrated an
accuracy of more than 90% in forecasting product returns. Other
methods also consider the product quality condition as a factor to be
forecasted. Among these, Liang et al. [169] proposed a model for
predicting the return quantity, quality and timing of post-use
batteries in the automotive industry. The forecasting method
incorporates knowledge from sales, product usage, customer return
behaviour, and product life expectancy information.

The second category is collection forecasting by time series
analysis of historical data. This method has been applied to
remanufacturing, in the scenario in which Independent Remanu-
facturers (IRs), that do not have access to precise sales data, are the
main stakeholders. Recent methods using this approach are found
in Refs. [182], [183] and [184]. However, as manufacturer-centric
de- and remanufacturing is the central topic of this paper, less
attention is given to models targeting this case.

An important lever for companies to influence the quantity and
quality of return products is the application of effective return
product acquisition control strategies. Indeed, the uncertainty in
return volumes can be reduced by establishing a strong relation
among the de- and remanufacturer and the post-use part supplier.
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Usually, in the recycling context, the degrees of freedom for
applying acquisition strategies are minor while they can be very
attractive for the remanufacturing scenarios, both in a product-
service and in a traditional product selling business. The main goal
of these strategies is to control the volume and quality of incoming
products for a better matching with the market demand for
remanufactured components. These strategies consist in offering
to customers specific financial incentive, such as deposit, credit or
cash, to encourage the returns according to related quality
standards [293]. In order to capture the effect of acquisition
control strategies on the resulting collection volume in a predictive
way, the relationship between acquisition effort and volume needs
to be forecasted and modelled [265].

4.3. Post-use product characterisation

Managing post-use product information is a fundamental asset
since it enables de- and remanufacturing process planning and
system design. Two sets of information are relevant in this context,
i.e. information about the nominal product features “as designed”
and information about the conditions of the post-use product. As a
consequence, specific methods and tools to properly gather these
pieces of information need to be adopted.

The availability of the nominal product information is becoming
progressively more important as the product complexity increases.
The availability of this information in de- and remanufacturing
largely depends on the specific scenario. If a manufacturer-centric
business is applied, this information is usually stored in the
company Product Life-Cycle Management (PLM) system. In this
case, in-line devices for product code reading, for example by
Optical Character Recognition (OCR) and ICT solutions to extract
the proper information from the company database can be
adopted. However, if the manufacturer is not directly involved
in the Circular Economy business or the level of digitisation of the
manufacturer is low, the nominal product design information
cannot be easily retrieved. In this case, different methods are
adopted for gathering functional, structural and material related
information. Functional and structural information are usually
retrieved by reverse engineering, both concerning software and
hardware. Ref. [74] proposes a reverse engineering approach for
automotive mechatronics and electronics systems, as a result of
the “CAN REMAN” project. The proposed five steps approach
enables remanufacturing of automotive mechatronic and electronic
systems, which are communicating via the CAN-bus and similar
communication types. Concerning material related information,
experimental analysis and knowledge-based methods are the two
most widely adopted approaches. Experimental analysis consists in
isolating a significant area on the component or material sample
and applying quantitative or semi-quantitative material character-
isation techniques, such as XRF and ICP-MS, for the analysis.
Knowledge based methods instead provide estimates of the
material content and concentrations in the product by inference
made through the use of a knowledge base and associated rules. A
knowledge base for product information supporting product-
centric recycling was proposed in Ref. [234]. The methodology
and related tool was applied to two products, i.e. Hard Disk Drives
(HDD) and Liquid Cristal Displays (LCDs) of particular relevance for
the recovery of critical raw materials. In Ref. [ 18] a knowledge based
method for predicting the concentration of valuable materials in
Printed Circuit Boards (PCBs) was developed. Starting from
geometrical information about electronic components and ground-
ing on a knowledge base and regression equations for the prediction
of material contents, the material composition of the board under
analysis was predicted. A promising cloud-based software infra-
structure for supporting product data sharing among manufac-
turers and de- and remanufacturers was proposed in Ref. [290]. The
platform supports the implementation of innovative, cooperative,
business scenarios where the manufacturer provides or sells the
access to the information to the de- and remanufacturer for
improved process efficiency.

Information about post-use product conditions is relevant for
developing decision support systems able to identify the best de-
and remanufacturing strategy, considering non-ideal parts. Two
strategies have been proposed to support the development of such
decision support systems, which vary depending upon the
availability of in-use product monitoring data. The first strategy
considers the scenario in which in-use product monitoring
systems are not deployed. It grounds on the experimental
assessment of the post-use product quality conditions by
inspection, on grading parts by designing specific product quality
classes, and on associating different de- and remanufacturing
strategies to each product quality class. The main advantage is the
possibility of targeting the de- and remanufacturing process to the
pre-defined set of product quality classes [311]. A review of these
approaches can be found in Ref. [293]. In these methods, there is an
inherent complexity in defining the significant product quality
characteristics to be considered and the proper inspection effort
[265]. The experimental study proposed in Ref. [231] explored the
trade-off between pre-process inspection effort and the cumula-
tive remanufacturing process time. It was shown that by shifting to
more thorough and time-consuming pre-process inspection plans,
deeper knowledge about the product conditions can be gathered
and this results in disassembly time savings. However, since
inspection is time consuming, the optimal pre-process inspection
plan with respect to the total remanufacturing time was defined.

Quality classification can be performed at the product supplier
or collection sites, or at the remanufacturing system. Practical
examples of this approach include ReCellular [88] and Caterpillar
[33], where different incentives are given for different quality
classes. Most of the available studies do not deal with the problem
of designing the quality classes in relation to the return product
technical features and failures, but concentrate on the effect of
quality on the economics of remanufacturing [76,72,289]. Excep-
tion is Ref. [48] where the authors proposed a quality assessment
framework for automotive mechatronic parts and derived six
quality classes by experimental analysis. Based on these quality
classes, different disassembly processes were planned and the
required inspection technologies were assessed.

The second strategy grounds on the availability of product use
data, collected by a monitoring system, and on the estimate of the
Remaining, or Residual, Useful Life (RUL) of the component
[133]. However, the remaining useful life of a component is not
only governed by its physical life, but by its technological life as
well. As a result, both these factors should be taken into
consideration before a de- and remanufacturing decision is made.
The first step in estimating the RUL is the assessment of physical
lifetime, Tp, which is the difference between the operating life, To,
and the usage life, Ty, of the component. The value of T, can be
estimated by using various methodologies, with Weibull analysis
being one of the most common, whereas the estimation of Ty
requires collection of lifetime prediction parameters during the
usage life of the product. Once the relevant usage data is collected,
various techniques such as statistical techniques, regression
analysis, Kriging techniques, vibration analysis or Artificial Neural
Networks (ANN), can be used [138,134,186]. The second step of the
approach is the assessment of the technology life, T,. Growth
curves, or S-curves, are commonly used in forecasting the adoption
of new technology and hence the obsolescence of its predecessors.
Finally, the remaining useful life, Tg, can be estimated as the
minimum of these values. The Tk value can be used to determine a
suitable de- and remanufacturing strategy [139]. For instance, in
order to determine the reuse potential of post-use components,
their remaining life, Tg, should be at least greater than the average
product service life, T4y, that is, Tg > Tay.

Since managing product information is a strategic asset for de-
and remanufacturing decision making, advanced software plat-
forms for supporting automatic use-phase product data collection,
storage and analysis are important developments for supporting
industrial implementations. For example, within the Premanus
project, an on demand middleware with service-oriented archi-
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tecture was developed [65]. Within this platform, product use data
collected by sensor networks, product design information as well
as manufacturer information about product end-of-life routes are
made available on-demand to connected users.

4.4. Process-chain planning

The area of process planning for de- and remanufacturing
systems was extensively addressed in the last decades. However,
different branches of literature treat the process planning problem
at different stages of the de- and remanufacturing process-chain.
As a consequence, isolated approaches for disassembly, remanu-
facturing and recycling process planning have been proposed.
Therefore, the major contributions are revised following the same
point of view. In general, de- and remanufacturing process-chain
design takes in input the post-use product characterisation and is
dedicated to the problem of selecting the processes and their
parameters, the related technologies and the process workflow.

The area of disassembly process planning originated as a by-
product of the assembly planning theory and was originally
proposed by Bourjaul [161]. The problem of finding the optimal
disassembly level and sequence for a post-use product that
maximizes the overall profit, requires integer linear programming
methods that easily become inefficient in terms of CPU time when
applied to complex products. Therefore, researchers have opted to
rely on heuristic and metaheuristic methods in order to achieve
“good enough” solutions; however, often the quality of such
solutions is not guaranteed, making exact methods essential tools
to benchmark the obtained solutions [163]. One of the first
applications of exact methods for solving the sequencing problem,
utilizing disassembly precedence graphs and a network flow
approach, was presented in Ref. [291]. In Ref. [130] the authors
extended this method utilizing modified AND/OR graphs, called
extended process graphs, and integer programming. In Refs. [161]
and [162] adapted versions of this method, that relax the integer
linear problem into a binary integer linear programming problem,
solved through an iterative procedure, were proposed.

Metaheuristic and heuristic methods for optimal disassembly
sequencing have been used by researchers for a considerable
amount of time. An early example is reported in Ref. [89] that
proposed a heuristic algorithm for sequence dependent cost
employing a disassembly precedence graph applied for computers
remanufacturing. Metaheuristics which have been broadly used
include genetic algorithms [107,152,57,83], particle swarm optimi-
sation [291,307] and the greedy randomised adaptive search
procedure [1,2,6].

However, the full disassembly of a product tends to be
unproductive due to technical and cost constraints and product
conditions after usage [239]. Although “selective disassembly” is a
more practical approach, where only a limited number of
disassembly paths that lead to selected parts with recovering
potential are considered, there is very little research being carried
outin this area. Methods for selective disassembly sequencing based
on a well-known assembly sequencing approach is proposed in Refs.
[166], [135], and [136]. The applicability of the methodology was
demonstrated by using a washing machine case. The major
advantage of the reported methodology is to provide a graphical
representation of disassembly sequences at different stages of the
process, which allows the user to visualize the disassembly process.

Within disassembly process planning, the disassembly to order
system has been also studied [153] by using integer goal-
programming. Here the objective is to determine the best
combination of multiple products to selectively disassemble to
meet the demand for items and materials under different
constrains and goals, e.g. financial and ecological.

In the area of recycling process planning the objective is to
determine the material distribution in the output streams of a
recycling process-chain starting from a known input material
composition, with the goal of finding the right process plan to
satisfy required recovery and grade targets for specific valuable

materials. The available methods for planning recycling processes
can be grouped in two categories [303], i.e. (i) recycling process
models, estimating the process performance as a function of the
process parameters via physics-based models, and (ii) material
flow models, analysing the integration of multiple size-reduction
and separation processes in a process-chain.

Among the first group of contributions, models have been
developed for size-reduction, separation and end-refining pro-
cesses. For size-reduction processes, the most widely adopted
models are in the class of Population Balance Models (PBM) [28].In
these models, the evolution of the mass belonging to specific
product material classes during the dynamics of the size reduction
process is analysed by a stochastic process, whose evolution is
driven by estimated material selection, breakage and discharge
functions. For separation processes, physics based models have
been proposed. The force field originated by the separation
technology is modelled and its effect on the trajectories of the
particles under processing is quantified [179]. Most of the models,
however, are deterministic in the sense that they consider single
particle flows and neglect the effect of particle-particle and
particle-equipment interactions on the variability of the separa-
tion process performance. To overcome these limitations, granular
flow multi-body simulation models have been recently developed
[47]. Due to the millions of impacts generated during the process,
the traditional Discrete Element Method (DEM) approach is
replaced by an innovative Differential Variational Inequalities
(DVI) formulation, which considerably reduces computational
times. These models, once validated against experimental results,
can also be used to optimise the process parameters for target
recycling performance [30].

Among the second group of contributions, one of the first
models for recycling process-chain planning was the one described
by Sodhi et al. who present a method based on dynamic
programming to determine the best sequence for material
recovery [249]. Ignatenko et al. proposed the combined use of
transformation matrices to model the effect of processes on the
material flow routings and linear mass-balance equations to
capture the effect of each process stage at process-chain level
[110]. In absence of realistic process models, the parameters of
these matrices have to be estimated by experimental analysis. The
authors also emphasised the need for a comprehensive particle
modelling framework in order to link product design, material
liberation and the recycling system performance [32,283]. This
approach better supports the implementation of the product-
centric recycling concept, proposed to overcome the limits of the
traditional material-centric approach.

Gutowski et al. presented a probabilistic material separation
model based on the Bayes theorem to estimate the performance of
binary separation processes [91]. This approach was extended to
multi-stage separation processes, by means of a network model
[303]. This model can be employed to support the efficient
planning of recycling process-chains and was used to evaluate
recycling treatments for plastic separation and for end-of-life
processing of LCD TVs [284]. In Ref. [43] partition curves are used to
describe the separation efficiency of a particular process setup and
include the effect of material entanglement. Specific software
packages are available for supporting recycling process planning
[230,281,226]. For example, one of the most recent tools is
proposed in Ref. [281], based on size-reduction, separation and
end-refining processes models. The software package supports the
planner in the construction of the process-chain and optimisation
of the process parameters. It is also linked to environmental
evaluation based on Life-Cycle Assessment (LCA).

Remanufacturing process planning is an area of research that
has been recently systematised focusing on selecting the opera-
tions, sequences, and tools to regenerate the used products with
high remanufacturing quality [309]. In Ref. [208] a systematic
approach for the planning and execution of product remanufactur-
ing based upon the failure mode and effect analysis method was
developed. In Ref. [141] a Mixed Integer Programming (MIP)

Please cite this article in press as: TolioT, et al. Design, management and control of demanufacturing and remanufacturing systems. CIRP
Annals - Manufacturing Technology (2017), http://dx.doi.org/10.1016/j.cirp.2017.05.001



http://dx.doi.org/10.1016/j.cirp.2017.05.001

G Model
CIRP-1698; No. of Pages 25

16 T. Tolio et al./CIRP Annals - Manufacturing Technology xxx (2017) xXX-Xxx

approach to optimise remanufacturing process plan in terms of
cleaning, injecting, disassembly, repairing and reassembly is
presented. The reconditioning process planning, however, is still
performed by the user who inputs the process in the software
through a graphical user interface (GUI). Ref. [167] considered the
uncertainty in the quality of incoming used components and
adopted a Graphical Evaluation and Review Technique method for
remanufacturing process plan decisions. Ref. [168] established
remanufacturing process model based on a fuzzy Petri net in view
of the uncertainties in remanufacturing process routing and
process times. Ref. [145] presented a seven-step procedure for
remanufacturing process planning including (i) identify defects
and their locations, (ii) assess and rank defect criticality, (iii)
identify reconditioning operations for each defect, (iv) identify
precedence relationships, (v) revise reconditioning process se-
quence, (vi) perform risk and reliability assessment, (vii) suggest a
preliminary selection. In addition to the product quality, the cost in
remanufacturing is another criterion that should be taken into
consideration for process planning. In Ref. [124] the authors
proposed a remanufacturing multi-objective process optimisation
method to maximise the reliability and minimise process cost,
based on Genetic Algorithms. Multi-criteria decision making
problem formulation was also adopted in Ref. [123] for performing
technology selection by Analytic Hierarchy Process (AHP).
Environmental and economic factors were considered.

Although the literature provides several methods and tools to
perform de- and remanufacturing process planning, there is a lack
of approaches for integrating strategic decisions on Circular
Economy options with consideration of process capabilities. This
would be a useful tool for supporting process planning in
manufacturer-centric Circular Economy contexts.

4.5. Feed-forward process control by Cyber-Physical Systems (CPSs)

With the objective to adapt the de- and remanufacturing
process to evolving features of the product under treatment or to
quickly changing market demand requirements, system control
plays a fundamental role. In particular, since most of the variability
and uncertainty in de- and remanufacturing systems is due to the
condition of input products, feed-forward process control solu-
tions result to be particularly attractive. In feed-forward control
the control variable adjustment is not error-based. Instead it is
based on knowledge about the process in the form of a
mathematical model of the process and knowledge about, or
measurements, of the process disturbances. The implementation
of feed-forward control solutions in industrial systems requires the
design and development of innovative control architectures.
Recently, distributed and scalable control solutions based on
IEC61499 and Cyber-Physical Systems (CPS) have been proposed in
the manufacturing area as suitable technologies for supporting
rapid reconfiguration and system evolution at shop floor level
[193]. CPSs are large-scale interconnected systems of heteroge-
neous components that are envisioned to provide integration of
computation with physical processes. CPSs can provide broad
controls over complex and large industrial processes through a
heterogeneous network architecture of sensors, actuators and
processors. Computational processes, which constitute the cyber
part of the system, accept inputs from the physical processes,
calculate the outputs required to affect the physical processes and
apply these outputs to the physical plant. Recently, CPS solutions
for de- and remanufacturing systems have been developed. An
example of a prototype CPS solution for recycling is reported in
Fig. 13 [220].

The CPS gathers in-line data about the processed mixture
composition by using a HyperSpectral Imaging (HSI) system and
adjusts the parameters of the downstream electrostatic separation
process according to the specific mixture under treatment. The
preliminary experimental results, obtained by processing shred-
ded WEEE cables and PCB mixtures, show that a considerable
improvement in the recovery can be achieved.

Fig. 13. CPSs for demanufacturing process control [220].

Cyber-Physical Systems have also been developed to adapt
remanufacturing processes based on the information about
product damages gathered by automatic, vision based, data
acquisition systems, in feed-forward mode [252]. In Ref. [195] a
reverse engineering approach is used to obtain a digital model of
the part and adapt the parameters of the subsequent laser
remanufacturing process, on high-value mechanical parts. By
directly generating the machining path from the cloud of points
obtained by inspection, the cycle time can be reduced for meeting
industrial implementation requirements. A similar application to
the case of large-scale turbine blades is reported in Ref. [78].

4.6. De- and remanufacturing production planning and control

Production planning and control in de- and remanufacturing
addresses problems of capacity planning, production planning,
scheduling and inventory management. The specific challenges of
these problems in de- and remanufacturing are due to (i)
fluctuations in the quantity, quality, and lifespan of products for
reuse or material recovery, (ii) mismatch between supply and
demand, and (iii) the limited capability of substituting regenerated
parts into the product [151]. Most of the models developed address
independently disassembly for remanufacturing or dismantling for
recycling decisions.

In the area of dismantling for recycling decisions, only few
contributions are available mainly dealing with the capacity
planning problem, especially in the automotive end-of-life
treatment scenario. This is due to the difficulty to control the
product acquisition process and to the wide adoption of make-to-
stock productions. In Ref. [171] an optimisation model for recycling
systems capacity planning for end-of-life vehicles in view of profit
maximisation was proposed. The authors included operating
capacity, inventory capacity and costs in the proposed MIP model.
They extended the model to consider the effect of different hulk
acquisition pricing policies and uncertainty in returns [225]. In Ref.
[247] the authors proposed a similar model and explored the effect
of legislation targets on the planned facility performance.

A wide body of literature has studied production planning and
control in the area of disassembly for remanufacturing decisions.
Reviews can be found in Refs. [129], [112], [160], [192] and
[185]. Both hybrid manufacturing-remanufacturing systems and
non-hybrid remanufacturing systems have been analysed. How-
ever, the first area is more relevant from a manufacturer-centric
Circular Economy perspective. The goal of these studies is to decide
how to coordinate manufacturing and remanufacturing operations
considering uncertainty in product returns and demand. In Ref.
[221] the authors studied by a continuous time stochastic control
approach a production control problem for an hybrid
manufacturing-remanufacturing system considering stochastic
returns, demand and the presence of set-up times while switching
from assembly to reassembly modes. In Ref. [52] a multi-period
remanufacturing planning with uncertain input quality was
analysed by stochastic programming, considering binary quality
levels with pre-defined probabilities associated. This model
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Fig. 14. Reassembly to order in remanufacturing [125].

considered the variant quality levels at the single product level,
however, ignored the module-level quality variation. In Ref. [125]
the problem of reassembly planning and inventory control of a
multi-module product with supply and demand uncertainties is
considered. The authors considered a reassemble-to-order setting
in the remanufacturing environment, as shown in Fig. 14. The
authors solved the problem by using a Markov decision process
formulation and derived a state-dependent threshold based policy
for production control. In Ref. [8] production and inventory
planning simulation models are proposed to virtually test various
lot sizing policies before implementation.

The supply and demand balance is the most critical factor also
in the scenario of product reuse by function reconfiguration and
upgrade. To implement reuse, one needs to match the original use
with the subsequent reuse in terms of volume and quality.
However, on the demand side, the requirements for the reused
items vary depending on individual subsequent users. On the
supply side, product return is at the users’ discretion once the
products have been sold. In this case, product providers do not
have any control over the volume and quality of the returned
products. To solve this problem, planned, or forced, circulation has
been proposed. In this case, products are owned by the provider.
This concept was applied to the reuse of copier photoconductor
drum units [262] and a group of copiers used in an office
[261]. Another strategy to mitigate the difficulty in matching the
demanded performance with that of the returned items is to
increase the variety of supplies of the reused items. For this
purpose, the concept of module reconfiguration remanufacturing
has been proposed, where the modules extracted from the
returned products of different product generations are reconfi-
gured to satisfy various user requirements [280,238]. An imbalance
in volume may occur because of a time lag between a period of the
peak demand for reuse products and that of the peak for product
returns. Therefore, appropriate sales periods must be selected to
control deficiencies or excesses of returned products [237].

One of the few works considering planning in an integrated
disassembly, remanufacturing and recycling environment is
proposed in Ref. [151]. The authors developed a simulation model
considering material and component characteristics, inspection,
remanufacturing and recycling process characteristics as well as
different network configurations in order to validate control
policies on the basis of the implications with material flow issues.

5. De- and remanufacturing system design

In this section, the main problems, methodologies and tools for
supporting the design of smart de- and remanufacturing systems
are revised. A de- and remanufacturing system embeds the set of
processes, human and technological resources, organisation, and
ICT infrastructure to enable effective product de- and remanu-
facturing [46]. These issues are discussed in the following.

5.1. Business models for de- and remanufacturing

In order to be economically sustainable and risk robust,
manufacturer-centric de- and remanufacturing ventures require

specific business models that differ from those typically adopted in
manufacturing. From the demand side, new customer segments,
interested in lower purchasing prices for steady product quality,
need to be exploited [292]. From the post-use part supply side, the
customer behaviour strongly influences the quality of post-use
products, which in turn increases the degree of complexity in the
planning and execution of de- and remanufacturing processes
[297]. Keeping product ownership on the manufacturer side is a
strategy to overcome such challenges, by changing the role of de-
and remanufacturing activities as “a service in the product’s life-
cycle” [202]. The concept of Product-Service-System (PSS)-based
business models, grounding on the idea of selling functionality
rather than the product itself [85], are very promising in de- and
remanufacturing, in particular in the scenario of product
remanufacturing for upgrade [216]. The value proposition consists
in designing products for prolonged use cycles and motivates
service providers to collect and value post-use products as a direct
strategy to increase economic benefits. As customers are solely
interested in reliable product functionalities for an agreed price,
they do not perceive used products as problematic as long as use
availability is ensured.

This value proposition shall be accompanied by enabling
solutions for effectively implementing the service. In-use product
monitoring systems can support manufacturers in deciding the
time when a product upgrade should be offered to the customer,
also gaining useful field knowledge for product re-design. For those
products that cannot be efficiently monitored, Ostlin et al. suggest
to link customer relation to core procurement. Compensation for
old products in form of a discount for a new product or monetary
compensation incentivise customer to return used products in the
best possible condition [203]. This idea is supported by multi-sided
virtual platforms, which facilitate interactions between user and
provider by managing and recording their communication history,
while providing delivery or payment services [201]. Among these,
CoremanNet is a platform where remanufacturers can procure cores
while customers dispose their used products as a condition to
obtain remanufactured products at a preferential rate.

5.2. De- and remanufacturing system engineering

The engineering of de- and remanufacturing systems is strongly
influenced by the specific business model. The main activities in
this area consist in the definition of the system architecture and co-
evolution level, the assignment of tasks to workstations, the design
of the technological contents and the automation level of
workstations, and the design of buffers for meeting desired
production rates and quality levels, in coherence with the defined
manufacturing strategy and business model [268]. Also in this area,
the different phases of the de- and remanufacturing process-chain
are usually designed in isolation.

While the disassembly planning problem has been extensively
studied in the literature, the design of disassembly systems has
attracted less interest. A large scope of the scientific literature is
devoted to the decision problems related to the design and
operation of assembly systems [103]. Unfortunately, these results
cannot be directly transferred to disassembly as it cannot be simply
assimilated to the reverse of the assembly process [295]. However,
the experience gained in the field of assembly may provide useful
guidelines for disassembly system design.

In spite of the uncertainty and variability of return product
conditions, most of the methods for disassembly systems design
deal with deterministic input data. In terms of system architec-
tures, serial, U-shaped and parallel station disassembly systems
have been considered [296]. The Disassembly Line Balancing
Problem (DLBP) was originally introduced in Ref. [90]. It consists in
the assignment of disassembly tasks to workstations of a
disassembly line with the objective to optimise measures of
effectiveness, usually economic. To deal with the deterministic
DLBP, heuristic, metaheuristic approaches and mathematical
programming formulations were developed [17,132,148]. Recent

Please cite this article in press as: TolioT, et al. Design, management and control of demanufacturing and remanufacturing systems. CIRP
Annals - Manufacturing Technology (2017), http://dx.doi.org/10.1016/j.cirp.2017.05.001



http://dx.doi.org/10.1016/j.cirp.2017.05.001

G Model
CIRP-1698; No. of Pages 25

18 T. Tolio et al./CIRP Annals - Manufacturing Technology xxx (2017) xXX-Xxx

works studied the design of disassembly lines under uncertainty,
where task failures, post-use product conditions, component
demands, and task times were considered as sources of uncertainty.
In Ref. [9] a MIP for maximizing the profit generated by a
disassembly line considering the possibility of the reassignment
of the remaining tasks if one disassembly task fails was provided. In
Ref. [271] the authors used a Monte Carlo based reinforcement
learning technique to solve the multi-objective DLBP under demand
variations of the retrieved parts. Disassembly task time uncertainty
is usually modelled by independent random variables with known
normal probability distributions and is introduced to capture
manual disassembly tasks or disassembly tasks under variable
conditions of the product. For example, a collaborative ant colony
algorithm for stochastic mixed-model U-shaped DLBP was devel-
oped by Ref. [3]. In Ref. [23] the authors studied the cost-oriented
DLBP with complete disassembly process. The uncertainty of line
stoppage caused by stochastic task processing times was modelled
using the notion of recourse cost. A two-stage stochastic linear MIP
with fixed recourse was adopted. In Refs. [25], [24], and [26],
selective disassembly was considered and the uncertainty was
modelled using workstation expectation times instead of direct
station times. A joint precedence graph was used to consider the
uncertainty of the return product conditions in Ref. [232]. A
disassembly line balancing approach taking into account the
uncertainty of post-use products quality and task times was
proposed and tested on a case study in Ref. [48].

The problem of evaluating the performance and designing
buffered disassembly lines has also attracted interest in the
research community. Here the objective is to allocate buffers to
smooth the propagation of flow interruptions along the line
generated by variability of processing times and stochastic
machine failures. Analytic based methods for buffer allocation
and workload design in assembly/disassembly networks were
proposed in Refs. [194] and [44]. These methods consider
workstation failures and deterministic processing times in the
analysis. These methods usually assume fixed product routings.

The definition and the design of the level of automation in
disassembly systems has been a topic of research since the 90s
[127,296,22], although applications of automated solutions in
industry are still fairly limited [242]. According to Ref. [288] the
automatic disassembly system can be considered a robotic system
that employs an artificial intelligence agent controlling the
mechanical operation units and sensors. The system achieves
flexibility [267] and reconfigurability [155] by perceiving relevant
information during the process and adapting the operation
accordingly [287]. As a consequence, system design methods
cannot be based on the assumption of predefined routings, as in
the case of manual disassembly, but re-routing of parts has to be
considered as an integral part of the system design process.
Moreover, specific data acquisition systems on the product to be
disassembled, image processing systems, data storage and
management systems and control systems need to be integrated
[143]. In Ref. [58] a methodology to support the design of
reconfigurable automated disassembly systems for multiple
product types has been proposed. In Ref. [299] a systematic
analysis of automated and semi-automated flexible disassembly
layouts is provided and a classification of the basic modular
components, including tools, fixtures, robots and sensors, is given
for enabling changeability of the system [298]. Methods for
designing cognitive robotics, covering sequence planning, image
acquisition, process adaptation and interaction with the human
operators are revised in Ref. [288]. In Ref. [61] an online genetic
algorithm model for selective disassembly in a robotic disassembly
cell for electronic products is proposed for optimal and near-
optimal disassembly sequencing. In Ref. [189] an ontology-based
framework for supporting automated disassembly was proposed
where gathered field data and nominal product data are coherently
stored in order to support disassembly operations. In Ref. [240], an
information system architecture for flexible automated disassem-
bly is presented. Furthermore, capability for adaptation of the

robot motion when new conditions are observed have to be
provided to the system, especially in a cooperative HRC environ-
ment. In Ref. [214], an off-line approach generating the robot
trajectories on the basis of a probabilistic definition of the human
movements is combined to an on-line method to adapt the robot
speed in order to avoid collisions between the robot and the human
when the environment is not fully controllable.

In recycling, most of the contributions focus on recycling
process-chain planning, while only few works consider the system
engineering problem. Ref. [45] proposed a multi-level recycling
system model to support the joint configuration of the system
layout and process parameters. The authors showed that in
recycling systems an interesting trade-off between quality of the
separation and throughput exists, in the sense that increasing the
material flow rate, increases the impacts among particles in the
mixture and this, in turn, increases randomness and decreases the
separation quality. This work emphasised the need for reconfigur-
able and adaptable recycling systems for better responding to
market and input product evolutions. In Ref. [21], the same
paradigm of reconfigurable recycling systems was formulated,
with an example of a robotic cell for control units processing. In
Ref. [258], principles of lean manufacturing are used for the
improvement of the performance of a recycling plant in Sweden by
adopting layout planning and bottleneck analysis. The use of an
Interactive Genetic Algorithm (IGA) method for designing the
facility layout of recycling plants taking into consideration
subjective features from the designer and technological con-
straints is proposed in Ref. [81]. The method is applied to two real-
life recycling plants. Applications of recycling systems design
methods in specific areas are proposed in Ref. [41] concerning the
case of a photovoltaics recycling infrastructure, and in Ref. [227] for
designing a system for carpet recycling. Recent contributions also
addressed the design of innovative recycling systems supporting
new business models. For example in Ref. [233] the design of a
modular end-refining system implementing hydrometallurgical
processes in transportable containers is discussed. Such design can
support innovative business models of migrating recycling cells for
high utilisation at different locations.

In remanufacturing, system engineering has been applied mainly
forselecting and allocating resources, namely buffers and processing
stations, in order to meet target productivity performance
[4]. Usually, performance evaluation methods common of discrete
part manufacturing are adopted, among which discrete event
simulation and analytical methods. In Ref. [31] the concept of
adopting a cellular U-shaped layout design for remanufacturing
systems in order to better cope with internal and part variability and
reduce the material flow costs is proposed and specific design
guidelines based on the lean manufacturing principles are provided.
In Ref.[79] an ant colony based optimisation method to optimise cell
layout design for reducing the material handling cost at the used
product post-disassembly stage is proposed, in a job shop
remanufacturing cell. In Ref. [73] an integrated capacity planning
and factory adaptation model was proposed for designing and
reconfiguring automated mobile phone disassembly and remanu-
facturing cells, based on mathematic programming and discrete
event simulation. In Ref. [5], a remanufacturing system consisting of
disassembly, testing and remanufacturing modules is considered. A
methodology based on open queuing networks for obtaining a near
optimal buffer allocation solution in cellular remanufacturing
systems was proposed. At high abstraction levels, conceptual
models and frameworks for a preliminary design of remanufactur-
ing facilities are proposed in Refs. [131] and [117]. These high level
models are useful for an early stage conceptualisation of the system
and for supporting strategic investment evaluation based on
technical considerations on the system capabilities.

5.3. Reverse logistics network configuration

The design of Reverse Supply Chains (RSC), or reverse logistics
network, is a complex strategic problem where numerous
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economic, legislative and logistic factors have to be analysed. The
objective is to set up a number of facilities mandatory for the
reverse logistics, such as collection centres, disassembly and
recovery facilities, to determine their capacities and to organise the
flows between them, looking for the total network efficiency. The
design of reverse supply chains usually takes into account the EPR
and the incentives offered by firms to consumers or by the
government to the firms [13,204]. The common models used for
forward supply chains have to be adapted to RSC due to high level
of uncertainty related to product returns, more complex
network structure, wider variety of sources, more complex
functions in terms of cost, services and environmental impacts,
and unexplored market opportunities [94]. In the literature, the
common tools for modelling these uncertainties are stochastic
programming [250,122], fuzzy programming [126,255] and simu-
lation [137]. See Refs. [84] and [119] for recent reviews.

A reverse logistics network supports manufacturers in the
identification and collection of post-use parts. There are various
adopted collection strategies such as drop-off, periodic kerb-side,
mail-in, point of sales [95]. Planning collection networks needs to
take into account location, product type, population density,
transportation and cost and environmental impact of chosen
collection strategies [96]. Furthermore, there are multiple inde-
pendent stakeholders such as end-user, councils, retailers, OEMs,
waste management centres and recyclers. Therefore, it is impera-
tive that all these stakeholders collaborate in any collection
network design in order to reduce cost and environmental
footprint and increase collection efficiency [96]. Ref. [62] dealt
with collection and recycling centres while scoring the products in
terms of recyclability, biodegradability, energy consumption and
product risk. Ref. [92] addressed the integrated management of
collection-disassembly in reverse chains.

Another branch of research concerns the simultaneous design
of forward and reverse parts of the closed-loop supply chain (CLSC)
(Fig. 15). Ref. [71] considered the CLSC with complete reprocessing
of an end-of-life product, the reuse of components, the disposal of
unusable parts sent directly from the manufacturers, with a closed
loop transportation system that maximizes transportation effi-
ciency. Ref. [191] considered a multi-period, multi-product, multi-
echelon and capacitated supply chain design problem for short
lifetime products. The network design included suppliers, hybrid
production-inspection centres, hybrid warehouse-collection cen-
tres, retailers, disposal centres and recovery centres. Ref. [306]
analysed the effect of carbon emissions consideration on the
design of both hybrid and dedicated CLSCs. Numerous case studies
have shown the design of CLSC in various industrial contexts
among which lead/acid battery [255], construction machinery
remanufacturing [308], electrical and electronic equipment [10],
and solar energy industry [36].

Fig. 15. Forward and reverse logistics activities [137].

6. Socio-economic aspects of de- and remanufacturing
6.1. Industrial symbiosis and value chain integration

Industrial symbiosis, which is seen as a sub-field of Industrial
Ecology, is an efficient cross-sectorial strategy to implement
Circular Economy businesses. The concept is based on the works of
Frosch and Gallopoulos who stated that “waste from one industrial

process can serve as the raw materials for another, thereby
reducing the impact of industry on the environment” [75]. The
authors established the basis for the United Nation’s idea of using
geographic proximity and regional eco-systems as a way of linking
separate industries in their exchange of physical goods like water,
material, energy and by-products [37]. The Kalundborg Symbiosis
in Denmark is one of the most prominent examples in which the
principles of Industrial Symbiosis are applied. The estimated
savings reach US$10 million a year. Other practical examples are
revised in Ref. [55].

Value chain integration is another strategic opportunity to
boost Circular Economy businesses. It entails collaboration
between businesses at the level of planning and information
sharing among different stakeholders in the value chain. As
highlighted by the industrial cases reported in Section 1, by
creating stable partnerships among stakeholders a better align-
ment and higher efficiency of de- and remanufacturing operations
can be achieved [297]. In this context, multilateral information
systems for life-cycle management appear as useful tools [277] to
follow the whole product life-cycle from supplier to end-user,
ultimately adding value and gaining maximum utilisation of
resources [295]. The collaborative research project BRAGECRIM
focuses on the effectiveness of value-chain integration in
remanufacturing [86]. It proposes a classification into three types
of value-chains including (i) networks where the manufacturers
carry out remanufacturing processes themselves, (ii) networks
where subcontractors are the main actors of remanufacturing, and
(iii) networks of independent remanufacturers, i.e. without
contractual agreement with the original manufacturer [87]. In
each value-chain, specific sub-sets of problems are relevant. For
example, core procurement is challenging for type (i) while
remanufacturing processes are more critical for type (iii).

6.2. Legislation and cultural boundaries

Legislation and cultural aspects, and the related uncertainties,
constitute additional boundaries on the implementation of
innovative manufacturer-driven Circular Economy businesses
and need to be considered in order to achieve business
profitability. The European Remanufacturing Network [70] iden-
tifies legislative and trade barriers and lack of standards as major
problems for expanding remanufactured products markets. So far,
European legislation regulates recycling with a sectors-oriented
approach. In automotive, the directive on end-of-life-vehicles
(2000/53/EC) and the directive on reusability, recyclability and
recoverability of waste vehicles (2005/64/EC) set standards for the
quality of reused parts and materials. In electronics, the RoHS
directives on hazardous substances in electrical and electronic
equipment (2002/95/EC and 2011/65/EU) and the Waste Electrical
and Electronic Equipment (2002/96/EC) address the issue of
product design and post-use treatment. As a matter of fact,
remanufacturing remains legally undefined in most countries,
although efforts have recently being invested on the “end-of-
waste” regulation. In South Korea, the government and remanu-
facturers of automotive parts have enacted a norm for remanu-
facturing process definition [86]. In Europe, specific actions have
been launched for identifying potential legislative barriers for the
development of new Circular Economy businesses through the
“Innovation Deals” initiative [68]. Moreover, the SCREEN project
has been launched to involve Regions in the identification of
Circular Economy areas of innovation and potential legislative
barriers to their implementation [67]. Another significant chal-
lenge in remanufacturing concerns Intellectual Property (IP). In
Ref. [97] it is reported that a lack of understanding of how to
manage the uncertainties associated with IP in remanufacturing
represents a significant challenge for industry wishing to adopt a
remanufacturing approach. In this context, a manufacturer-centric
de- and remanufacturing approach can benefit from a better
protection of confidential product information. Cultural bound-
aries also play a relevant role in the achievement of profitable

Please cite this article in press as: TolioT, et al. Design, management and control of demanufacturing and remanufacturing systems. CIRP
Annals - Manufacturing Technology (2017), http://dx.doi.org/10.1016/j.cirp.2017.05.001



http://dx.doi.org/10.1016/j.cirp.2017.05.001

G Model
CIRP-1698; No. of Pages 25

20 T. Tolio et al./CIRP Annals - Manufacturing Technology xxx (2017) xXX-Xxx

circular businesses, since they affect post-use product collection,
the market acceptance of reconditioned products and the effective
transition towards use-oriented businesses. Ueda et al. [273]
outline an axiology of value creation for sustainable manufactur-
ing. They suggest de- and remanufacturers to devote more
attention to social mechanisms of value creation, such as network
externality, social dilemma, public goods, and lifestyles aspects
into their value proposition.

6.3. Social aspects in de- and remanufacturing

Modern Circular Economy businesses supported by smart de-
and remanufacturing systems have several beneficial social
implications. From a global social perspective, Circular Economy
may smooth the coupling of specific critical resources with conflict
areas where environmental, humanitarian and global security
problems persist because of the market demand for such
resources, as for example for tantalum in Africa, thus contributing
to a fairer and more balanced market of critical raw materials. From
a consumer perspective, de- and remanufacturing supports the
concept of “Frugal Innovation” since it enables manufacturers to
offer affordable high-quality products in the emerging global
markets [165]. Example of a profitable business in this direction is
the remanufacturing of diagnostics medical machines at Philips
Healthcare [70]. This high-value equipment is regenerated,
customised for regional market requirements, and sold in
emerging markets. This would open new business opportunities,
increasing the competitiveness of companies in high-wage
countries, at the same time increasing customer satisfaction in
emerging economies [ 104]. From a job creation perspective, de- and
remanufacturing makes it possible to create high quality and high-
skill jobs, both in low wage and high wage countries [29,38]. Indeed,
the highly variable conditions in de- and remanufacturing create a
problem-solving oriented environment that stimulates workers
creativity and boosts personal motivation and reward. Safety is a
critical aspect of de- and remanufacturing processes, due to the
potential risks of interaction with hazardous substances for both
employees and local residents [222]. Safety requirements put a
premium on smart de- and remanufacturing systems, were high
level of monitoring and control is implemented.

7. Future research priorities

In this section, based on the framework proposed in Section 2
and the contributions revised in Sections 3-5, relevant gaps are
identified which constitute future research priorities.

7.1. Circular Economy engineering

Different Circular Economy practices are usually investigated in
isolation. However, within the same post-use product, different
components may be suitably recovered by a mix of Circular
Economy strategies, due to their features, functions and materials.
A new Circular Economy engineering theory shall be developed,
able to combine strategies to recover the highest residual value
from post-use products, considering the existing options in a
holistic way.

7.2. Design of circular factories

Under the proposed manufacturer-centric Circular Economy
perspective, circular factories should be designed considering the
requirements deriving from product manufacturing as well as
post-use product de- and remanufacturing, after the use-phase
related time delay. In this perspective, a new set of manufacturing
system engineering methods for the design of circular factories
shall be developed, capturing different sources of uncertainty in a
multi-period problem and exploiting the synergies among the
processes and technologies adopted in multiple product cycles.

7.3. Zero-defect de- and remanufacturing

The quality of recovered materials and remanufactured
products affects the profitability of Circular Economy businesses.
Differently from manufacturing operations, in de- and remanu-
facturing significant product variations are observed in the
input flow of post-use products. To support effective regenera-
tion, a new systemic zero defect solution should be developed,
able to gather in-line data by distributed inspections and
elaborate them to smooth the propagation of part variations
throughout the process stages, by adjusting process parameters
depending of the specific features of the part or material under
treatment.

7.4. Automation level in de- and remanufacturing systems

The use of automated solutions in de- and remanufacturing
systems has been investigated, but their systematic implementa-
tion in industrial practices is still controversial. In favour of this
transition, de- and remanufacturing design and management
methods should be adapted to consider fully automated and
hybrid operations as suitable options, where technologically
feasible. This would support designers to determine the optimal
automation level depending on product and context related
variables.

7.5. Adaptable de- and remanufacturing systems

Due to the high level of uncertainty in post-use product
conditions and demand, adaptable de- and remanufacturing
processes and systems would contribute to increase regeneration
rates, by reducing operational and investment costs. New technical
enablers for adaptability should be developed, such as modular
transportation and smart material routing systems, reconfigurable
control solutions, flexible robotic sorting systems, and multi-
sensor data gathering systems for product and material inspec-
tions. These solutions, combined with new co-evolution design
methods, would contribute to the development of low capacity
systems, able to quickly adapt to evolving products and market
conditions.

7.6. Digital factory technologies

In spite of the availability of tools to support de- and
remanufacturing planning, there is a lack of digital platforms to
support the integrated design of de- and remanufacturing
processes and systems. At process level, simulation capabilities
shall be incorporated, to support process parameters setting. At
system level, such tools should provide a “digital twin” of the real
plant and support tactical and operational decision making in
highly uncertain environments.

7.7. Legislation aware de- and remanufacturing design and planning

Legislation and cultural conditions have an impact on de- and
remanufacturing system strategic and operational decisions. For
example, Ref. [213] shows how legislative conditions affect the
workflow of LCD treatment plants in Japan and Europe. Therefore,
methods to embed such boundaries conditions in the de- and
remanufacturing design problem should be developed.

7.8. New circular business models and value-chains

Profitable opportunities for closing the loop can be originated
by establishing new cross value chain businesses. However, a
systematic methodology to identify such opportunities and links is
missing and this results into truncated material cycles and loss of
business opportunities. A material-product flow oriented systemic
approach would suitably support industry and public authorities in
the identification of these untapped potentials.
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8. Conclusions

This paper has formalised a new manufacturer-centric Circular
Economy model and the related requirements towards the next
generation of smart de- and remanufacturing systems. The most
advanced emerging technologies and methods have been revised
and promising directions for future research have been highlight-
ed. As emerges from the analysis, most of the highlighted
challenges and requirements find proper solutions in the scientific
literature, although higher Technology Readiness Level (TRL) shall
be achieved in order to reach application in industrial settings. In
this direction, substantial efforts should be devoted to integrating
and demonstrating existing solutions at pre-industrial scale, in
order to support companies in the transition towards a disruptive
business change. To this aim, the creation of collaborative value-
chains and local eco-systems may strongly contribute in boosting
new Circular Economy businesses and the related social impacts.
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