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Abstract: Product recycling has become a mandatory activity under extended producer responsibility.
Therefore, it is important to operate a closed-loop supply chain that integrates sourcing, production,
delivery, and recycling to achieve not only environmental sustainability, but also economic benefits.
However, this goal is affected by chronic problems caused by uncertainties relating to the return
timing, quantity, and quality of returned items. Many studies proved that information visibility could
solve these problems. In this context, a system framework for closed-loop supply chain management
is proposed that gathers real-time information within a supply chain and product lifecycle by using
the Internet-of-Things, including radio frequency identification (RFID). Specifically, the most recent
Gen2 RFID protocol, which provides new features to create new positive effects, is considered.
Additionally, an information system is designed, including RFID tag encoding, which supports the
operation of the proposed system. Finally, the lifecycle benefits are examined, such as counterfeit
prevention, real-time monitoring and maintenance in the middle-of-life phase, and reverse process
streamlining. The ultimate aim is to design a system that facilitates the profitable and environmentally
friendly operation of the closed-loop supply chain.

Keywords: closed-loop supply chain; product lifecycle management; RFID; resource circulation

1. Introduction

Resource depletion is becoming a reality as the number of products manufactured increases.
Major industrial resources such as lead, copper, and iron will be depleted in less than 100 years [1].
For example, copper, which has about 720 million tons of reserves, will be depleted in 2044 if production
continues to grow at current rates [2,3]. Given this situation, product recycling has become essential
to manufacturers, as extended producer responsibility (EPR) imposes a duty on them to collect
and recycle what they produce [4,5]. One of the environmental values of product recycling is the
maximum possible postponement of the timing of resource depletion. Moreover, it is valuable not
only for compliance with EPR-based regulations, but also for achieving benefits from reduced virgin
sourcing. Especially, it is expected that rare earth materials—which have been widely used to produce
electronics parts due to their excellent material properties—can become more valuable as a result
of their rarity and the regional imbalance of reserves. The recovery of these materials has become
increasingly important as an enabler of a competitive advantage. Moreover, the breadth of the market
for remanufactured products continues to grow and diversify [6]. In this situation, manufacturers
are required to design, control, and operate the closed-loop supply chain (CLSC), which integrates
the reverse process—including the collection, inspection, recycling, and re-distribution—with the
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conventional forward process of sourcing, producing, and delivery in order to maximize value creation
over the entire lifecycle of a product [7]. Recycling options can be categorized according to the
condition and residual value of the returned item, as listed in Table 1. The recycling options in order of
resource efficiency, and in the opposite order of processing cost, are reuse, refurbish, material recovery,
and disposal.

Table 1. Theoretical Hierarchy of Recycling Options.

. . . Cost/Resource
Recycling Options Descriptions [8] Circulation Efficiency
Reuse Ap item is us.ed for its original purpose Better
without repair
An item maintains its identity and structure and
Remanufacture . .
is restored as a like-new product
. An item is disassembled, shredded, and/or
Material Recovery .
separated to recover raw materials
. An item is sent to disposal sites either for landfill
Disposal Worse

or incineration

However, current recycling systems still have numerous problems. Many remanufacturers
are disadvantaged by high inventory levels and inefficient remanufacturing planning due to the
covert distribution network. In addition, the poor quality of remanufactured parts is associated with
premature testing as well as poor failure analysis techniques. The absence of these techniques causes an
imprudent shredding of components that could have been restored to good-as-new condition without
losing their identities. This incurs additional costs from treatment processes. Alloy material cannot be
recovered in its original form, but can be recovered as elements. Furthermore, the recovery of rare
earth materials cannot be guaranteed to be perfect, even though recovery techniques are improving.

An underlying cause of the inefficient recycling system is the uncertainty associated with supply
chain characteristics. First, uncertainty related to the physical flow results because the exact timing
and quantity of product returns are unknown. Moreover, manufacturers do not have good visibility
of the recovered resource—which is considered to be the resource available for production—because
of a complex return network that consists of a number of return points and reprocessing facilities.
Therefore, more than half of manufacturers develop production plans based on experience only [9],
which is a further cause of inventory problems.

The uncertainty related to the quality of returned products is also due to the absence of a product
lifecycle history. The quality of returned items varies with usage environment, user behavior, and
the events that occurred during the product lifecycle, which renders the decision of whether to reuse,
remanufacture, or shred the returned items difficult. This results in imprudent shredding, which is
inefficient in terms of cost and resource circulation.

It is important to gather real-time information within the product lifecycle and supply chain to
deal with the problems. For example, radio frequency identification (RFID) technology can be used
for improved supply chain management by gathering real-time information with its traceability [10].
As the Internet-of-Things (IoT) era is entered, numerous objects interconnected by RFID and wireless
sensor networks generate, store, and process a large amount of real-time data [11].

By taking advantage of the IoT, we suggest a system that gathers real-time information within the
product lifecycle and supply chain. Ultimately, we aim to maximize economic and environmental value
creation, which was defined by Tonelli et al. [12] as the objective of achieving industrial sustainability.
The proposed system tags products as well as individual components—unlike existing approaches
that only tag products—in order to facilitate more detailed lifecycle management and provide useful
information for efficient decision making on recycling options for modular products such as automotive
products. RFID mainly plays a role as an enabler for achieving visibility within CLSCs and the product
lifecycle, as it has been done in literatures or industries. However, new features (such as sessions and
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user memory) provided by Gen2 protocol can be applied to enhance conventional CLSC management
systems. In addition, an information system framework is proposed—including a backend database
and RFID tag encoding—with consideration of current standards to achieve interoperability. Finally,
the expected positive effects—such as product service in the middle-of-life (MOL) phase, and reverse
process streamlining in the end-of-life (EOL) phase—are illustrated when the proposed system is
implemented. Prior to the framework description in Sections 3 and 4, and the description of the
positive effects of system implementation (Section 5), related studies and the current situation are
outlined (Section 2). Section 6 concludes.

2. Related Studies and Current Situation

2.1. Product Lifecycle Management and Supply Chain Management

Product lifecycle management (PLM), which aims to seamlessly integrate information generated
throughout the product lifecycle and ensure its availability to every entity in the industry [13],
provides the necessary information to make the product recycling process efficient, as argued by
Parlikad and McFarlane [14]. The amount of quality-related product information decreases as time
passes [15]; consequently, this lack of information creates difficulties in recycling activities [16].
However, traditional PLM systems lack visibility in the MOL and EOL phases [17]. In addition,
they could not provide useful functions such as counterfeit prevention and recycling decision support.

Several researchers addressed these problems by claiming that information technology helps to
preserve lifecycle information and reduce transactional costs [15,18]. Subsequently, the concept of
closed-loop PLM (CL2M) emerged [19-21]. These systems extract new product knowledge and expand
the coverage of the PLM to the entire product lifecycle using lIoT technologies to identify the product
and gather information feedback. Framling et al. conduct a comparative study on PLM application
approaches based on an RFID-based Electronic Product Code (EPC) network, a uniform resource
identifier, and worldwide article information [22]. Several researchers built a framework for PLM with
a product embedded information device (PEID) using RFID and a framework for data integration and
synchronization [23-25]. However, these RFID-related PLM studies did not consider product recycling
in detail.

The concept of CL2M is helpful not only for product development, but also for product recycling.
The use of a unique identification system to gather lifecycle information was claimed to facilitate
recycling as well as closed-loop supply chain operations [26]. Information about the product
usage condition indicates how to process the returned product [27]. Klausner et al. propose the
integration of an Information System for Product Recovery (ISPR) and the so-called Electronic Data
Log (EDL)—which is similar to the PEID—with a product to record lifecycle data [28]. Li et al.
examine the role of big data generated in the IoT paradigm throughout the entire product lifecycle,
including product recycling [29]. Simon et al. propose the LifeCycle Data Acquisition (LCDA) system
to improve reuse rate, which stores and manages static and dynamic data generated throughout the
product lifecycle, and shows benefits in terms of cost [30]. Ilgin and Gupta used a simulation study to
prove that sensor-embedded products reduce holding, backorder, disassembly, disposal, testing, and
transportation costs [31].

Unique identification also supports the recycling process by improving its efficiency. Lu et al.
propose an RFID-based information management framework with a feasible solution to offer complete
information on plastic recyclables [32]. Saar et al. propose a system that sends disassembly and
work instructions to mobile phones by scanning the barcode to distinguish the product family [33].
Luttropp and Johansson propose the recycling information matrix and attempt to store it in GID-96
RFID tags to enhance recycling efficiency [34]. In the process of recycling and disassembly, unique
identification is not enough; data of part composition are required.

Several researchers propose estimation schemes for residual values using data-driven methods
such as linear multiple regression, kriging techniques, artificial neural networks, and fuzzy logic [35,36].
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Ondemir et al. conduct a study on optimal EOL management in closed-loop supply chains using
RFID and sensors to reduce labor-intensive and expensive disassembly jobs by capturing lifecycle
information [37]. Although these studies investigate the use of lifecycle information to estimate the
residual value of returned products and reduce various costs, they did not consider the recycling and
disassembly process of the returned products.

There are many studies that have examined various effects by gathering lifecycle information
using RFID or other information technologies described above. However, most studies provide identity
only at the product level. For modular products, which have frequent operations at the component
level, it is necessary to provide a unique identity at the individual component level for more detailed
management. Also, we could not find any study so far that considers Gen2 RFID standards, including
user memory application and encoding schemes.

2.2. RFID and Gen2 Standards

RFID can identify and track any tagged objects by using radio frequency in real time through
an Electronic Product Code Information Service (EPCIS). RFID has been used in retail, logistics, and
healthcare as a substitute for barcoding. The RFID standards provided by GS1 are categorized into
two categories: technology standards, which define a protocol of communication between RFID tags
and readers, and data standards, which specify the format of RFID tags. Among various technology
standards, Ultra high frequency (UHF) RFID has been used for supply chain management. The most
recent UHF RFID standard, EPC Classl Gen2, is a truly unique international and interoperable
protocol that is faster and more secure than the former UHF RFID standards [38]. Further, Gen2 tags
are logically separated into four banks: passwords (bank 00), EPC (bank 01), tag identification bits
(bank 10), and user memory (bank 11). There are several data standards for encoding the EPC according
to purpose of use, such as Serialized Global Trade Item Number (SGTIN) for trade items and Serial
Shipping Container Code (SSCC) for logistics handling units. The user memory in bank 11 provides
supplementary encoding for user convenience, such as electronic surveillance and maintenance

logging [39].
2.3. llustrative Situation of Remanufacturing Industries

We explain how the CLSC process works using the automotive remanufacturing industry as an
example. Automotive products are representative modular ones, which could be handled using the
proposed system. In an automotive CLSC, operations such as remanufacturing, substitution, and
repair happen frequently at a component/module level. Figure 1 represents the automotive CLSC.
The CLSC of modular products has a similar flow, even if it is not for automotives.
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Figure 1. Material flow in the automotive closed-loop supply chain (CLSC).

For the reverse process, a returned product can be reused or remanufactured, but it rarely happens
in a real-world situation. Most of the returned products are disassembled into lower level components
and a shell. Components are reused or remanufactured if their condition turns out to be good enough
for reuse or remanufacturing by inspection. Otherwise, it is recovered as raw material after shredding
with the shell. Finally, automotive shredder residue (ASR) can be recovered as thermal energy by
incineration. The current inspection system manually grades returned items based on expert opinions,
without any lifecycle information. However, difficulty exists regarding the accurate estimation of
residual values.

In Korea, the recycling rate of the automotive industry is about 90%, and is still increasing.
The main driver of the increasing recycling rate is material recovery and ASR rather than
remanufacturing, as depicted in Figure 2 [40]. Therefore, it is essential to increase the remanufacturing
portion as much as possible to settle the efficient recycling system in consideration of the theoretical
hierarchy of recycling options.
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Figure 2. Annual statistics of Korean automotive recycling.

3. System Framework

As stated earlier, uncertainties regarding physical flow within the CLSC and quality within the
product lifecycle negatively affect CLSCs. The proposed system aims to solve these problems, and
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ultimately operate the CLSC efficiently in terms of costs and resource circulation, by gathering real-time
information generated during the product lifecycle. In addition, component-level tagging facilitates
more detailed lifecycle information management, because lifecycle events and CLSC operations such
as production, component substitution, disassembly, and recycling activities occur on a modular basis.

Figure 3 shows data generation and data flow, as well as expected effects by lifecycle phase.
In the Product Design phase, information about product design—such as specifications of components
and assembly structures among the components—is generated. This information related to the
bill-of-materials (BOM) is stored in the BOM_DATA table. Instructions about disassembly and recovery
works are stored in the design for remanufacturing (DFR) table. The beginning-of-life (BOL) phase
starts with the production of components and products. Each item receives an EPC as a unique identity,
with individual RFID tagging directly following its production. Likewise, upper-level components,
modules, and products are also tagged with their EPCs. In addition, family relations, such as parent,
child, and sibling, are created during assembly. For example, let module A be produced by the
assembly of components B and C. In this case, B and C are the children of module A. Inversely, module
A'is a parent of B and C. Finally, B and C are siblings.

Product Design BOL MOL EOL

f:(> Real-time

Monitoring and

:{> Maintenance

Design/Structure

Operational Data
of Product

DFR-related

Information MRO Event Descriptions

Product

Hybrid
Production
Planning

1
! — Information Generation/Storage Flow H RFID Tag 8 Database Table i
'

| =) Information Usage Flow Auxiliary Sensor

Figure 3. Information system framework in this study.

The PRODUCTION table contains this information, as well as production date, the worker
who manufactures the item, and other production-related information. The proposed system
gathers real-time information about maintenance, repair, and operations (MRO) events. Moreover,
the RFID-based sensor integration scenario, which sends information gathered by auxiliary sensors
through radio frequency (RF) communication, facilitates real-time monitoring of the product usage
environment [41]. Product lifecycle visibility can be achieved by storing data that affects performance
and residual value, as well as MRO events in the MRO_LOG table.

The proposed system facilitates various positive effects by using the stored data described
above as a backend database. Counterfeit prevention and Real-time Monitoring and Maintenance
(RMM) are provided for product service in the MOL phase. For products that have a revitalized
secondhand market, frauds may exist—such as covering up accident history or using non-genuine
components instead of genuine ones. The proposed system prevents these kinds of frauds by reference
to MRO_LOG and by comparing family relations between RFID tags and the backend database.

In addition, RMM can be facilitated by real-time data capturing and analysis with auxiliary
sensors. Sensors can be used to observe real-time data of key factors and send them to the analytics
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module by RF communication. This would enable us to detect an anomaly as an indication of potential
failure in observations by the data-driven method in the analytics module. When the system detects
the anomaly, a notification message is sent to the user in order to prevent critical damage. These kinds
of sensing and control solutions have recently been diffusing into factories to manage equipment and
production processes by obtaining various measurements. Our aim is to apply this solution to the
product service area.

The EOL phase starts when a customer disposes of a product. After collection, the manufacturer
decides how to recycle the returned product based on its condition. The proposed system enables
data-driven recycling decisions based on gathered lifecycle information. Recycling decisions for each
component are made individually and simultaneously, because the proposed system collects lifecycle
information for each component by component-level tagging. Thereafter, recycling decisions indicate
which component should be reused, remanufactured, disassembled, or shredded. Workers on the
remanufacturing shop floor receive a job with predefined work instructions in the DFR table, according
to the recycling decision made and stored in the WORK_LIST table; this supports workers and enables
them to perform their jobs accurately.

The results of recycling activities are clearly recorded in the WORK_RESULT table. This not
only facilitates obvious evidence for regulatory compliance, it also enables the efficient planning of
manufacturing or remanufacturing by promoting resource awareness.

4. Data Architecture

Data architecture is designed for RFID tags and the backend database that supports the operation
of the proposed system. Even though the capacity of RFID tags is increasing, there is obviously a limit.
Therefore, it is important to discuss which data should be stored, and how data should be stored
efficiently. The proposed system stores the required minimum information in RFID tags in a unified
format, and the remainder in the backend database in a relational form.

In this paper, the focus is on bank01 (EPC), which provides a unique identity for each individual
item, and bank11 (user memory), among four logically separated banks.

The Component/Part Identifier (CPI) encoding scheme is considered, which was originally
designed for the unique identification of parts or components in technical industries (such as the
automotive industry) to represent an EPC [42]. Its structure is similar to that of other standards, with a
header, filter value, partition value, GS1 company prefix, component/ part reference, and serial number.
The CPI standard is divided into CPI-96, which has a fixed space of 96 bits, and CPI-var, which has a
variable space ranging from 86 to 224 bits. The CPI-192 encoding scheme is proposed, which identifies
more than 3.5*10% items by assigning: 24 bits to represent the GS1 company prefix, 114 bits to represent
the component/part reference, and 40 bits to represent the serial number. The proposed encoding
scheme can minimize the waste of register capacity as one of the computational resources, because the
processor runs in 32 or 64 bits, and 192 bits is the largest common multiple of 32 and 64 among the
available space provided by CPI-var.

RFID tags represent a unique identity for the tagged object. In this context, the proposed system
uses the user memory space to represent family relations about the tagged item as a part of the identity
by using a partial ring structure with child and sibling pointers. A physical representation by using
child and sibling pointers to represent a tree structure, as is the case for family relations, is used in the
IBM information management system (IMS) hierarchical database management system [43]. A file
in which the attribute has multiple values, such as a parent with multiple children, is known as a
not-quite-flat file. The use of a variable-length record to store this kind of file would not be problematic.
Although storing this kind of file using a variable-length record is feasible, it is difficult to use in
real situation, because many software products only permit the use of fixed-length records, and the
additional establishment of an encoding standard would not be beneficial. Well-known ways in which
to store a not-quite-flat file with fixed-length records are as follows.

e Include space in the memory for the maximum possible number of records;
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e  Store in separate records and indicate the location by pointer;
e Include space for partial storage in the memory, store overflowed records separately, and indicate
them by pointer.

The first option is wasteful in terms of memory space, and it is also unstable, because the
maximum possible number of records varies with circumstances. The other options are a burden on
separate space. At this point, a partial ring structure in which every node has a uniform record length
is proposed, with child and sibling pointers that represent family relations among components and
indicate only the leftmost child and right-hand sibling. In the proposed structure nodes, the lowest
level has a null value as a child pointer. However, a sibling pointer of the rightmost node among the
nodes with the same parent indicates its parent in order to form a chain, as shown in Figure 4.

c: Child pointer E
E: EPC of the tagged object |
H

Product s: Sibling pointer

1%t level
Component

2nd Jevel
Component

Figure 4. Proposed partial ring structure.

The overall memory map of the Gen2 tag that contains the CPI-192 standard in the EPC bank and
family relationship in the user memory bank is shown in Figure 5.

Bank 00 Kill Access
(Reserved) Password Password
EPC: 192bits
e >
Bank 01 Filter . GS1 Company Component/Part .
(EPC) CRC Header Value Partition Prefix Reference Serial
" 8bits ~ 3bits  3bits  24bits 114 bits "7 40bits
Bank 10 e .
(TID) Tag Identification Bits
Bank 11
(User EPC of the Leftmost Child EPC of Right-hand Sibling
Memory)

Figure 5. Overall Gen2 radio frequency identification (RFID) tag memory map.

The overall schematic design of the database used in the proposed system is described in Figure 6.
Each one of the RFID tags only contains its EPC and family relations, and the remaining information is
stored in the backend database. The PRODUCTION table contains the EPC, the dates of birth, death,
and remanufacturing, and the EPC of its parent’s tag. The BOMDATA and DFR tables contain the
master data for products such as the product structure and work instructions for the remanufacturing
shop floor by component and recycling option. The MRO_LOG table stores information about MRO
events as a reference for the decision of a recycling option and review of the lifecycle history. Recycling
options for each component, and the corresponding job sequence for recycling by the decision support
system, are stored in the WORK_LIST table, whereas the WORK_RESULT table stores information
about the actual result of recycling activities.
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Figure 6. Schematic design of the overall database.

5. Application Scenario of the Proposed System

5.1. Counterfeit Prevention in the MOL Phase

The proposed system detects any falsification of product structure by using two proposed
methods—sweeping scan and cross-checking—with family relations stored in the backend database
and the RFID tags. This procedure is illustrated in Figure 7.

)11 k- PRODUCTION DB

Parts Parent

1 (null)

428 6| 9 |1 2 1

3 1

"0 OO 7T
-1 4 5] |-| 512 |-] 617 |-| 7 I3 D) 2)
6 4

7 4

(a) (b)

Figure 7. Counterfeit prevention methods: (a) Sweeping scan; (b) Cross-checking.

The sweeping scan is employed in the top-down direction. At first, a product and an EPC of its
leftmost child are identified in the first level. Then, an actual EPC of the leftmost child in the first
level is compared with a previously identified EPC in the user memory of the product. If these values
are different, the falsification of product structure could be detected. For the first level component,
falsification is also detected by comparing actual EPCs and identified EPCs of its leftmost child and its
right-hand sibling in its user memory. Thereafter, every linkage between components, as well as the
product, can be compared by sweeping in a counterclockwise direction, as defined in the proposed
partial ring structure. For example, Figure 7 illustrates that the sweeping scan detects a falsification on
product 1, because component 2 should have component 4 as the leftmost child; however, the actual
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leftmost child identified is component 8. Therefore, it has the advantage that it works by using family
relations stored in the user memory only, without external database access.

Cross-checking detects falsifications by comparing family relations stored in the PRODUCTION
table in the backend database with identified EPCs, as illustrated on the right side of Figure 7.

5.2. Reverse Process Streamlining

Products are recycled through the identification, grading, and remanufacturing processes after
EOL returns, as described in Figure 8. The Gen2 RFID protocol provides four sessions, which allow
readers to conduct independent inventories, with any tag only able to participate in one session.
Each session has two inventory flags to represent its current status, and a state transition occurs
when a tag is powered during a predefined persistence time. This enables us to read tags only in
the particular state or session. Finally, the tags in the four types of sessions can be read without
missing or without redundancy in high populations and dynamic environments. As described above,
a product has multiple RFID tags that are individually attached to the components. S0 is assigned to
the products, S1 to the first level components, S2 to the second level components, and S3 to the third
level components. An RFID reader gate that consists of multiple readers for each session is able to read
the returned product, as well as every component in the product, simultaneously. This is expected to
be helpful for inventory management problems of various types of components.

Recycling
Decision Making

Disassembly
Sequence

Shop Floor
Worker Support

[ Identification ] [ Grading ]

RFID Reader Gate

|::>

Lv.0
w L[] [] []=—=mfFm

/ 7
T 52 Render |
o OO = s
VAN

o LU L) o]

Decision
Support
System

Backend
Database

Figure 8. Improved reverse process.

After the RFID tag in the product is read, the system identifies every component in the product by
using the sweeping scan described in the previous section. After the identification step, the decision
support system selects a recycling option for each component based on the lifecycle information
gathered during the whole product lifecycle. Subsequently, the corresponding job sequence for
recycling is derived. Thereafter, the remanufacturing work is carried out according to the job
sequence on the remanufacturing shop floor. When the worker receives the job, the MRO logs
and the job instruction (which is written in the product design phase) are displayed on the monitor for
worker support.

An illustrative example is presented to show how the proposed system differs from the
conventional remanufacturing systems. Let there be four returned products, all with different qualities,
as shown in Figure 9. Each box indicates a component, and a number in the box indicates an EPC of
each item. Each digit in the three-digit EPC in the example indicates as follows: the first digit indicates
the BOM level, the second digit indicates part types, and the last digit indicates the serial number.
An appropriate recycling option of whether to reuse, remanufacture, disassemble, or recover in raw
materials—as derived from the decision support system for each item—is given in parentheses.
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111 112 113 114

(ds) (ds) (ds) (ds)
211 221 212 222 213 223 214 224
(ds) (ds) (ds) (ds) (ds) (ru) (ds) (ds)

311 321 331 341 312 322 332 342 313 323 333 343 314 324 334 344
(ru) || (rm) || (rm) || (mr) (mr) || (mr) [ m) |[ (xrm) (ru) || (mr) || (rw) (ru) (rm) [ (mr) || (mr) || (mr)
Product 111 Product 112 Product 113 Product 114

= ds: component that should be disassembled = ru: reusable component

= mr: component that material recovery should be done = rm: remanufacturable component

Figure 9. Example: returned products and qualities of items.

A loop that consists of identification, grading, and testing exists for the recycling of modular
products in a conventional system. At first, a product is disassembled to first-level components.
For these components, the history log and expert opinion after identification will be used for grading,
on which a decision for the appropriate recycling option is based. If the component is graded as
reusable or remanufacturable, it goes to the shop floor. Otherwise, it should be disassembled to
lower level components, and the same loop of identification, grading, and testing for the lower level
components should be performed iteratively until the lowest level is reached. Let this scenario be SC1.

For another scenario, SC2, it is assumed that the system dismantles the product to the lowest level
components unconditionally without any grading, and that a recycling decision is made only for them.

5C3, another scenario for the proposed system, identifies every component simultaneously and
makes a decision for each component by using the decision support system. A component that is worth
reusing or remanufacturing goes to the shop floor after testing; other components will be disassembled
or recovered as raw materials.

In order to do recycling activities for product 113 in the example, the product is dismantled
first, because reuse or remanufacturing at the product level rarely happens in the general situation.
For scenario SC1, components 213 and 223 are identified and graded. Then, component 223 goes to the
shop floor for reuse, and 213 is disassembled. Components 313 and 323, which are derived from 213,
are also treated according to their recycling options after identification and grading. For scenario S2,
a product and every component at the first level are disassembled. Then, second level components
are recycled after identification and grading. SC3 is different to the other scenarios, because the
identification and grading for every component in a product is executed at the first scan. Then, the
disassembly of 113 and 213, and the material recovery of 323 are executed consecutively; the material
recovery of component 323 is executed without any test. The other components, 223 and 313, are reused
after testing, according to the recycling decision made during the first scan.

Job sequences were created according to the sequencing policies defined in the scenarios for the
consecutive recycling of products 111, 112, 113, and 114. The number of components for disassembly,
identification, grading, and testing is calculated for each scenario. The result, as listed in Table 2,
shows that the proposed system is more efficient than the others, and that SC2 is better than SC1
in terms of the total number of jobs. However, when considering processing cost or time, SC2 is
the worst scenario due to the disassembly cost, which is more than the costs of the other processes.
Moreover, SC2 is worse than the others in terms of resource efficiency and opportunity cost, because
remanufacturable or reusable upper-level components are disassembled rather than remanufactured
or reused. In addition, it entails additional costs for unnecessary disassembly jobs.
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Table 2. Number of jobs by type of process for each scenario.

Scenario SC1 SC2 SC3
Type of Process ds' ig? t3® subtotal ds ig t subtotal ds ig t subtotal
Product 111 3 6 4 13 3 4 4 11 3 1 3 7
Product 112 3 6 4 13 3 4 4 11 3 1 2 6
Product 113 2 4 3 9 3 4 4 11 2 1 2 5
Product 114 3 6 4 13 3 4 4 11 3 1 1 5
Total 11 22 15 48 12 16 16 44 11 4 8 23

! Disassembly, 2 Identification and Grading, 3 Testing.

Job sequences are then presented for consideration of the costs, with various assumptions of
disassembly processing time. Disassembly is known to be a labor intensive and expensive job.
However, in the near future, many efforts to make disassembly easier, such as design for disassembly
(DFD) may reduce disassembly time. In consideration of these circumstances, we assume different
disassembly times for each example. The result is presented in Table 3, and sequence charts are
presented in Figures 10-12.

S5C3 shows that it performs better than the conventional systems in terms of makespan, because
the proposed system separates the identification and grading processes from the conventional
identification—grading-testing process loop, which is executed in a single line. For the idle ratio,
which is the average ratio of idle time to makespan, SC3 seems to be worse than the others. However,
the greatest portion of idle time is from the testing line due to line separation, as shown in the process
charts. This means that the system has surplus time to further tests for returned items.

Table 3. Performance measures by examples.

Processing Time Performance Measures

dst  ig? 3 Scenario = Makespan Total Idle Time Idle Ratio

5 2 1 SC1 75 36 0.240
Example 1 5 2 1 S5C2 67 26 0.194
5 8 1 SC3 63 94 0.497
3 2 1 SC1 64 36 0.281
Example 2 3 2 1 SC2 54 24 0.222
3 8 1 SC3 41 49 0.398
1 2 1 SC1 60 50 0.417
Example 3 1 2 1 SC2 51 42 0.412
1 8 1 SC3 35 54 0.514
1

Disassembly, ? Identification and Grading, 3 Testing.
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Example 1 (ds=5,ig=2,t=1)
Scenario #1
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Figure 10. Process sequence chart for Example 1.

Example 2 (ds =3,ig=2,t=1)
Scenario #1
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Example 3 (ds=1,ig=2,t=1)

Scenario #1
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Figure 12. Process sequence chart for Example 3.

6. Conclusions

A system framework for CLSC management was proposed for efficient operation in terms of
economic as well as environmental values. The proposed system aims to solve the chronic problems
related to lack of information by gathering real-time information within the product lifecycle and
supply chain through the IoT environment using RFID and sensor networks. Since modular products
consist of various types of components, we presented component-level tagging for consideration.
RFID tags are attached to each component, as well as each product, to facilitate more detailed lifecycle
information management, unlike conventional product-level tagging. The focus is specifically on the
most recent UHF RFID protocol, Gen2, which provides new opportunities to improve the performance
of the CLSC by using new features such as session and user memory.

Additionally, data structures were designed for the proposed system, including user memory
in the RFID tags and the backend database. Traditionally, RFID has been used to represent a unique
identity of a particular physical object. In this context, the family relations of objects—the leftmost
child and the right-hand sibling—are stored in the user memory as a part of identities by using
the partial ring structure, which is proposed for the efficient storage of tree-structured information.
The proposed encoding scheme for RFID tags can be used in any industry, because it strictly follows
current standards. The remainder of the information is stored in the backend database in a relational
form after the anticipated information requirements have been established.

The potential positive impacts of the proposed system were examined during the MOL and EOL
phases, as depicted in Figure 13. It also has potential benefits during the MOL phase in terms of product
service. RMM, such as fault pre-detection and predictive maintenance, can be facilitated by detecting
anomalies among real-time observations gathered by auxiliary sensors. Information from the sensors
could also provide evidence of estimated residual values, and an appropriate recycling option in the
EOL phase. The proposed system is able to prevent any counterfeits on product history and structure
by storing MRO logs during the MOL phase. In addition, two methods are proposed—sweeping
scan and cross-checking—to detect structural counterfeits. This is meaningful for the health of
secondhand markets.
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Figure 13. Potential impacts of the proposed system.

The proposed system also has the merit of reverse process streamlining in the EOL phase. For the
conventional recycling process, there exists an unnecessary loop that consists of identification, testing,
and grading. The proposed system uses component-level tagging to facilitate automated grading
component by component, based on lifecycle information. Using family relation information in the
user memory, the sweeping scan helps to identify every component simultaneously without any
disassembly. Then, it eliminates the unnecessary loops, and minimizes the number of disassembly that
is known to be expensive and time consuming. Positive effects were illustrated in terms of the number
of recovery jobs and makespan by means of examples. Additionally, workers on the shop floor may
have help from job instructions to do recovery work accurately.

In addition, every recycling activity and the corresponding results are digitally stored in the
database. These can be utilized not only as clear evidence for environmental regulation compliance,
but also as an enabler of resource awareness for hybrid planning of manufacturing or remanufacturing.
Furthermore, the session, a kind of virtual class provided by the Gen2 protocol, helps to manage
complex inventory with various types of components.

The proposed system is expected to be helpful for operating CLSC, not only for automotive
products, but also for other modular products that consist of various types of components. However,
comprehensive discussion with domain experts is required for application of the proposed system,
since key factors that represent the product lifecycle and the information required to estimate residual
value are all different. Although the economic feasibility of automated identification technology on
ELV (end-of-life vehicle) management processes has been proved [44], cost-benefit analysis should
precede system implementation.
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