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Abstract— Industrial ecology requires life cycle planning and
implementation. In order to replace product disposal with product take-back, reverse logistics networks and product take-back
centers must be set up. Product take-back can be for reuse
(repair, upgrade, and resale), recycling, or disposal. This paper
focuses on the challenges in estimating product take-back levels.
Current product take-back activities around the world are summarized. Product take-back cycles are defined and an improved
product take-back estimation framework is proposed.
Index Terms—Computers, electronics product take-back, endof-life product returns, recycling.

I. INTRODUCTION
A. Current Global Product Take-Back Activities

I

T is estimated that over 200 million computers will be
either landfilled or recycled between 1985 and 2005; this
end-of-life (EOL) activity is set against a proportionally large
worldwide production of 150 million television and computer
monitors per year [1]. Driven by the limitations of landfill
space as well as the social and political climate to promote sustainability, take-back activities and legislation are increasing
in various countries.
Disposal of electronic products in landfills is discouraged
due to the presence of leachable lead, an element which is
recognized by both the United States Environmental Protection
Agency and the Basel Convention (“amber” classification) as
a hazardous waste [2]. Particularly affected are printed circuit
boards with tin/lead solders and cathode ray tubes (CRT’s).
In addition, electronic products also contain precious metals
and plastics as well as ceramic and glass materials that may be
reused if proper materials separation and recycling is available.
The preferred ecological route to materials reuse is embodied
within the concept of product reuse through repair, upgrade,
and resale.
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Legislation for product take-back is increasing rapidly in
Europe. The German Law IL 24 to Improve the “ClosedLoop Economy” and to Assure Environmentally Friendly
Disposal of Wastes became effective October 6, 1996. In IL24,
Section 22, product responsibility for developers, producers,
and distributors is defined to include product design and
implementation for minimum production waste as well as
environmentally friendly recycling, reuse, and disposal at
end of life [3]. In response to the EOL packaging takeback legislation in 1991 and the electronic product takeback proposed in 1995, the German reprocessing industry
established 380 specialized recycling companies which include
in excess of 45 facilities for recycling CRT’s and 20 electronic
scrap recycling facilities [4]. An additional 30 electronic scrap
recycling plants are being planned or are under construction
[5]. Legislation for electronics take-back has also been drafted
in Denmark, Norway, Sweden, Switzerland, the Netherlands
and the European Union (EU) affecting mainly household consumer electronics and information technology equipment [6].
Electronic take-back in the US has focused almost entirely
on voluntary business initiatives with a few exceptions where
government agencies have proposed or implemented recovery
programs. Legislation pertaining to electronics take-back has
been proposed but not mandated in Minnesota, California,
North Carolina, Rhode Island, Texas and Wisconsin [7], [8].
Asian legislative activities for electronics take-back include
Japan’s Ministry of International Trade and Industry (MITI)
draft amendment for producer responsibility for television and
other appliances. Taiwan will be the second nation in the
world, after Italy, to mandate take-back for computers, televisions, refrigerators, air conditioners and washing machines
beginning in 1998 [8].
In addition to legislative mandates, voluntary corporate
stewardship activities are increasing. For example, in the
U.K. the Lothian and Edinburgh Environmental Partnership
(LEEP), Electronic Equipment Manufacturers Recycling
Group (EMERG), and the Industry Council for Electronic
Equipment Recycling (ICER) have piloted projects that have
collected over 100 million tons of electronic equipment
in order to analyze the profitability of recovery [4], [9].
In the U.S., the National Safety Council formed the
Electronics Recovery and Recycling (EPR2) Roundtable
which is composed of representatives from original equipment
manufacturers (OEM’s), recycling companies, government,
nonprofit organizations, and academia. This group is developing end-of-product life management strategies [10].
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TABLE I
EOL DEFINITIONS

OF

Fig. 1. Strategic life cycle product management perspective.

In this paper, we develop a framework for take-back rates
for different EOL strategies. First, we define EOL strategies
and explain how end-of-product life estimates assist with on
going research in life cycle design and EOL management
strategies. We define cycles of product take-back. Next we
summarize historical product life estimation frameworks and
propose a new framework for product take-back estimation.

B. The Product Life Cycle and Asset Management
The product stewardship obligations being proposed and in
some countries enacted have been described in the previous
section. These have led to the development of life-cycle
design strategies for reuse, recycling and disposal that require
estimates of the end-of-product-life returns in order to analyze
the effects of different product designs on EOL strategies as
shown in Fig. 1. Table I summarizes EOL definitions [11]
generalized for electronics products.
There are several options for EOL activities including reuse,
recycling, and disposal. Included in the reuse options are

resale, remanufacturing, and upgrade. The purpose of reuse
and recycling is to divert useful products and materials from
landfills. However, the choice must be cost effective.
One approach to product life cycle and EOL planning involves defining take-back factors which link the manufacturing
period in which the electronic product was produced to the
period in which the product was taken back. To illustrate
a take-back factor for repair, consider warranty returns. A
manufacturer may record the date of manufacture for warranty
returns in order to improve operating practices. For example,
if a significant portion of products assembled in period 2 is
returned in period 5, the manufacturer may try to determine
the conditions in period 2 that led to the quality problem in
period 5.
Similarly, take-back factors for reclamation may provide
valuables insights for both manufacturers and EOL centers. To
illustrate a take-back factor for reclamation, consider a takeback factor for nickel/cadmium (Ni/Cd) batteries. Linking the
date of manufacture of Ni/Cd batteries to the date of takeback from consumers may also provide valuable insights for

STUART et al.: CHALLENGES IN DETERMINING ELECTRONICS EQUIPMENT TAKE-BACK LEVELS

Fig. 2. Life cycle activities over time as a result of one manufacturing period.

the resources required and wastes generated at all stages of
the product life cycle including raw materials acquisition,
manufacturing, distribution, use, reuse, recycling, and waste
disposal. Companies are trying to clearly quantify and compare the processing materials consumed, energy utilized, solid
wastes generated, and pollutants emitted to air and water
over the life cycle of a particular product [13]. Materials
and energy balance equations are often used to assess the
inputs and outputs at each stage in the product life cycle [14].
These are challenging measurements to determine due to the
aggregate nature of the available data as well as the availability
of data on take-back rates for the different life stages [15].
In order to determine the impacts of the EOL activities for
life cycle assessment, the take-back distribution needs to be
determined to predict the percentages of take-back. Data are
needed to develop plans for reuse, recycling, and disposal of
electronic products.
II. DETERMINATION

Fig. 3. Life cycle activities over time as a result of multiple manufacturing
periods.

designers, manufacturers, and authorized battery reclaimers.
The time-dependent relationships between materials selection and manufacturing operations, consumer use and EOL
waste disposal effects are shown in Fig. 2. In this diagram,
the relationship between product manufacture and subsequent
consumer use, reuse preparation (repair, resale, or upgrade),
recycling, and disposal are illustrated over several time periods.
Following this pattern, Fig. 3 shows the effects of multiple assembly periods on use, reuse, recycling, and disposal
operations over time. Both Figs. 2 and 3 stress that the
product assembled in period 1 has subsequent take-back and
disassembly effects in periods 2, 3, 4, and so on. Likewise,
the product assembled in period 2 has subsequent take-back
and disassembly effects in periods 3, 4, 5, and so on. Thus,
tracking a product by its assembly period and take-back period
is a key conceptual factor.
Figs. 2 and 3 illustrate that the designs chosen for assembly
have environmental impacts in subsequent periods. Later, in
Section IV, the relationship between the assembly impacts
and those in subsequent periods will be captured by a threedimensional (3-D) product take-back factor.
Because estimation of product take-back quantities is helpful in determining the impact of future EOL activities, takeback estimation is useful to companies conducting life cycle
assessments (LCA). LCA is a three step methodology composed of inventory profile, environmental impact assessment,
and improvement analysis [12]. The inventory step examines
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PRODUCT LIFE

Many factors affect product life. Rapidly changing technologies and consumer demands for improvements and leading
edge technology may cause product obsolescence. Increased
marketing of new enhanced product features has resulted in
consumers replacing electronic products before their useful
life has expired. Thus, clear definitions for product life based
on the various aspects need to be developed.
In this paper, several product life terms are used. These
terms differentiate the roles that market place demands, reliability, and storage play in determining the time from manufacture to the time of product take-back. The product life
definitions are summarized in Table II.
The final product life is based on several factors including
product reliability, advertising and marketing strategy for
technological advances, and consumer storage practices. The
relationship between these definitions is illustrated in Fig. 4.
The field of product reliability and maintainability is well
defined. Statistical methods summarized in [16], [17] to estimate the failure distribution, the mean time to failure (MTTF)
and the failure rate may be used to define the reliable product
life (Table II).
The determination of product take-back volumes requires
more than an estimation of reliable product life. Technological
advances often cause electronic products to become obsolete
in primary markets even if those products still fulfill the
intended function. This leads consumers to replace obsolete
product before the end of its useful life. In the past obsolete
electronic products have been put into storage or discarded.
Today, however, a personal computer (PC) with 286 microprocessors may go to a secondary market or be discarded despite
continued reliable function. For the PC market, both hardware
advances and new software technologies drive the market
product life. For example, although many 14-in sphericalsection monitors function properly, primary market dealers
recommend current 15-in, 17-in, or 20-in flat panel display
monitors for improved display of new software packages [18].
However, substantially more expensive high-resolution 12-in
and 13-in monitors may display as much information as a 20-
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TABLE II
PRODUCT LIFE DEFINITIONS

Fig. 4. Illustration of time line for product life.

in monitor. There are new, more sophisticated technologies
based on plasma technology or digital micromirror devices
that display video images on prototype units that are superior
to current monitors [19]. Thus, as evidenced from the PC
and computer monitor examples, consideration of market and
technology issues are key elements in estimating the final
product life.
The storage phenomena for obsolete or nonfunctioning
products causes an additional complication in estimating when
a product will arrive at take-back centers for reuse or recycling.
Storage of obsolete electronics that require repair or upgrade
or which are eventually destined for recycling or disposal
is common. Published estimates of percentage of computers
stockpiled range from 45 to 80% [1]. Determining whether the
actual final product life distribution is significantly different
than the reliable or market product life distributions is helpful
for planning product EOL activities.
III. HISTORICAL PRODUCT LIFE ESTIMATIONS
Product take-back rates for reuse actually depend on the
primary to reuse product life while product take-back rates for

recycling actually depend on the final product life defined in
Table II. A new framework for estimating product take-back
rates for reuse and recycling will be defined in Section IV. In
this section, we review product life estimation methods.
In the past, product take-back rates for recycling have been
estimated on the basis of pounds of waste per population and
on sales volume. Both of these methods and their limitations
are reviewed next.
Several sets of estimates for product take-back for recycling
are based on calculations of electronic waste per person and
population [20], [21]. These figures provide a magnitude of
electronic waste for a region. However, for a specific company
seeking product take-back rates to evaluate their product life
cycle, this aggregate regional measurement can not be used.
Product take-back rates for reuse and recycling are also
estimated by examining the annual production and sales rates
[7], [22]–[24]. Sarson recommends estimates for take-back
rates for reuse and recycling for mature products based on the
number sold one product lifetime before [23]. However, Sarson admits that determining the product lifetime is complicated
by resale into secondary markets. Still another complication is
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TABLE III
PRODUCT TAKE-BACK RATE DEFINITIONS

that some electronics equipment is never sold due to rapidly
changing technologies. In 1994, the Computing Technology
Industry Association recommended that resellers be able to
return up to 2% unsold equipment to the manufacturer [25].
The phenomenon of industry and consumer storage of obsolete equipment further complicates product take-back rate
estimates. Carnegie Mellon recently updated their computer
take-back rate estimates based on assumed rates for computer
reuse, recycling, stockpiling, or landfilling [1], [26]. Carnegie
Mellon’s new estimation model assumes that PC’s initially
have a five-year lifetime and that reused PC’s have a three-year
lifetime. However, their approach does not reflect the different
time spans for technology upgrades that send computers into
the reuse market only two to four years after purchase.
Nor do they differentiate product lives for newer or more
mature technologies.
Other product take-back rates are estimated using ranges
such as four to six years for computers. The CARE Vision
2000 Research Initiative uses product take-back ranges [27].
However, ranges and average estimates make plans for product take-back systems difficult and cost analysis even more
complicated. For example, it is not known whether 10% of
the computer returns are in four years, 70% in five years, and
20% in six years or whether 60% are in four years, 30% are
in five years and 10% are in six years.
Various industries estimate their warranty return rates based
on current annual production rather than previous annual
production quantities. This common product take-back estimation method assumes that manufacturing rates have reached
a “steady state” which is appropriate for mature products
such as telephone handsets. However, for products with more
volatile technology changes, such as personal computers,
the framework proposed in the following section should be
used.
Another complication in estimating product life is the mechanism for product take-back, storage, sorting, resale, and
reclamation. The percentage of responsibility for industry
and local government for product take-back operations differs
among various countries and even within some countries.
Thus, analysis into the current techniques to estimate product take-back rates, development of more sophisticated product
take-back models, and comparison with actual product takeback rates from current take-back activities provide a starting
point for estimating product take-back rates.
IV. A NEW PRODUCT LIFE ESTIMATION FRAMEWORK
A link between initial manufacturing activities and EOL
activities is required in order to more accurately reflect tech-
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NOTATION

nology maturity, varying obsolescence rates, product life extension activities, and user storage phenomena. The product
take-back rate is affected by a variety of phenomena including reliability, marketing trends, technological changes,
industry and consumer awareness, participation in product
take-back options, the tendency to store expensive obsolete
or nonfunctioning products, and stability of take-back infrastructures.
A. Defining the Take-Back Rate
The product take-back rate developed in Table III is a threedimensional (3-D) measurement which links the assembly time
period, , and the EOL time period, . In Table III, a single
underline represents reuse (resale, repair, and/or upgrade) and
a double underline represents recycling.
As stated in Table III, the take-back rate defines the reassembly period
lationship between design alternative
and disassembly period
Because the product take-back
rates for reuse and recycling are different, the shape of their
distributions are different. In Section IV-B actual product
take-back rates for warranty returns are illustrated and in
Section IV-C different product take-back rates for reuse and
recycling are proposed.
B. Examples from Warranty Returns Data
Actual warranty returns from representative manufacturers
were studied for repair claims resulting from product problems.
All of the take-back distributions studied were for products
assembled 1991 or later and taken back between 1992 and
1996. Fig. 5 shows data for actual useful product lives for four
electronics products that have been returned to a take-back
center for reuse.
It is clear in Fig. 5 that the return rates for warranty returns
vary over time. Although Fig. 5 shows ranges from six months
to five years for returns of four different electronics products,
it does not differentiate returns for different product maturities.
The proposed take-back distribution framework described in
Section IV-C captures the change in take-back rates over time
for a particular product.
C. Examples of Proposed Take-Back Distribution Framework
The actual product take-back distributions for one of the
four electronics products from Fig. 5 are shown in the 3-D
graph in Fig. 6. Since the warranty return rates are under 5%,
they only constitute a small portion of product take-back for
repair and refurbishment. For the data studied, most warranty
returns occur in the first two years of the product life.
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Fig. 5. Warranty returns: Primary to reuse product lives for four electronic products that have been sent to a take-back center for reuse preparation activities.

Fig. 7. Example of proposed take-back distribution for reuse.

Fig. 6. Actual warranty return take-back distributions for electronics product
4.

Technology changes cause another more significant source
of take-back. When consumers upgrade to a new model,
their previous model may be sent to a repair facility for
upgrade and refurbishment for a secondary market if it still
functions properly [28], [29]. For this reason, we propose
modeling the product take-back rates to a reuse facility as
a bimodal distribution to represent the earlier warranty returns
and the later technology change returns for upgrade. Thus,
a proposed product take-back rate for reuse for a single
electronic product is illustrated in Fig. 7. The graph illustrates
the relationship between the percentage arriving at the reuse
preparation facility from each year of assembly. For products
assembled in later periods, the product take-back rates for
reuse are less than for products assembled in earlier periods
due to obsolescence.
Currently, the benefits of the proposed framework are difficult to validate precisely due to the variability in information
technology. For example, as electronic components, subassemblies, and final assemblies progress through the manufacturing
and distribution supply chain, different barcodes are used
to track different types of product information. When vari-

ous products arrive at product take-back centers, information
such as the date of manufacture is not recorded due to the
nonuniformity of the information provided. For this reason,
the six product take-back centers contacted by the authors
collected data for product take-back by year of manufacture
only for warranty returns; data from product take-back centers with date of manufacture data for all products returned
was unavailable. Future studies to compare the proposed
product take-back rates with actual product take-back rates
are needed.
Based on Table II product life definitions, the authors propose that the take-back rate for recycling reflect a gradual
increase in the first half of the primary years followed by
a rapid increase in the latter final product years due to the
technology change, functional failure, and storage release
periods. An example of a proposed product take-back rate
for recycling for a single high value electronics product
(approximately U.S. $2K retail) is illustrated in Fig. 8.
The advantage of this approach to take-back estimations is
that it relates three dimensions of take-back: the manufacturing
period, the take-back period, and the quantity taken back.
Unlike two-dimensional take-back factors, a 3-D take-back
distribution over time allows for attributes such as technology
maturity, improvements in design modularity, increases in
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Fig. 8. Example of proposed take-back distribution for recycling.

take-back activities, or changes in storage phenomena to
be captured.
V. CONCLUSIONS AND APPLICATIONS
FOR PRODUCT LIFE ESTIMATIONS
The 3-D product take-back framework developed in
Section IV reflects the product obsolescence of rapidly changing technologies. For electronics products such as personal
computers, modems, and monitors, this framework provides a
more complete perspective for determining take-back volumes
for EOL planning. The proposed framework estimates takeback based on date of manufacture. However, this framework
is limited by nonuniform information technology practices
of the past that result in more difficult collection of date
of manufacture information. However, barcode-tracking
information on newer products and access based on Internet
connections may improve future links between EOL operations
and original equipment manufacturers.
To determine the effects of varying EOL take-back distributions on cost and product stewardship goals, sensitivity
analysis of take-back rates may be studied using the Emerging
Product Process and Consideration of Environment (EPPACE)
mixed integer programming model in [30]. For example, in
case studies of electronic assemblies for telecommunications
equipment reported in [31], the product take-back distributions
are scaled by factors of 2, 1.5, 0.5, and zero to study how
sensitive design selection for profitability maximization is to
various product take-back levels.
The product take-back framework developed is not only
useful for design selection with life cycle considerations, but
also for capacity planning for recycling and EOL centers.
As legislation for EOL activities increase, product take-back
centers face inventory, scheduling, and processing challenges.
With improved understanding of the drivers for product takeback, capacity planning for various product arrivals at product
take-back centers can be improved. Current and future research efforts are focused on product take-back center design
and planning.
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