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Remanufacturing is one of the critical elements moving our economy toward one that is circular. Today, remanufacturing is attracting

growing attention worldwide. Meanwhile, despite its potential in terms of its effects on both environment and economy,

remanufacturing has not yet been sufficiently exploited. This indicates that there exist both drivers for and barriers to an increase in

remanufacturing in economies. Although there are both technological and non-technological requirements for remanufacturing, R&D

is unavoidable for its promotion. This article outlines trends, drivers, and barriers for remanufacturing, and presents reviews of studies

on selected topics in remanufacturing. The selected R&D topics in this article are product design for remanufacturing, additive

manufacturing for remanufacturing, operations management in remanufacturing, and business models for remanufacturing.
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1. Introduction

Remanufacturing is one of the critical elements for realizing a

resource-efficient manufacturing industry and circular economy.

Remanufacturing is an industrial process that turns used products into

products with the same quality, functionality and warranty as new

products.1 The remanufacturing process consists of disassembling,

cleaning, inspecting, repairing, replacing, and reassembling the

components of a product to restore it to “as new” condition (Fig. 1).2

Remanufacturing can also imply adding new and better functionality to

a used products, such as adding a more wear resistant materials on the

surface, new sensor systems, and so on. Remanufacturing has been

undertaken for products such as automobile parts, machinery,

photocopiers, single-use cameras, and furniture. As remanufacturing

retains the geometric shape of products, it preserves the materials and

added value embedded in the original products. Remanufacturing is

generally superior to material recycling in terms of energy and material

savings. Existing studies show that remanufacturing saves up to 90% of

materials compared with new product manufacturing,3 and that the

energy required for original production versus remanufacturing can

reach ratios of six to one.4 In addition to these environmental benefits,

remanufacturing has a significant potential for economic impacts. Used

products, in many cases, retain a high portion of the value that was

embedded in them when they were originally manufactured. However,

they are usually discarded without exploiting most of the remaining

value. Because remanufacturing exploits this value, it can potentially

have high margins economically. In some countries, remanufacturing

already holds an important position in their economies. In addition,

remanufacturing is generally labor intensive, which can have positive

effects on job creation. Furthermore, as remanufactured products are

usually priced lower than newly manufactured products, it has the

potential to improve social welfare, especially in developing countries.

Due to these features, remanufacturing has affinities with the concept

of sustainable production and sustainable society and has, in recent

years, been attracting increasing global attention.

This article outlines the trends and research challenges related to
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remanufacturing. Although remanufacturing has good potential for

growth, this potential has not yet been exploited. This paper describes

the barriers to remanufacturing and specifies the research challenges

for overcoming these barriers. It then presents a review of studies on

selected important research topics. The rest of the paper is organized as

follows. The next section identifies some recent trends and businesses

using remanufacturing. The activities of industries and governments are

also summarized. Section 3 discusses the barriers to remanufacturing

and shows the research needed to overcome these barriers. Sections 4

to 7 present reviews on four selected topics on the challenges for

remanufacturing: product design, additive manufacturing (AM),

operations management, and a business model for remanufacturing,

respectively. The final section concludes the article and shows the

prospects for remanufacturing.

2. Businesses Using Remanufacturing and Trends

2.1 Businesses and Markets

Remanufacturing has been conducted in various product areas.

Remanufacturing has its roots in the beginning of the industrial age

with steam engines, railways, power generation and electrical

equipment, and machine tools.3 The major sectors that have

remanufacturing activities include automobile parts, heavy duty

equipment, aerospace, machinery, medical devices, photocopiers, ink

and toner cartridges, IT products, vehicle tires, office furniture, and

single-use cameras (see Table 1).3,5,6

The automobile parts remanufacturing industry is the world’s largest

remanufacturing sector.3,6 Automobile parts remanufacturing is

common in many countries. In the US, for example, up to 90% of

major replacement parts are remanufactured, including engines,

transmissions, starters, alternators, and brakes.7 Many other automobile

parts are also remanufactured.3 Studies on remanufacturing in this

sector has also been carried out by a number of researchers.8,9

Remanufacturing of heavy-duty equipment parts has also been

conducted for decades. Caterpillar, in the US, created its

remanufacturing division in the early 1970s and has exhibited sound

growth ever since.10 Komatsu and Hitachi Construction Machinery in

Japan also conduct remanufacturing. Similarly, aerospace parts,

machinery, and medical devices are remanufactured mainly by the

original equipment manufacturers (OEMs) of the products.

Photocopy machines is another well-known example of

remanufacturing.11,12 OEMs such as Xerox in the US and Fuji Xerox,

Ricoh, and Canon in Japan conduct photocopier remanufacturing. In

that sector, many products are leased to customers and need frequent

maintenance and consumable supply services. Thus, the sector provides

a good case for studying the possibility of incorporating

remanufacturing with product service systems (PSSs).13

Although the market for single-use cameras has shrunk, the

remanufacturing of these cameras is still a good example of consumer

product remanufacturing. The remanufacturing has been done by

OEMs such as FujiFilm and Konica in Japan and Kodak in the US.

FujiFilm, for example, developed a fully automated remanufacturing

line in 1998,12,14 which operated for over 10 years.

There are other sectors in which remanufacturing is conducted.6

However, in many cases, the remanufacturing of consumer products is

still in the early stage of growth, and this presents a challenge. Recent

market penetration products such as renewable energy generation

systems and battery systems are also challenging areas for

remanufacturing.

• Note that not all types of products are suitable for

remanufacturing. The characteristics of remanufacturable products

include the following:

• Stable product technology

• Stable process technology

• A physical lifetime of critical subparts is substantially longer than

the time that the product is used

• A product that fails functionally rather than by dissolution or

dissipation

• A recoverable value added to the product that is highly relative to

its original cost

• A detailed guideline for identifying candidate products/

components for remanufacturing can also be found in the existing

literature.2,15-21

2.2 Markets

The markets for remanufactured products are generally not precisely

known. The US is the world’s largest producer and consumer of

remanufactured products,5,6 and the US market US has been

investigated in great detail. Recently the US International Trade

Commission (USITC) conducted a detailed investigation into the

domestic market for remanufactured products.6 According to the report,

the US production of remanufactured products in 2011 totaled at least

43.0 billion USD, and remanufacturing supported at least 180,000

fulltime jobs in that year. Table 1 shows part of the estimate. 

In the UK, the Resource Recovery Forum (RRF) surveyed

remanufacturing industries in the country.22 It estimated that

remanufacturing activities accounted for 2.4 billion GBP and had the

effect of saving the equivalent of over 10 million tons of CO2 per year.22

In most other countries, the market for remanufacturing is not

precisely known. Clarifying the market impacts of remanufacturing is

a critical step in developing the appropriate policies for the promotion

of remanufacturing. Thus, additional investigation is needed.

Fig. 1 Remanufacturing process
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2.3 Worldwide Attentions on Remanufacturing

Remanufacturing is one of the enablers of a sustainable society. Two

indications of this in recent years would be

• In the G7 Summit of June 2015, held in Germany,

remanufacturing was for the first time stated in the summit

declarations.

• The International Resource Panel (IRP) of the United Nations

Environmental Program (UNEP) set up a remanufacturing working

group.

Also, governments and governmental organizations have shown an

increasing interest in remanufacturing in recent years. European

Commission started funding an R&D project on remanufacturing. The

project of European Remanufacturing Network (ERN) started in 2015

and it aims at developing a network of governments, industries, and

academia on remanufacturing in the region, investigating the market

and collecting the best practices for designs, processes, and business

models that facilitate remanufacturing.

The Singapore government also funds R&D on remanufacturing. In

2012, it launched the Advanced Remanufacturing & Technology

Centre (ARTC) to look into the R&D for developing remanufacturing

technologies. The aim is to develop industry-leading capabilities in

repair and restoration, surface enhancement, and product verification to

enable the rapid transformation of R&D results into customer solutions.

Several leading multinational corporations (MNCs) and small and

medium enterprises (SMEs) such as Rolls-Royce, Siemens Industry

Software, ABB, TruMarine, and JPT Electronics have signed a

memorandum of understanding with the ARTC to collaborate on

addressing the technological challenges of remanufacturing in the

aerospace, oil & gas, marine, energy, and automotive industries. The

research center has also tapped into the world-class research expertise

of the Agency for Science, Technology and Research (A*STAR) as

well as the strong capabilities of local universities, such as Nanyang

Technological University, to rapidly create solutions and bring the

technologies into industrial production applications for the benefit of all

stakeholders.23

Governments in other countries including China, Korea, Malaysia,

and a number of European countries fund R&D and investigations into

remanufacturing. In China, the National Key Laboratory for

Remanufacturing leads the R&D on remanufacturing in the country.

The Korean Institute of Industrial Technology (KITECH) undertakes

R&D and policymaking on remanufacturing in Korea and co-organized

a conference on remanufacturing in recent years. The Malaysian

government funded an investigation into remanufacturing markets and

industries in that country.24 All of these events show that there is

growing attention on remanufacturing by governments and industries

around the world.

3. Research Challenges on Remanufacturing

3.1 Barriers to Remanufacturing

Although remanufacturing has a number of driving forces, it also

has numerous barriers. Many companies are still reluctant to implement

remanufacturing in their company strategy and operations model due to

the associated challenges and uncertainties.25 There are at least three

requirements for remanufacturing.26,27 The remanufacturing system

consists of three parts - collection, the remanufacturing process, and

redistribution - each having its distinct challenges. The barriers to

remanufacturing include

• Effective collection of used products

• Development of efficient remanufacturing process (including

efficient disassembly process and revers logistics) 

• Customer acceptance of remanufactured products

• These are the requirements for remanufacturing both in cases

where remanufacturing is done by OEMs and in cases where it is done

by independent remanufacturers (IRs). In addition, OEMs face a unique

obstacle for remanufacturing. Thus, the fourth barrier is 

• OEMs do not always have an incentive to remanufacture

Generally, OEMs have advantages over IRs in resolving the

problems associated with remanufacturing because, for instance, they

have feedback on product reliability and durability, a reputation for

quality, and competition in lower-priced markets.28 By contrast, OEMs

face a unique obstacle: remanufacturing may reduce the sales of new

products, and profits on the sales of remanufactured products may be

lower than those on the sales of new products.29 This phenomenon is

called “the cannibalization of new product sales by remanufactured

products.”30 When OEMs do not intend to remanufacture products

themselves, they sometimes prevent their competitors (e.g., IRs) from

remanufacturing them,9 they even implement product designs that

complicate remanufacturing.8,12 These factors create additional barriers

and challenges for remanufacturing.

3.2 Research Challenges for Remanufacturing

There exist both technological and non-technological challenges to

mitigating the abovementioned barriers and thus promoting

remanufacturing in society. The research challenges for

remanufacturing include the ones in the following four categories:

• Product and process design to facilitate remanufacturing

• Remanufacturing process engineering

• Remanufacturing process optimization

• Business model to facilitate remanufacturing

Product design is a critical factor for realizing cost-effective

Table 1 Estimate of remanufactured goods production and employment

in the US in 20116

Sector
Production

(thousands USD)

Employment

(full-time worker)

Aerospace 13,045,513 35,201

HDORa equipment 7,770,586 20,870

Motor vehicle parts 6,211,838 30,653

Machinery 5,795,105 26,843

IT products 2,681,603 15,442

Medical devices 1,463,313 4,117

Retreaded tires 1,399,088 4,880

Consumer products 659,175 7,613

All otherb 3,973,923 22,999

Wholesale - 10,891

Total 43,000,144 179,509

aHDOR equipment stands for heavy-duty and off-road equipment
bIncludes remanufactured electrical apparatus, locomotives, office

furniture, restaurant equipment, etc. 
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remanufacturing processes.2,3 In case of remanufacturing of

photocopiers and single-use cameras, for example, product design

plays a critical role in improving the efficiency of the remanufacturing

process. Process design is also important. The selection of joining

processes, for example, can hamper the later need for effective

disassembly processes.

Remanufacturing process engineering includes: cleaning

techniques, materials engineering for the surface processing of

components, and testing and diagnosis techniques. These techniques

are also critical in developing efficient remanufacturing processes. For

instance, cleaning is one of the costliest processes in automobile parts

remanufacturing8 and in photocopier remanufacturing.31 Among these

techniques, additive manufacturing (AM) has been one of the hot issues

in recent years. AM provides effective measures for component surface

processing as well as for component manufacturing.

Remanufacturing process optimization is another important topic

for developing an efficient remanufacturing process. Although

production planning and control is complex in traditional new product

manufacturing, it is even more complex in remanufacturing. The

complexities are derived from the uncertainties in the quality, quantity,

and timing of the returned products from which remanufactured

products are made.32 In addition to production planning and control,

process optimization includes issues around inventory management,

return and demand balancing, logistics (reverse logistics), and supply

chain management.

The business model also significantly matters to remanufacturing. It

matters on the collection of used products, customer acceptance of

remanufactured products, and OEM motives with respect to

remanufacturing. As the market becomes mature, customers

increasingly seek product functions rather than the products

themselves. One possible form of the business model in such a case is

that the providers (e.g., OEMs) retain the ownership of products,

provide the product functions, and charge for the provision of the

functions. This kind of business model greatly facilitates the collection

of used products, improves customer acceptance of remanufactured

products, and can motivate OEMs to carry out remanufacturing.

The following sections describe the reviews of the following four

topics: product design for remanufacturing, AM for remanufacturing,

operations research for remanufacturing, and business models for

remanufacturing. These are the topics picked out from each of the

categories described above.

4. Review: Design for Remanufacturing

4.1 Definition and Motivation

Some previous studies indicate that more than 70% of the product

lifecycle cost is determined by the end of the product design stage.32

Thus, it is significant that the potential for remanufacturing is projected

correctly and timely in this stage, so that an end of life (EOL) product

can be remanufactured viably and economically. Meanwhile, previous

research reveals that many of the barriers that occur during

remanufacturing can be mitigated through proper decisions made

during the design process. This further reinforces the necessity of

designing the product for remanufacturing.2,16,19,33,34

The definition of design for remanufacturing (DfRem), as presented

by Charter and Gray,20 is “a combination of design processes whereby

an item is designed to facilitate remanufacture. These design processes

comprise a series of Design for X strategies, such as design for core

collection, design for disassembly, design for cleaning, design for

multiple lifecycles or design for upgrade, whose prioritization may vary

and depend on requirements from the remanufacturing side. The

underlying philosophy is to address the lack of remanufacturing

knowledge in the product design stage and incorporate design features

that can facilitate the EOL remanufacturing process.

Usually, remanufacturing is practiced by three types of players: (a)

OEMs, who remanufacture products that own; (b) contracted

remanufactures, who remanufacture products that are owned by OEMs or

customers, under contract; (c) IRs, who collect, remanufacture and resell

the products without any connection to the OEMs. The power to enhance

the remanufacturability of a product through design is often owned by the

OEM, since they have the ability to control the product design stage.

4.2 Approaches for DfRem

Understanding the motivation and necessity of DfRem, various

tools and methodologies for facilitating DfRem have been proposed.

Based on their approaches, these tools can be classified into three

categories, which will be discussed below.

4.2.1 Guidelines for DfRem

The most straightforward and commonly used approach for DfRem

is to generate a list of design guidelines that address various concerns

arising from the remanufacturing process. Usually, these design

guidelines are grouped and presented based on the requirements of an

individual remanufacturing process, such as guidelines to facilitate

disassembly, cleaning, for restoration/replacement. The details of these

guidelines can be found in existing literatures.16,17,19,20,35-37 Most of

these guidelines are directional and qualitative in nature and

collectively present a comprehensive and complementary insight into

steering a design toward higher remanufacturability. However, this

approach to DfRem, has also been criticized as being lengthy and

overly-daunting, as it is impossible for designers to consider all of these

criteria simultaneously, and some of the remanufacturing design

requirements even intrude on traditional design.38

4.2.2 Assessment Metrics, Models, Tools for DfRem

Other DfRem work has focused on developing mathematical

models, evaluation frameworks, or analytical tools to assess the

remanufacturability of a product and providing design feedback to

enhance the potential remanufacturing. An example is the

remanufacturability assessment tool developed by Bras and

Hammond.39 In this tool, a series of matrices for assembly and

disassembly, testing and inspection, cleaning, and part refurbishing and

replacement were developed to assess the performance of the design

toward a major remanufacturing process. The indices of these matrices

will be further synthesized strategically into a single

remanufacturability index to indicate the feasibility of the product

DfRem. Other examples can also be found in “RemPro Matrix”

developed by Sundin;34 “Remanufacturable Product Profile” proposed

by Zwolinski et al.,38 “Integrated Remanufacturability Evaluation Tool”
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reported by Du et al.40 In addition, some research groups have tried to

develop appropriate existing design tools like quality function

development (QFD), platform design, or failure mode and effects

analysis (FMEA), to facilitate product DfRem.41-44 The advantage of

these widely used industrial design tools is the familiarity that

designers already have with them, which, to a certain extent, can ease

the product design process and facilitate the integration of DfRem

within the product development process.44 However, most of these

tools, especially those of a quantitative nature, require too much

technical data and either are too complex to use in the early design

stage, or by the time the product specification has been defined, it is too

late to make substantial changes to the design.44 In addition, with these

DfRem tools, “lifecycle thinking is often missed.

4.2.3 Lifecycle Thinking

Given the potential conflict that DfRem may have with other DfX

methodologies such as assembly and manufacture, there is a need for

design support tools that can take “lifecycle thinking into account and

generate an optimized and robust design decision. In this regard,

another trend of the DfRem literature is proposed to address this design

issue from a holistic lifecycle perspective. With this approach, a

comprehensive view of the environmental/economic performance of a

product is analyzed and provided. It considers not only the

manufacturing and usage stages but also the EOL stages, i.e., reuse,

recycle, and remanufacture. The aim is to reduce undesirable impacts

throughout the product’s lifecycle.45 For example, Shu and Flowers

adopted the lifecycle cost analysis (LCCA) to select fastening and

joining methods that would minimize assembly/disassembly costs

throughout the product lifespan.17 Cumulative energy analysis was

adopted by Yang et al. to quantify the lifecycle environmental benefits

of a remanufactured product and support the decisions for improving

the product design and EOL recovery system.46 However, one of the

challenges of carrying out a lifecycle analysis is that a significant

amount of product data is usually required. There is a need for building

a database that gathers knowledge for a specific product process,

especially a remanufacturing process, to assist designers in evaluating

the lifecycle performance of their products in the early design stage.

4.3 Challenges and Future Development of DfRem

Understanding the necessity of DfRem in the early design stage, there

are still some roadblocks to its successful implementation. First,

compared with other design issues, such as design for manufacturing or

design for usage, DfRem is usually not given priority and is viewed as

less important due to a lack of DfRem awareness among designers.19,20,44

Meanwhile, DfRem guidelines comprise considerations that present a

relatively new set of challenges that designers may not be prepared to

deal with, not to mention that some of the DfRem requirements intrude

on existing design requirements, such as design for assembly.17,47

Furthermore, some OEMs even deliberately play down

remanufacturing through product design to suppress independent

remanufacturing activities. 8,12,48 The reason is that none of the OEMs

is willing to enhance the remanufacturability of their products to

benefit IRs, who are viewed as strong competitors to their own

products.9,44

Until now, most of the proposed DfRem tools remain largely in the

academic field. Further research work can focus on integrating the

proposed tools into the product development phase, thus facilitating

DfRem in the early design stage. Meanwhile, it is desirable to have

more remanufacturing case studies investigated in order to build up the

remanufacturing knowledge database, validate the DfRem tools

proposed by researchers and further enhance the applicability of the

DfRem tools.

5. Review: Additive Manufacturing and Remanufacturing

5.1 Remanufacturing Using Additive Manufacturing Technology

Additive manufacturing (AM) is a 3-dimensional layer by layer

manufacturing directly from digital product data. There are a number

of different processes. ASTM International Committee F42 on AM

Technologies has defined seven AM principles:49 (1) binder jetting, (2)

directed energy deposition, (3) material extrusion, (4) material jetting,

(5) powder bed fusion, (6) sheet lamination, and (7) vat

photopolymerization. For the use in remanufacturing is perhaps

Directed Energy Deposition the most useful process.

5.1.1 Remanufacturing Using Directed Energy Material

Deposition

Directed energy deposition is a group of processes especially well

suited for remanufacturing.50 This group of processes are using a

focused thermal energy beam to melt and fuse materials. The materials

added are typically in the form of powder injected into the fusing zone

with a flow of powder and inert gas through a nozzle or through

mechanical feeding of wire from a spool. The nozzles and beam are

typically positioned and oriented by a multi-axis control structure. This

can be a robot arm or similar to a CNC 5-axis milling machine.

The thermal energy beam is usually laser,50 but conventional arc

welding deposition and other high-energy beams such as plasma and

electron beam do exists. One example of such a process is the Laser-

engineered Net Shape from Optomec.

The process has the advantage of easier deposition on existing

Fig. 2 Laser-Engineered net shape by optomec
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substrate materials of an arbitrarily shape, as a contrast to powder bed

type processes.

The process allows the making of functional graded materials, by

feeding different mix of materials through two or more nozzles in to the

molten pool.

This allows the remanufacturing process to add improved

functionality to the remanufactured part, for example adding a more

wear-resistant material to the outer surface than the original material.

One example could be remanufacturing of worn-out water turbines.

After measuring the amount of wear, the additive machine could add

Stellite directly on the worn surface, increasing the expected lifetime

of the turbine. The additive manufacturing process allows also adding

on additional shapes on the existing parts for extended functionality.

Remanufacturing of parts such as turbine blades has been

demonstrated through combining CAD data and measuring data of

the damaged/ worn part can be used to generate paths for the

deposition.51-53 Remanufacturing of dies and moulds is another

example.54 It is applied not only to repair worn-out dies, but also to

remanufacture the dies for new products and processes. Jhavar et al.

show an example using an AM micro-plasma transferred arc wire

deposition process for die remanufacturing.55 In this study, the

substrate was pre-hardened AISI P-20 tool steel, and the wire was

also P20 steel.

The drawback of the directed energy deposition methods is that it

would often imply a pool of molten material that would need to be

horizontal to keep the material in the pool. Upside-down material

deposition or similar can be challenging or impossible. When repairing

larger structures, which is difficult to handle into a wanted orientation,

this can typically be necessary.

5.1.2 Remanufacturing Using Powder Bed Fusion

There are numerous examples of other AM processes suitable for

remanufacturing. The most widely used AM process is perhaps the

powder bed process that gives the most freedom of geometry, but do

have a limitation that any application of new material has to be on a

planar surface, within the tolerances of the chosen powder layers. One

example is SIEMENS’s repair of gas turbine burner tips where

damaged burner tips are machined before they are placed into the

powder bed of a Selective Laser Melting machine and new tips are

built onto the machined surface.56 This is in commercial application by

SIEMENS.

5.1.3 Other Benefits of AM

As mentioned, the benefit of AM is perhaps mainly the ability to

add on new material on existing surfaces in order to repair and

remanufacture used and worn parts. There are, however, additional

advantages of AM. Gaoa et al. discuss that another benefit of AM is

that it can be used for remanufacturing independent of the value

chain.57 The repair-on-demand is possible if fast repair is necessary and

where normal logistics are a challenge such as for the in-the-field

remanufacturing. The US army are investigating the use of AM in their

“Mobile Parts Hospitals.58

5.1.4 AM Post Processing 

One of the disadvantages of AM process is that although very near

net shape, there is still a rough surface created by the layer wise adding

of material. There are techniques to minimize the surface roughness

through for example optimizing building paths, layer thickness and

powder grain size. A better surface from AM process means in most

cases a more expensive and time-effective process and post processing

would in most cases be necessary anyhow. The post processing is

usually a material removing process, with a material cutting or one or

more abrasive processes such as polishing. There exist optimization of

the combination of AM and subtractive processes, but these are mainly

applied to new component manufacturing, and not to remanufacturing.

Boivie et al. described an optimization system called OMOS for a

hybrid additive/subtractive manufacturing cell combining powder bed

fusion and machining which probably also can be applied to

remanufacturing.59

5.2 Material Properties

The directed energy deposition can deposit a large range of

materials, including: tool steels, stainless steels, titanium and titanium

alloys, aluminum alloys, nickel based alloys, cobalt-chromium alloys,

copper alloys, gold and silver.49 Most AM systems melt the material

and make a part with close to 100% density. In many cases the material

properties exceed casted materials and are close to wrought materials.

Longitudinal tests performed by Arcam and Morris technologies show

evidence of sustained reliability on the material properties.49 There is,

however, still a way to go before AM parts are fully qualified for

advanced use. The anisotropy caused by the layers surface texture and

through-part homogeneity are some of the challenges. Materials made

by can be more brittle, but local failure mechanisms are still not

completely understood. This uncertainty in material properties is

currently a challenge for the establishment of reliable remanufacturing

processes using AM.

CIRP is currently investigating the variability of AM material

properties through a round robin test.59,60 VDI has made series of tests

resulting in material standards for different materials.61 A standard is

not yet established, but there is work going on through ISO/TC261 and

ASTM F42.49

5.3 Need for Further Research

AM is still an immature technology. There is a need to further

develop geometric representation, materials and material support for

the remanufacturing using AM.57 There is a need for novel methods for

optimizing the combination of AM and subtractive machining for

Fig. 3 Gas turbine burner tip repair, © Siemens AG 201456
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remanufacturing. Few current application of remanufacturing using

AM has been implemented on an industry scale. For a more “mass

remanufacturing approach in a future circular economy, there is a need

for more research on the professionalization and industrialization of

AM in a remanufacturing chain.

6. Review: Operations Management in Remanufacturing

6.1 Closed-Loop Supply Chain

Within the supply chain literature, social and environmental issues

appear in reverse logistics, the green supply chain, and closed-loop

supply chain (CLSC). Guide and Van Wassenhove defined CLSC as

design, control, and operation of a system to maximize value creation

over the entire lifecycle of a product, with dynamic recovery of value

from different types and volumes of return over time.62 The

introduction of CLSC into a company’s operational system is essential

for meeting customer service needs and improving environmental

problems associated with shorter lifecycles resulting from the recent

demand for lower prices and product variety.

Remanufacturing presents great challenges for research and practice. It

is because operations management in remanufacturing is more complex

than those in traditional manufacturing. The complexities derive from the

uncertainties in product returns in terms of their timing, quantity, and

quality. Guide et al. enumerated several complicated characteristics in

remanufacturing.32 Researchers have developed methodologies to deal

with various operations management issues in remanufacturing including

forecasting, production planning and scheduling, capacity planning,

inventory management, and effect of uncertainty.

6.2 Research Topics

6.2.1 Forecasting 

Developing a reliable forecasting process is the first step to deal with

complex systems. Pioneering works in forecasting product return for

remanufacturing include those of Kelle and Silver,63 and Goh and

Varaprasad.64 These researchers developed forecasting models for returns

of reusable containers that are typically used in practice to sell or store

liquids. Researchers have sought to expand the model. De Brito and van

der Laan investigated the performance of the forecasting methods

proposed by Kelle and Silver by considering the impact of imperfect

information on inventory related costs.65 A case study for building a

forecast model designed for specific products in remanufacturing was

presented by Toktay et al. who used actual data for returns of Kodak

single-use cameras and developed a discrete-time distributed-lag model

with dynamic information updates to estimate product returns.66 Marx-

Gomez et al. investigated forecasting models applicable to the

remanufacturing of photocopiers.67 The authors developed a fuzzy

reasoning and neuro-fuzzy model to predict the quantity and timing of

photocopier returns to the OEM. These studies, however, typically

assume that the time distribution of new product sales are known, which

is reasonable when the OEMs are the remanufacturers. Matsumoto and

Komatsu focused on the case where no accurate information on time

distribution of new product sales is available.68 They examined the

effectiveness of forecasting by time series analysis that does not need

those information.

6.2.2 Production Scheduling

To cope with the uncertainty and complexity of remanufacturing

systems, researchers have developed remanufacturing oriented

scheduling methodologies. The most commonly used technique to test

the performance of these methods is Discrete Event Simulation

(DES).69 Guide used DES modeling to compare a Material-

Requirements-Planning (MRP)-based production planning and control

system with a Drum-Buffer-Rope (DBR)-based proposed system for a

real life remanufacturing facility.70 He concluded that the usefulness of

MRP in remanufacturing systems is questionable because

remanufacturing environment lacks the stability which is one of the

requirements for a successful MRP system. Guide et al. extended the

study by carrying out a DES analysis to examine the performance of

several priority dispatching rules for a repair shop.71 Guide et al.

analyzed the performance of static priority rules for a remanufacturing

system with shared facilities.72

6.2.3 Capacity Planning

Researchers have developed capacity planning techniques

considering the characteristics of remanufacturing environments. Guide

and Spencer developed a Rough Cut Capacity Planning (RCCP)

method for remanufacturing companies by considering probabilistic

material replacement and probabilistic routing files.73 Linear

programming and simulation were used to develop capacity plans for

remanufacturing facilities. Kim et al. developed a mathematical model

to determine the capacity of remanufacturing facilities based on the

maximization of the saving from the investment on remanufacturing

facilities.74 Franke et al. integrated linear programming and DES to

generate capacity plans for a cell phone remanufacturing facility.75

6.2.3 Production Planning

A production planning system for remanufacturing supports

managers to plan how much and when to disassemble, how much and

when to remanufacture, how much to produce and/or order for new

materials, and coordinates disassembly and reassembly.76 Ferrer and

Whybark developed a MRP-based methodology to determine how

many and which cores to buy, what mix of cores to disassemble and

which components should be assembled to meet demand.77 Souza et al.

considered a company that meets demand for an order with

remanufactured products, new products or a mix of both.78 There is a

capacity limitation on production and a service-level constraint

measured in terms of the average order lead time. They use a two-stage

G1/G/1 queueing network model to find the optimal, long-run

production mix that maximizes profit subject to the service-level

constraint. Gupta and Veerakamolmal used an integer programming-

based algorithm for the determination of the number of products to

disassemble in order to fulfill the demand for various components for

remanufacturing in different time periods.79 Kiesmuller and Minner

proposed a method to determine the quantities of manufacturing and

remanufacturing under a newsvendor-type formula based on

minimizing the total costs for a manufacturer that include the holding

cost of reused parts and new parts and cost of opportunity loss.80

Fleischmann and Minner81 considered the importance of inventory

theory to CLSC. Ferguson identified strategic issues in CLSC with

remanufacturing.82 The author focused on some direct costs and
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opportunity costs of manufacturing within a company’s decision to

remanufacture products or to support the secondary market of

remanufactured products. Geyer et al. developed a strategic model of

economic remanufacturing under limited component durability and

finite product lifecycle.83

6.2.4 Inventory Management

In inventory management of remanufacturing, an uncertain element

is added due to the uncertainty of product return. Moreover, there is an

additional need for coordination between the remanufacturing and

regular model of procurement.84 In studies of inventory management

that employ deterministic models, demand and return quantities were

assumed to be known for entire planning horizon. The studies try to

find an optimal balance between fixed setup costs and variable

inventory holding costs. Assuming infinite production rates for

manufacturing and remanufacturing, the first Economic Order Quantity

(EOQ) model with item returns was developed by Schrady.85 Dobos

and Richter developed integer non-linear models for the analysis of

EOQ repair and waste disposal problem with integer setup numbers.86

They found that the pure strategy was optimal.

Teunter developed EOQ formulae by using different holding cost

rates for manufactured and recovered items.87 Tang et al. considered a

hybrid remanufacturing/manufacturing system in which manufacturing

and remanufacturing operations for multiple product types performed

on the same production line.88 The authors indicated that as degree of

information transparency increases, the robustness of a hybrid system

increases too. Teunter et al. investigated the multi product economic lot

scheduling problem for hybrid manufacturing/ remanufacturing

system.89 Similarly, Kenne et al. proposed a production planning model

for a hybrid manufacturing/remanufacturing system in a stochastic

optimization context.90 Kainuma developed a model for cascade reuse

hybrid manufacturing/remanufacturing systems.91

6.3 Future Research Prospects 

The shift from a producer- to a consumer-led economy requires an

efficient and quick supply of products and services. Moreover, in

addition to making profits, actions related to social and environmental

problems are now considered to be the responsibility of companies. The

introduction of CLSC into a company’s operational system is essential for

meeting customer service needs and improving environmental problems

associated with product manufacturing. Operations management in

remanufacturing is even more complex than those in traditional

manufacturing. Accordingly operations management research is a critical

element to enable an efficient and effective remanufacturing. Previous

studies, however, sometimes consider only one specific issue on

operations management such as inventory management, production

planning, and so on. In order for these studies to contribute more to

realize efficient and effective remanufacturing systems, further integrated

approaches need to be taken.

7. Review: Business Models for Remanufacturing 

7.1 Remanufacturing and Business Models

Business models are another important key to fostering

remanufacturing. Today, many manufacturing companies around the

world are striving to provide product services to customers rather than

providing only the products. The phenomenon of manufacturing

companies adding services to their total offerings is called

servitization.92 The synergy between servitization and remanufacturing,

or more broadly the synergy between servitization and resource-

efficient manufacturing, has been argued. A product service system

(PSS) is a concept that is similar to servitization. One definition of a

PSS is a marketable set of products and services capable of jointly

fulfilling a user’s need.93 PSS studies have focused on the benefits of

a PSS in terms of sustainability and resource efficiency.93-97 The basic

idea is that since the main value to a customer comes to be the function

of the product rather than the product itself, traditional material

intensive ways of product utilization can be replaced by the possibility

of fulfilling the customers’ needs by providing a more dematerialized

combination of services and products. The idea has also been argued in

concepts such as functional sales,98 performance economy,99 service

engineering,100 and industrial product service systems (IPS2).101

There are various types and levels of servitization. A traditional

classification of product services is based on their relationship to sales.

Whether the service is offered before or after the sale.102 Kotler

distinguishes two broad categories: maintenance and repair services,

and business advisory services.103 A PSS is classified in a similar way

but focuses more on the forms of ownership of the products. A PSS is

usually broken down into three categories: product-, use-, and result-

oriented.95 This categorization is shown in Table 1. The portion of the

value based on services compared to that based on products is larger in

the order of result-, use-, and result-oriented PSSs. The potential of the

effects of facilitating remanufacturing as well as other forms of

resource-efficient manufacturing is large in the same order.95

Remanufacturing can be facilitated by service business models for

several reasons. First, service business models can facilitate OEMs’

take-back of used products. The provision of product services

strengthens the relationships between OEMs and customers. It also

Table 2 Types of PSS95

Product-

Oriented 

services 

· Product related services: Provider sells product as well

as services needed during use phase (e.g., maintenance

contract, financing scheme, take-back arrangement)

· Advice and consultancy: provider gives advice on most

efficient use of product

Use-

Oriented 

services

· Product lease: Provider retains ownership of product and

is often responsible for maintenance/repair. User pays

regular fee, normally for unlimited individual access

· Product renting or sharing: Provider retains ownership of

product and is often responsible for maintenance/repair.

User pays regular fee but does not have unlimited and

individual access. Same product used sequentially by users

· Product pooling: Provider retains ownership of product

and is often responsible for maintenance/repair. User pays

regular fee but does not have unlimited and individual

access. Same product used simultaneously by users

Result-

Oriented 

services

· Pay per service unit: Product still forms the basis of PSS.

User buys output of product according to level of use

· Functional result: Provider and user agree on an end

result without specifying how the result is delivered

· Activity management/outsourcing: Providers is outsource

a part of a customer’s activity
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facilitates their take-back of used products from customers. In cases

where the ownership of products is retained by OEMs such as when

products are leased or rented, take-backs are more steadily guaranteed.

Next, the provision of product services provides OEMs with

opportunities for obtaining information about customers’ product

usage. This can help OEMs develop efficient remanufacturing

processes.104 Then, most importantly, in service business models, the

main value to customers has more to do with the functionality of the

products rather than the products themselves. As customers come to

focus more on the functionality of products, they become more

indifferent to the distinctions between new and remanufactured

products. This can significantly improve customer acceptance of

remanufactured products. Finally, remanufacturing can provide OEMs

with the means to offer product functionality to customers at lower

costs because remanufacturing is usually more cost-effective than new

product manufacturing. If OEMs, in service business models, are paid

for the services they offer rather than the products they provide, the

products and consumables become cost factors for them. In this case,

the companies have an incentive to conduct remanufacturing rather

than fearing a conflict between new and remanufactured product sales.

7.2 Drivers and Barriers

Many manufacturing companies today are striving to add services to

their total offerings. Maintaining a competitive advantage solely based

on product innovation is argued to be difficult due to increasing

commoditization and fierce competitive pressures. For OEMs, product-

oriented services are usually the first step in servitization.105 Advanced

companies offer result-oriented services. One of the best known

examples would be the services provided by aerospace engine

manufacturers like GE Aviation and Rolls Royce. These companies

made a major conceptual shift away from the notion of selling aircraft

engines toward the idea that what the customers buy is a means of

keeping aircraft in the air.106 They now offer a complete-care package,

where customers buy the capability that the engines deliver: “Power by

the hour.

There are arguably a number of drivers behind the servitization

movement. The three main groups of reasons for servitization are

economic, customer needs, and the competitive advantage that services

can provide.105-109 Economic reasons reflect the observation that

services have higher margins and provide more stable revenue than

products.105,107 Customer needs include the desire of customer

companies to focus on their core businesses and outsource non-core

functions such as the maintenance of products to the product-provider

company.108 Competitive reasons are as follows: services are good for

relationship-building with customers,110 services are less capital-

dependent,111 services are difficult to imitate and thus, companies can

lock out competitors.105

Even though servitization seems reasonable from the perspectives of

both manufacturing companies and customers, there exist barriers that

hinder the diffusion of PSSs. There are several challenges:

manufacturers may doubt the economic potential of services,105 and

differing opinions may exist within a company about the potential.106

This can lead the companies to meet with internal resistance during

their servitization path.107 In the servitization process, the companies

have to transform their organizational culture into a service-oriented

one.110 They also need to make a drastic shift of employee mindset to

a service-oriented one.106 A PSS requires a different skillset than

product sales,95 therefore, human resource management is another

challenge.13 There are also issues surrounding the costs. Due to the

high labor intensity, a PSS can be more expensive than having a

product operated by customers.95 Furthermore, service provision

increases an OEM’s responsibility for uncertainty and risks.101 In the

case of leasing, for example, a PSS provider has to finance the capital

costs and is paid back over a long time period, which increases the

company’s burden of financial risks. A PSS is usually provided by a

group of companies, which results in more complicated contracting and

revenue-sharing schemes.97 In the case of consumer products, the

added value of PSS in terms of comfort, convenience, and the

experience of ownership might be lower than that of a corresponding

product. Consumers simply value owning things and having control

over objects.97 These factors can hinder the manufacturing companies

from implementing servitization. In fact, empirical studies indicate that

many manufacturing companies have not been successful in the

transfer toward services.105,106

Challenges also exist for companies in incorporating

remanufacturing into service business models. The facilitation of

remanufacturing by service business models is not automatic. In

principle, in terms of the effects on product lifetimes, leasing, renting

and sharing, they can achieve the same service level with the use of

fewer products. However, rented, leased and shared products tend to be

used less carefully than products that are owned,112 and are usually

returned earlier in comparison with the lifetime of a product sold in the

traditional manner. The contract for the services is another important

factor.101 If a contract stipulates that a supplier is paid for the services

it offers rather than products it provides, then the supplier has an

incentive to prolong product lifetimes and remanufacture them.

Otherwise, if the supplier can charge for providing products and charge

more for new products, it does not change the incentive to maximize

product sales, and this is often actually the case, even in advanced

servitization examples such as photocopier service businesses. In

addition, there exist challenges that are common to PSSs.

Remanufacturing is generally labor-intensive, and cost is an issue.12

The total costs including transportation costs can make

remanufacturing economically unfeasible.113 Remanufacturing requires

initial investments by companies,12 and strategic decision-making by

companies for its inauguration. Service business models offer a great

prospect of enabling remanufacturing. However, by definition, the

potential is not realized. More work is necessary to develop new PSS

solutions that are economically competitive and successfully

incorporate remanufacturing.

7.3 Service Design Methodologies

A variety of methodologies for designing PSSs have been proposed.

In the traditional approach, products and services are developed

independently. Further on, services are seen as add-ons to a product

thus, they are developed subsequently to the product. The concept of a

PSS, on the other hand, considers the integration of products and

services to fulfill customer needs. Thus, products and services need to

be developed in an integrated way.101 Aurich et al. proposed a method

for considering the product, process, and information dimensions of
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services simultaneously.114 They suggested the application of lifecycle

engineering techniques to service design. Shimomura et al. proposed a

method for designing PSSs during the early stages of product design.

They provided a unified representation scheme of human and physical

processes in service activities for incorporating customer value into

service by extending service blueprints.115 More recently, Martinsen

and Gulbrandsen-Dahla described how everything from the business

model down to the material properties needs to be revised for a circular

economy to work.116 Guidelines for PSS development have also been

produced. One of the most widely disseminated is UNEP’s Design for

Sustainability manual, which includes a PSS module.117 More recently,

Guidat et al. proposed guidelines for creating business models,

including remanufacturing and PSSs.25 Their guidelines are organized

according to business model dimensions; the method consists of a

visualization tool that allows a business activity snapshot to be created

by means of a collaborative brainstorming exercise. Despite the

intensive work on product service design methodologies and

guidelines, the area is still developing, and more work is necessary to

develop new PSS solutions that are economically competitive and

successfully incorporate remanufacturing.

8. Summary and Prospects

This article outlined the trends and drivers/barriers of

remanufacturing and presented reviews of selected topics in R&D that

will help overcoming the barriers. Remanufacturing is a critical

element in moving our economy toward being more resource-efficient.

Remanufacturing has the potential to positively affect the environment,

economy, and society. However, this potential has not yet been

sufficiently exploited. To do this, various conditions such as OEM and/

or remanufacturer costs/benefits, demand side acceptance, legislation,

and other relevant factors, have to be coordinated. This article

highlighted four topics on R&D for remanufacturing.

Product design, or DfRem, is critical for enabling remanufacturing.

Product design determines a significant part of the remanufacturability

of products, especially the costs associated with product EOL

treatment. Previous studies have proposed DfRem guidelines, methods,

support tools that take “lifecycle thinking into account. Further studies

on these topics are necessary, and at the same time, efforts to integrate

these methods into the product development phase are needed.

Manufacturers’ lack of awareness of DfRem and/or lack of motives

with respect to remanufacturing itself constitute part of the barriers that

hinder these proposed methods from penetrating into industrial

practice.

A number of engineering techniques exist that must be developed to

make remanufacturing processes cost-effective and the quality of

remanufactured products high (“as good as new”). AM is one of the

techniques that has been used in remanufacturing. It has been

developed intensively in recent years, and the effective application of

techniques is one of the hot issues in remanufacturing. There is,

however, still a way to go before AM is fully qualified for advanced

use in remanufacturing. Research on reliable materials and process

parameters for AM processes is a challenge for the establishment of

reliable AM in a remanufacturing chain.

Operations management is another important issue. Operations

management for remanufacturing is even more complex than that it is

for traditional manufacturing, which are already vastly complex. The

complexity comes largely from the uncertainties of quantity, quality,

and timing of returned products. Research on forecasting, product

scheduling, capacity planning, production planning, inventory

management, and others for remanufacturing is necessary, and further

integrated methodologies are expected to be developed to make these

studies contribute more to support developing efficient and effective

remanufacturing systems.

Business models are critical for the promotion of remanufacturing

in society. An adequate business model has the effect of increasing

customer acceptance of remanufactured products, and consequently

facilitates remanufacturing. Manufacturing companies adding services

to their businesses (developing service business models) is one of the

megatrends in industry. The trends and effective means to incorporate

remanufacturing into service business models are other important

topics. Although successful cases exist, such as that of photocopy

machines, there are still a number of barriers to developing a successful

business model that facilitates remanufacturing. Further studies on

business models and the relevant legislation are necessary to promote

effective business models for remanufacturing.

Remanufacturing is attracting growing attention worldwide. The

promotion of remanufacturing in society requires the cooperation and

coordination of various stakeholders, including OEMs, IRs, governments,

customers, and researchers of various topics and disciplines in academia.

Research on remanufacturing must cover aspects on macro to micro level

from the “macro” business model research through “meso” aspects such

as product and product-lifecycle design, and operations management,

down to the “micro” aspects on remanufacturing process technologies

including AM process technologies. 
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