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Abstract. With the emergence of concerns regarding pollution and the exhaus-
tion of resources, original equipment manufacturers have begun to take respon-
sibility for environmentally sound manufacturing according to regulations that
have been established. Manufacturers thus need to decide how much they will
recycle and which options to pursue for minimizing operation costs and envi-
ronmental impacts, while complying with regulations. They cannot, however,
predict the quality of returned products, and as a result, the planning of recy-
cling activities is not reliable. Moreover, the components of products all have
different ages and lifetimes. Thus, there may be a number of components that
can be recycled more than once. If the life history of these components is not
available, though, recyclable components may be disposed of after being recy-
cled once. In this paper, we propose an integrated data system that uses radio
frequency identification technology to provide useful information that can make
remanufacturing more efficient.

Keywords: Remanufacturing, Data System, RFID Technology, Closed-loop
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1 Introduction

In response to the threats of environmental pollution and the depletion of natural
resources, several types of environmental legislation have come to be instituted
worldwide. This legislation compels original equipment manufacturers (OEMSs) to
engage in environment-friendly manufacturing, based on the concept of extended
producer responsibility (EPR). The term EPR, which is a preventive strategy for sav-
ing the environment, first appeared in a report of the Swedish government [1]. Ac-
cording to this concept, every OEM takes responsibility for the collection, recovery,
and reuse of obsolete products, and performs its own disposal [2]. In addition, manu-
facturers must strive to implement this strategy in the design and manufacture of their
products [3]. Once such environmental policies were established, a number of manu-
facturers invested in research on technologies that are related to recycling, such as
design for disassembly [4-5].

According to Krikke (2010), the recycling of returned end-of-life (EOL) products
can be classified in three ways: “product reuse,” “component reuse,” and “material
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recycling.” under the level of disassembly [6]. It can be intuitively understood that
from the standpoint of OEMs, the “product reuse” option is the most profitable ap-
proach because it requires much less additional treatment than the other options.
However, the quality of returned EOL products may vary significantly according to
their age and the environment in which they were used. For this reason, OEMs cannot
accurately predict the quality of the returned EOL products, so their planning of recy-
cling activities cannot be reliable.

With the development of mobile communication technologies, the use of personal
electronic devices such as cellular phones has now become prevalent. The processors
and components in these devices contain rare earth elements that have good stability
and thermal conductivity to maximize their performance. These rare earth elements
have a greater value than any other materials because they come from deposits that
are smaller than the demand for them, and they are also hard to extract. In addition,
about 90% of these rare earth elements are produced by the dominant producer.
Hence, the recycling of personal electronic devices can be highly advantageous to
OEMs from the perspective of resources and economics.

In this paper, we propose a lifecycle integrated data system for personal electronic
devices that uses radio frequency identification (RFID) technology. The system as-
signs an exclusive identifier to every component and product to track and manage the
data over the course of its entire lifecycle. This helps save natural resources by max-
imizing the recovery rate and save operational costs by eliminating unnecessary steps
in the recovery process. It also enables manufacturers to obtain an obvious clue of
recycling performance by gathering accurate information related to recycling.

2 Related Works

RFID technology facilitates faster and more efficient information flow and deci-
sion-making in supply chain management. For this reason, RFID technology has been
applied in retail supply chains to streamline inventory management by providing sta-
tistical views of product shipments and inventory levels at unprecedented levels of
detail [7]. It also promises to eliminate manual inventory counting, warehouse mis-
picking, and order numbering mistakes by providing precise data on product location,
product characteristics, and product inventory levels [8]. The traceability afforded by
RFID offers companies several advantages that enable them to effectively handle their
daily operations with distribution transparency [9].

Based on the abovementioned advantages, the application of RFID technology to a
closed-loop supply chain has also been discussed. Lee and Chan (2009) proposed an
RFID-based reverse logistics framework and the optimization of the locations of col-
lection points. These would help keep track of the quantity of returned products so as
to determine the most economical transportation logistics and minimize the holding
time as well as the depreciation of value [10]. Kulkarni et al. (2005) found that net-
worked RFID systems can provide an automated and efficient approach for capturing
and delivering comprehensive item-level product information in an accurate and time-
ly manner, thereby improving both processes and decision-making during the stages



of product recovery [11]. Nativi and Lee (2012) reported that RFID information-
sharing strategies reduced inventory costs by coordinating the inventory policies of
multiple decentralized players in a closed-loop supply chain [12].

The traceability afforded by RFID also facilitates lifecycle data management dur-
ing the entire lifecycle of a product. Bajic and Chaxel (2002) addressed the use of
automatic identification devices (Auto-1D tags) as permanent escort memories that
would be associated with individual cars during their life cycle. This form of memory
provides an integrated framework for vehicle lifecycle information, which is neces-
sary to support the manufacturing, after-sales service, and recycling processes [13].
Jun et al. (2009) proposed an overall framework for RFID applications in product
lifecycle management that makes use of a product-embedded information device [14].
In addition, Parlikad and McFarlane (2007) showed qualitatively that the availability
of product information has a positive impact on product recovery decisions and dis-
cussed how RFID-based product identification technologies can be employed to pro-
vide the necessary information [15].

For launching RFID technology in a supply chain management system, it is essen-
tial for there to be consistent standards among the players who participate in the sys-
tem. EPCglobal and GS1 are still working to develop the standards for launching
RFID technology and identifying assets individually. In particular, the BRIDGE
(Building Radio frequency IDentification solutions for the Global Environment) pro-
ject has considered reusable assets and has defined seven identifier system keys with
regard to the identifiers that are commonly employed in reusable asset management.
However, they did not consider returned products, but only reusable assets such as
pallets and containers [16]. Hence, alternatives for establishing standards continue to
be studied because the existing standards cannot reflect the core features of recycling
activities.

Luttropp and Johansson (2009) proposed the WEEE-RIM (Recycling Information
Matrix) to support disassembly and recycling activities by improving the EPCglobal
GID-96 standard [17]. They sought to incorporate instructions for recovery treatment
into the RFID tags, which contain the following information: the company identifier,
a statement as to who bears the responsibility as producer, and specific recycling in-
formation such as recycling targets, recycling actions, and hazardous materials. In this
paper, we propose different ways of using external databases (DBs) based on the
method proposed in their paper. We selected this approach because, in comparing
these two methods, we found that the use of external DBs makes it possible to store
much more detailed information than the WEEE-RIM, and that the use of the availa-
ble space on the tags only for an identifier ensures that the system can identify a
greater number of components.

3 System Design

3.1  Overall Framework

The information system proposed in this paper deals with data related to returned
products and their components. Each piece of data will be entered in the product DB



and the component DB when a component or a product is produced, repaired in its
middle-of-life (MOL) phase, collected in its EOL phase, along with whatever other
events are of interest during its entire lifecycle. These DBs would then consist of in-
formation about every product produced by the OEM, as well as every component
that is included in every product family of the OEM. The details of these DBs will be
presented in Section 3.3.
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Fig. 1. Flows in remanufacturing system and recycling process

3.2  Design of RFID Tags

RFID technology is widely used to provide escort memory because an information
system that uses RFID technology can perform the unambiguous labeling of objects
by means of electronically stored data. The data identifying the object can also be
read wirelessly through a radio frequency channel. A labeled object only transmits
data when a matching reader initiates this process. Based on these features, RFID
technology makes decision-making faster and more efficient by providing information
that follows the product, by first sorting the main recycling target possibilities. We
should note that in the design of tags and the corresponding DBs, the information
must be coded in a systematic manner that can be understood by workers at the recy-
cling plant. In this context, the importance of standards is an emerging issue. Fortu-
nately, GS1, the international standards organization, has defined a standard for RFID
tags called the electronic product code (EPC). EPC prescribes that a tag should con-
tain exactly n-bits that are divided into a number of fields, where n is the capacity of
the tag. The EPC standards set 8 bits of space on a tag for its header, which defines
the overall length, identity type, and structure of the EPC tag encoding. For example,
general identifier GID-96 is defined for a 96-bit EPC as follows: The header
“00110101” indicates that the tag follows the GID-96 standard, and the general man-
ager number, object class, and serial number occupy 28, 24, and 36 bits, respectively.
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Fig. 2. Proposed design of RFID tags

In this study, we assume that n-bit tags are attached to each product and module to
be identified. Thus, we divide n bits into five fields: “Header,” “EPR ID,” “REP ID,”
“Object Class,” and “SERIAL.” The header occupies 8 bits, which indicates that the
tag is for the proposed information system. Every OEM and third-party reprocessing
facility has its own exclusive ID, and this ID is the value of the 2nd field “EPR ID”
and the 3rd field “REP 1D.” These ID fields indicate the exclusive ID of the manufac-
turer who is responsible for recycling and the ID of the facility that actually performs
product recovery. When a manufacturer itself collects products and performs product
recovery, the 2nd and 3rd fields will have same value. The 4th field, “Object Class,”
indicates the type of product. The last field, “SERIAL.” stores a serial number that
was assigned in the manufacturing stage, so this field serves as a primary key for
products and modules. By identifying products using their primary keys, we can ob-
tain useful data from DBs about the processing of returned products at each stage.
“SERIAL” is assigned when a module or product is newly manufactured. At the same
time, data for the module, such as time of birth, is entered in a module DB. A product
DB, then, contains data regarding which modules compose the product.

The number of reprocessing facilities and OEMs depends on the size of the regula-
tory target. The total number of target OEMs and reprocessing facilities affects the
total space of the RFID tags and the space that is occupied in each field, except for the
header. The organization of the memory space of the tag can be flexible enough to
accommodate any number of facilities and manufacturers.

As seen in Fig. 2, the proportions of storage available for “EPR ID,” “REP ID,”
“Object Class” and “SERIAL” as well as the total capacity of the tag, can be flexibly
adjusted according to a given situation in terms of the number of OEMs, facilities,
and products and their modules. As a modification, we would propose that the space
of the 2nd and 3rd fields be minimized as much as possible in order to assign a larger
space to SERIAL. This would make the system more stable when new products and
their components are introduced. It could then also deal with modules of a lower level
in a bill of materials.

3.3 Design of External Databases and Transactions

In the beginning-of-life (BOL) phase, we assume that products contain components
such as modules. The OEM starts with manufacturing subassemblies and manufactur-
ing ends with assembly jobs. For component-level management, the OEM should
record the birth history of every component as well as the information regarding
which component is used for which product. The tag does not need to contain every-
thing regarding this information, though, as it serves only as an identifier for efficient



memory usage. All information should be stored in external DBs, and if more infor-
mation about a product or component is needed, it can be accessed by sending a query
with its identifier.

There are four external DBs: Product DB, Module DB, Instruction DB, and Result
DB.

In the BOL phase, a product with components is manufactured. The tag to identify
that product, which includes its exclusive serial number, is attached to it after the
product’s assembly is complete. The tag also includes information about the product
and its components such as a timestamp of its birth, its object class, and its serial
number, which are recorded in the product DB and module DB simultaneously. For
the module DB in particular, there is a “Parent” field that indicates the component that
it belongs to.
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Fig. 3. Data interaction during product’s entire lifecycle

In the MOL phase, component failure as well as product failure can take place. A
failed component can be repaired or is considered dead if its condition renders it non-
reusable. When a failed component of a product in the MOL phase is returned for
repair and is replaced, the time of death should be entered in the module DB, and the
product’s record should be modified accordingly.

When these events take place, the timestamp of the repair or death is recorded in
the product/module DB. The “Repair” field is thus an important sector in the recovery
process.

In the sorting stage, the product’s status that compares its expected life and its age
is analyzed. If the timestamp of its repair has a null value, we can intuitively assume
that the component is in good condition. If, on the other hand, the component has a
repair history, the OEM should perform further inspection because the quality of the
component is uncertain. This step makes the entire recovery process more efficient by
omitting the additional inspection of returned products whose good quality is obvious.

Information that serves as a guide to the recycling process and as a warning to
workers regarding hazardous materials can make the recycling process safer. Unlike
the WEEE-RIM method, recycling information should be provided in the instruction
DB, so that workers can access the information they need for any product they are



working with. Loading recycling information by querying an instruction DB definite-
ly saves a greater capacity of tags better than the WEEE-RIM method.

Once the recovery process is complete, the recycling results for the modules and
products, such as which option has been pursued, are recorded in the DB. Administra-
tive organizations that manage recycling can then find data logs of the recovery pro-
cess in the results DB and can then accurately evaluate their recycling performance.

4 Conclusion

In this paper, we proposed an RFID-based integrated data system that facilitates eco-
nomically efficient and environmentally sound decision-making. RFID tags that are
attached to every product and module make it possible to acquire historical infor-
mation over the course of its entire lifecycle. This means that we can obtain useful
data for managing the uncertainty related to a product’s quality when EOL products
are returned. Based on the information acquired, OEMs can determine the most ap-
propriate recovery option to be undertaken. This system also makes it possible to
establish the most profitable production plan that involves no violation of environ-
mental regulations.

The data gathered by the RFID-based system is recorded precisely in real time.
This makes it possible for administrators to perform continuous and quantitative mon-
itoring and accurate performance measurement. The proposed system can also pro-
vide a basis for penalizing manufacturers who do not comply with regulations or re-
ward those who have demonstrated excellent recycling performance.

The RFID tag design proposed in this paper could be used by any organization
with a flexible proportion of storage capacity because we have considered the existing
standard. The individual identification of products and components is based on the
Object Naming Service (ONS) of EPCglobal. In this context, we need to consider the
existing concept of the Discovery Service to solve the security problem that infor-
mation sharing will present in the future.

In this study, we did not analyze the economic aspects related to the cost of RFID
integration and the possible advantages it could offer. One aspect we would mention
here, though, is that RFID tags can be used semi-permanently until the tags are bro-
ken because they are used in a closed-loop system and are rewritable. This means that
once the system launched, hardly any additional costs are incurred, except for mainte-
nance costs.

To make the proposed system helpful to manufacturers, a decision-support system
should be created that evaluates the economic value of returned products and their
modules, and predicts how much additional value would be generated by the different
options that are available.
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