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ABSTRACT
Recently, the remanufacture of used products has become an important production
activity for many companies. This is motivated primarily by strict environmental
regulations, increasing customers’ awareness of environmental issues, and economic
benefits. Remanufacturing is an industrial process that involves four key processes:
inspection/grading, disassembly, component reprocessing, and reassembly/testing. It is
established that the presence and interactions of several unique characteristics within the
remanufacturing systems implicate subsequent key processes. These unique
characteristics present challenges to production planning and control activity in any
remanufacturing system. Consequently, it is imperative that these characteristics are
properly considered in any production planning and control activity.
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INTRODUCTION
Recently, the remanufacture of used products (remanufacturing) has become an
important part of the normal production activity for many companies (Guide Jr,
Jayaraman & Srivastava, 1999; Guide Jr, 2000; Aras, Boyaci, & Verter, 2004; Ferrer &
Swaminathan, 2009; Schulz & Ferretti, 2011). This trend has been motivated by three
emerging factors: strict environmental regulations (Directive 2000/53/EC; Directive
2002/96/EC; Japanese Home Appliance Law, 2001), increasing customers’ awareness
of green environmental issues (Gungor & Gupta, 1999; Ferrer & Whybark, 2000;
McGovern & Gupta, 2004; Georgiadis & Besiou, 2010), and economic benefits (Rogers
& Tibben-Lembke, 1999; Dowlatshahi, 2000; Maslennikova & Foley, 2000; Giuntini &
Gaudette, 2003). The automotive sector in particular has a strong history of
remanufacturing (Seitz, 2007), where numerous auto parts have been remanufactured
and resold as spare parts (Steinhilper, 1998). Pioneering companies, such as Fuji Xerox
Australia (Fuji Xerox Australia, 2007), Xerox Europe, and Kodak (Guide Jr., Teunter,
& van Wassenhove, 2003a), have also expanded their core business operations to
include remanufacturing. In addition, remanufacturing is gaining scientific significance
in industries that include flat screen monitors (Franke, Kernbaum, & Seliger, 2006),
single use-devices for hospitals, such as wheelchairs and hearing aids (Srivastava, 2004;
Rudi, Pyke, & Sporsheim, 2000), cellular phones (Guide Jr., Jayaraman, & Linton,
2003b), and truck tires (Lebreton & Tuma, 2006).
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Any manufactured product, device or mechanical system can be remanufactured.
The major requirements are discarded used products with lower costs involved in the
materials and reprocessing of the components than the market value of the
remanufactured items (Lund, 1984a). Moreover, according to Hauser & Lund (2003)
used products must be: (i) durable products, (ii) products that fail functionally, (iii)
standardized products with interchangeable parts, (iv) products with high remaining
value-added, (v) products with low acquisition costs, (vi) products with stable
technology, and (vii) there must be customer awareness of the remanufactured version.
The sources of used products are either from waste or the market stream (Guide Jr. &
Wassenhove, 2001; Jayaraman, 2006). The waste stream used products are products that
are no longer useful. These includes cars that have been damaged during accidents and
sent to a wrecking facility, or malfunctioning refrigerators that are sent to a third party
product recovery facility. Market stream used products are products that are still useful,
but that are no longer needed by their owners. An example is an old model of a cellular
phone, which is traded-in for a newer model with advanced features.
Remanufactured products are sold in primary and secondary product markets.
Within the primary product market, remanufactured products are perfect substitutes for
new products (Souza & Ketzenberg, 2002). This refers to original equipment
manufacturer (OEM) used products, which are remanufactured to a quality standard that
is as good as new at the OEM’s remanufacturing facility. These cheaper remanufactured
products are sold in the same market as the new products (Ferrer & Swaminathan,
2009). For the secondary product market, remanufactured products are popular amongst
those customers who may have financial restrictions. In this case, remanufactured
products are usually produced by third-party remanufacturers who harvest the economic
benefits of remanufacturing. Usually, the remanufactured products (e.g., computer
systems, auto components, and office equipment) have a lower quality standard and
price than newly manufactured products (Ayres, Ferrer, & van Leynseele, 1997; Ferrer,
1997). This article describes and examines in detail the three key stages of the
remanufacturing process, to identify some of their unique characteristics.
REMANUFACTURING PROCESS
Remanufacturing refers to an industrial process in which used products are transformed
into remanufactured products with a quality condition that is typically as good as new
products (Lund, 1984b). Referring to Figure 1, the remanufacturing process normally
consists of four key stages: inspection/grading, disassembly, component reprocessing,
and reassembly/testing.
Stage 1: Inspection/Grading process
During this stage, used products are inspected for their quality condition to assess their
remanufacturability status. This process usually involves a complete visual inspection,
where inspection times are similar for the same type of used products that originate
from the same source (e.g., used cellular phones from the market stream). However,
between the waste and market streams, the waste stream could generate used products
with a high variability of quality condition; thus, this could result in differing inspection
times for each unit of used product. Furthermore, used products that originate from the
waste stream probably require a longer inspection time and special inspection tools.
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After the inspection process, used products are considered either as scrap or as
remanufacturables. The scrap products are either disposed of or sold to scrap brokers,
whereas remanufacturables are sent to the disassembly/inspection process. The
proportion of used products graded as remanufacturables (also known as the inspection
yield) varies from one batch to another owing to the uncertain quality condition of the
used products. Despite their origins, remanufacturables can be classified further into
multiple quality groups, where the best quality group should be given the highest
priority for remanufacturing (Aras, Verter, & Boyaci, 2006; Aras et al., 2004).
Furthermore, the waste stream, which has high variability of quality condition, could
result in more quality groups than the market stream.
Used products
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Figure 1. Key remanufacturing process and material flows (developed based on remanufacturing
process described in Lund (1984b)).

Stage 2: Disassembly/inspection process
During this process, a remanufacturable item would be disassembled into its modules,
which are further disassembled into individual components. This process usually
involves general-purpose tools such as power drills, although robotic arms may be
necessary for the disassembly of complex used products (Steinhilper, 1998) or
hazardous parts (Zussman & Seliger, 1999). Regardless of the origins and quality
groups, disassembly times are similar for the same type of remanufacturables.
Generally, disassembly time depends on the complexity of the product structure.
Remanufacturables with a simple product structure (Figure 2(a)) require shorter
disassembly time than those with a complex product structure (Figure 2(b)). Another
factor that affects the disassembly time is the labor skill assigned for the disassembly
process, where highly skilled labor (e.g., robotic arms) could reduce disassembly times.
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Depending on the product structure and volume, disassembly (of
remanufacturables) and inspection of the constituent components can take place either
simultaneously or sequentially. For high-volume remanufacturables with simple product
structure, the disassembly and inspection processes could take place simultaneously.
Similarly, for low-volume remanufacturables with complex product structure, the
disassembly and inspection processes could take place simultaneously. However, for
high-volume remanufacturables with complex product structure, the disassembly and
inspection processes usually occur sequentially in a two-stage disassembly line
(Steinhilper, 1998).
H and K are end products.
I and J are constituent components of product H.
M is a sub-assembly of product K.
L, N, O and P are constituent components of
product K.
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Figure 2: Examples of products with (a) a simple structure and (b) a complex structure.

After inspection, the constituent components are graded either as
remanufacturables or as scrap. Scrap components need to be replaced and replacements
can be ordered either from internal production lines (in the case of OEM
remanufacturers) or from external sources (in the case of third-party remanufacturers).
Replacement components are very important, particularly for the remanufacture-toorder strategy, whereby a customer sends used products (e.g., aircraft engines) for
remanufacture and request that the same items be returned. Owing to the uncertain
quality conditions (of remanufacturables), the proportion of constituent components
(e.g., component J in Figure 2(a)) classified as remanufacturables, might also differ
from one batch to another (henceforth, this proportion is termed the disassembly yield).
Considering component J, the disassembly yield for remanufacturables from the group
of best quality would be higher than that from the group of worst quality. Furthermore,
for the remanufacturables group of similar quality, the disassembly yield of
remanufacturables originating from the market stream would be higher than that from
the waste stream.
In addition, the quality condition of remanufacturable constituent components
varies. Thus, it is necessary to classify them into multiple quality groups, where the
group with the best quality is given the highest priority in remanufacturing. Moreover, it
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is also probable that remanufacturables originating from the waste stream would result
in a greater number of quality groups than the market stream. Finally, regardless of the
products’ structure, product design also affects the disassembly yield (Ferrer, 2001).
Products that are not designed for disassembly generate a lower disassembly yield than
those that are; this is because of the potential for damage during disassembly.
Stage 3: Reprocessing of remanufacturable constituent components
This stage normally involves processes that include cleaning, repairing (e.g., machining
worn-out holes), and surface finishing with the aim to restore the components to their
original condition. The number of processes and time required to reprocess each
component to its original condition, depends mainly on the components’ quality group.
For example, components from the best-quality group would probably require only
cleaning and surface finishing, i.e., a simple process and short reprocessing time.
However, components from the poor-quality group would perhaps require cleaning,
repairing, and surface finishing; thus, involving a complex procedure and longer
reprocessing time.
For components with a complex design, multiple repair steps (e.g., cutting,
welding, and trimming) might be necessary in order to restore the components to their
original condition. Conversely, some components (such as bulbs, electrical wires, or
cellular phone casings) are merely replaced with new ones, because these components
are non-repairable. In addition, the absence of a repair process could be the case for
third-party remanufacturers, who may not equipped with the appropriate technology to
repair components, particularly OEM used products.
Stage 4: Reassembly
This stage typically involves general-purpose tools for the reassembly of the constituent
components into remanufactured products with simple structure. However, it may be
necessary to use robotic arms for reassembly of constituent components into
remanufactured products that have complex structures. The beginning of the reassembly
process is influenced significantly by the completion of the preceding processes, i.e., the
reassembly process is initiated only when all the relevant components (reprocessed and
new) are available. Similar to the disassembly process, reassembly time can be
improved by employing highly skilled workers.
CHALLENGES
It is highlighted that several unique characteristics are predominantly present within the
remanufacturing environment. These unique characteristics are (i) uncertain quality
condition of used products, (ii) variable inspection yields of used products, (iii) variable
disassembly yields of constituent components, (iv) variable reprocessing efforts of
constituent components, (v) multiple key remanufacturing stages with inter-dependency
between stages, (vi) multiple types of constituent components, and (vii) matching and
reassembly of the same set of constituent components into final products in a customerdriven environment.
These unique characteristics have also been mentioned in the literature (Guide
Jr., Srivastava, & Kraus, 1997a, 1998; Guide Jr., Srivastava, & Spencer, 1997b, 1998,
1999; Fleischmann, Bloemhof-Ruwaard, Dekker, van der Laan, van Nunen, & van
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Wassenhove, 1997; Guide Jr. & Srivastava, 1997; Ferrer, 2003). Nevertheless, these
works have failed to discuss the interactions and implications of these unique
characteristics within each remanufacturing stage. Based on the earlier discussion, it is
obvious that these unique characteristics, if not properly considered, would complicate
production-planning activities within any remanufacturing systems. Therefore, it is very
important that these unique characteristics are considered in any study on
remanufacturing systems.
CONCLUSION
The remanufacture of used products has become an important production activity for
many companies. The major reasons for this are strict environmental regulations,
increasing customers’ awareness of green environmental issues, and economic benefits.
As an industrial process, remanufacturing aims to restore used products into products,
which have the same quality condition as new products. The general remanufacturing
process involves (i) inspection/grading, (ii) disassembly, (iii) component reprocessing,
and (iv) reassembly/testing. In this paper, it has been established that the existence of
several unique characteristics within the remanufacturing environment complicate the
subsequent key processes. Undoubtedly, the existence and interactions of these unique
characteristics would present challenges to production planning and control activity in
any remanufacturing system. Accordingly, it is essential that these characteristics be
considered properly in any production planning and control activity.
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