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Reverse supply chains for the reuse, recycling, and disposal
of goods are globalizing. This article critically reviews the
environmental, economic, and social issues associated with
international reuse and recycling of personal computers.
Computers and other e-waste are often exported for reuse
and recycling abroad. On the environmental side, our analysis
suggests that the risk of leaching of toxic materials in
computers from well-managed sanitary landfills is very small.
Onthe other hand, there is anincreasing body of scientific evidence
that the environmental impacts of informal recycling in
developing countries are serious. On the basis of existing
evidence informal recycling is the most pressing environmental
issue associated with e-waste. Socially, used markets

abroad improve access to information technology by making low-
priced computers available. Economically, the reuse and
recycling sector provides employment. Existing policies efforts
to manage e-waste focus on mandating domestic recycling
systems and reducing toxic content of processes. We argue that
existing policy directions will mitigate but not solve the
problem of the environmental impacts of informal recycling.
There are many opportunities yet to be explored to develop
policies and technologies for reuse/recycling systems which are
environmentally safe, encourage reuse of computers, and
provide jobs.

1. Introduction

The rapid pace of globalization continues. This is readily
apparent from the diverse countries of origin of products on
store shelves to the routing of a service request to a call
center abroad. While we are accustomed to the idea of an
international forward supply chain, reverse supply chains
are globalizing as well with much less fanfare. A reverse supply
chain is the network of activities involved in the reuse,
recycling, and final disposal of products and their associated
components and materials. The scale of internationalization
of reverse supply chains is significant and increasing. For
instance, export of waste and scrap and used goods from the
United States was valued at $15 billion in 2005, 1.5% of total
exports (I). Exports from Japan of recyclable materials such
asscrap steel, paper, and plastic have shown dramatic growth
in the past decade, on average 17%, 48%, and 25% per year,
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respectively, from 1993—2003, with exports of scrap steel
reaching 5.7 million tons in 2003 (2).

At least as far as the public is concerned, the focus issue
related to international reverse supply chains has been the
environmental impacts of informal recycling activities. End-
of-life electronics, for example, are often exported from
developed to developing countries and then recycled via a
“backyard industry” using primitive processes (3). Similar
problems have been found for other products, such as
informal dismantling of end-of-life ships (4). In response to
this situation, U.S. nongovernmental organizations (NGOs)
have called for bans on trade-in end-of-life goods deemed
toxic (3).

Reverse supply chains also interface with economic and
social issues. While reuse and recycling sectors are often
neglected in economic analyses, they can be a significant source
of employment and revenue (see section 4) (5). From a social
perspective, markets for used goods play a role in developing
countries in providing broader access to technologies important
to both consumer and industrial sectors. A variety of products,
including automobiles, computers, and cell phones, are too
expensive for many in the developing world to purchase new.
The significantly lower price of used goods can make the
difference between access and unavailability.

In this article we explore the environmental, social, and
economic aspects of a particular international reverse supply
chain: reuse and recycling of computers. Computers are an
important component of the growing volumes of end-of-life
electronics, also known as e-waste. Disposal of used com-
puters in the United States (6) and other developed countries
is increasing. These computers are resold, sent to landfills,
recycled domestically, or shipped abroad for reuse and
recycling (6). While precise estimates remain elusive, a
significant portion of end-of-life computers go abroad and
are recycled by an informal or “backyard” industry (3). A
primary reason that so little is known about the industry is
that sales and trade-in used electronics is invisible to the
statistics collection systems of most nations. Informal
electronics recycling activities have been documented in
many parts of the world, including Guiyu and Wengiao in
China (3, 7-11), Bangalore, Chennai, Dehli, and New Dehli
in India (3, 12-16), Lagos in Nigeria (3), and Karachi in
Pakistan (3). These reports indicate serious environmental
implications of informal recycling. As seen in Table 1, part
of the reason for this is that while computers have valuable
recyclable materials they also contain toxic substances of
concern. Backyard recycling processes both release these
toxins as well as generate new ones. Growth of informal
recycling informal reuse/recycling is economically driven
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TABLE 1. Content of Valuable and Toxic Metals in Desktop Tower/CRT Monitor

element
aluminum 680—960 (77, 22)
antimony 2.4-17.5(18, 19)
arsenic 0.06 (19)
bismuth 0.23(19)
cadmium 3.28 (18)
chromium 0.05 (19)
copper 1370—-2640 (17, 22)
gold 0.39-0.67 (17, 22)
indium 0.04 (17)
steel 7300—8880 (17)
lead 620—-1373 (17, 22)
nickel 4.5-30(17, 19)
platinum 0.066 (60, 81)
silver 0.86—2.64 (17, 19, 22)
tin 67 (22)
zinc 21(17)

amount per unit: desktop and CRT monitor (g) CERCLA priority ranking of hazardous substances (2007)° (79) value (U.S. $)(80)

187 $2.0—-2.80
219 <$0.1

1

notincluded <$0.1

7 <$0.1

77 <$0.1

128 $12—-22
notincluded $12—-20
notincluded <$0.1
notincluded $6.40—7.70
2 $1.70—3.80
53 $0.10—0.90
notincluded $4.30

214 $0.50—1.50
notincluded $1.40

74 <0.1

?The list has been developed by the Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA). 275 Substances considered to pose the highest potential threat to human health, ranked using an algorithm that
considers frequency of occurrence at Superfund sites, toxicity, and potential for human exposure.

because it runs a net profit as opposed to a net cost for
recycling in the United States. The economic balance shifts
because of higher revenues due to higher demand for used
machines and parts, while costs are reduced by lower wages
and environmental protection. Socially, computers are of
particular importance vis a vis their enabling role in using
information and communications technology (ICT). Inter-
national used markets help to make inexpensive computers
available to lower income people.

Our analysis has the following objectives. First, we aim
to survey and characterize the environmental, social, and
economic aspects of the international reverse supply chain
for computers. On the environmental side we wish to examine
closely if the risk of toxins leaching e-waste in landfills
represents a significant risk and survey the state of knowledge
of impacts of informal recycling in developing countries
(section 2). We next bring in social and economic aspects,
almost never considered in the context of environmental
issues. On the social side our goal is to place the reuse of
computers in the larger context of the adoption of information
and communication technology (ICT) abroad (section 3).
For economics, we explore the approximate economic scale
of recycling and reuse activities in the United States and
abroad (section 4). Current policy efforts to manage the end-
of-life of electronics focus on mandating recycling systems,
limiting toxic content of products, and trade bans. In section
5 we draw on the results of the review in sections 2, 3, and
4 to briefly discuss the effectiveness and tradeoffs of these
policy options. Management of reverse supply chains is a
new challenge and merits efforts to develop, evaluate, and
realize new options. In section 6 we discuss possible new
future policies and technologies aiming to meet multiple
societal objectives. We hope that this synthesis of scientific
and social perspectives will contribute to future efforts to
understand and manage global reverse supply chains.

2. Glohal Environmental Implications of End-of-Life
Computers

In this section we survey what is known about the environ-
mental impacts of computers as pertains to their reverse
supply chain. The primary potential impacts are generally
conceived to be (1) potential emissions of toxins from disposal
in landfills and (2) impacts on workers and communities
involved in informal recycling operations in the developing
world.

Before surveying these two areas we note that from a life
cycle perspective computers are distinct from many other

power consuming products in that the energy/resource used
in manufacturing can well exceed that associated with
operation. For example, the total energy used to manufacture
a desktop computer could be as high as 4 times greater than
the electricity consumed by the computer while in use (for
a home user), and in total, the annual lifecycle energy for
owning a computer exceeds that of a refrigerator (20, 21).
This result can be attributed to the high energy intensity of
electronics manufacturing and the rapid rate of obsolescence
for personal computers. Thus, extension of lifespan through
reuse is a strategy that can be particularly effective at
mitigating life cycle impacts (22). Reuse of computers and
components is a part of the reverse supply chain and thus
connected to mitigating lifecycle impacts.
Emissions/Leakages of Toxic Materials from E-waste in
Landfills. Computers contain toxic substances such as lead,
mercury, and arsenic. Ranges for the typical content of
potentially hazardous substances in desktop computers and
CRTs are shown in Table 1. While these toxins are embedded
inside the computer and separated from the user during
operation, concerns have been raised regarding the envi-
ronmental risk associated with the potential for toxic
substances to leach or otherwise be emitted from personal
computer equipment when disposed of in landfills. Current
policies often target recycling as a preferable alternative to
landfilling. The purpose of this section is to analyze the
literature and characterize the risk of disposing personal
computers to landfills. We note that there are also concerns
regarding environmental risks of brominated flame retardants
in circuit boards and casings, which may involve exposure
associated with operation and/or end-of-life recycling or
disposal. Thisissueis reviewed in the Supporting Information.
What is the degree of risk of emission of lead, mercury,
and other heavy metals from electronics in sanitary landfills,
and is this risk significant compared to other flows and
exposures of these materials? Viewed through the lens of
existing regulation, circuit boards and CRT glass in computers
are classified as hazardous waste as defined by EPA standards,
i.e., defined in terms of the Toxicity Characteristics Leaching
Procedure (TCLP). This procedure involves grinding the test
material, placing it in a buffered acidic solution (pH 4.93 +
0.05), and then measuring the levels of lead, mercury, and
other heavy metals which leach out after 18 + 2 h. TCLP tests
have shown that circuit boards and CRT glass exceed EPA
limits for lead leachability (23-25). Furthermore, in standard
and modified TCLP tests performed by Musson and col-
leagues on 13 different types of electronic devices, including
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CPUs, CRTs, and laptops, lead concentrations also exceeded
the Federal TCLP limits for classification as hazardous waste
(26).

While the TCLP tests are the basis for current practice in
the United States to classify waste materials as hazardous,
they do not necessarily reflect the actual potential for leaching
from the same waste material in a sanitary landfill. One reason
for this is that the leaching liquids used in the TCLP test are
considerably more aggressive, i.e., have a much lower pH,
than typical municipal solid waste (MSW) leachate. A second
reason is that there are a variety of attenuation mechanisms
for heavy metals in sanitary landfill leachate, including
formation of heavy metal precipitates due to the presence
of sulfide, carbonate, and hydroxide ions and adsorption/
absorption of heavy metals within the waste mass (27). Jang
and Townsend compared leaching rates measured using the
TCLP with leaching rates measured using leachate samples
from 11 Florida landfills. A representative result was that
crushed circuit boards and CRTs leached lead at average
concentrations of 2.23 and 4.06 mg/L, respectively, using
landfill leachate samples (well below the regulatory standard
for classifying waste as hazardous in the TCLP), versus average
concentrations of 162 and 413 mg/L using the TCLP solution,
a difference of 2 orders of magnitude (23). Vann and
colleagues studied how a CPU’s heavy metal composition
can affectlead leachability during the TCLP. Their study found
that iron and zinc leached from the CPU contributed to
suppression of lead leachability and that larger ferrous metal
amounts in the electronic device led to lower lead concen-
trations in the TCLP (28).

Given the shortcomings in the TCLP test protocol
discussed above, observations of heavy metal concentrations
in leachate sampled from actual landfills, as opposed to
laboratory leaching tests, are likely a better measure of the
potential environmental threat due to e-waste in landfills.
The mean concentration of lead in 2539 leachate samples
from over 200 municipal solid waste landfills in a 2000 US
EPA-funded study was 0.021 mg/L, the mean value was 0.133
mg/L, and the 90th percentile value was 0.250 mg/L (29)
(1—2 orders of magnitude below levels of regulatory concern).
Kjeldsen et al. (2002) summarize available data on lead
concentrations in leachate for European landfills, including
average lead concentrations from a 2001 study of 106 old
Danish landfills, a 1999 study of 4 additional Danish landfills,
a 1999 study of 20 German landfills, and a 1998 report on a
full-scale leachate recirculation test cell and the range of
lead concentration for 6 old landfills from the United
Kingdom (30). The average lead concentration in leachate
values varies from <0.005 to 0.188 mg/L, and the range for
the United Kingdom landfills is from <0.04 to 0.13 mg/L,
consistent with the values from the U.S. EPA study. Heavy
metals, primarily mercury, may also be found in landfill gas.
However, field data indicates that the quantities of heavy
metals in landfill gas are also relatively low. Data from a
Delaware Solid Waste Authority Sanitary landfill yielded
mercury concentrations on the order of nanograms per cubic
meter (27). In addition, we note that waste fluorescent lamps
from buildings contribute about 1000 times more mercury
to landfills than computers (31).

Concentrations of heavy metals in landfill leachate and
landfill gas are only part of the overall question of how well
sanitary landfills manage the toxic materials put into them.
In addition, the containment, collection, and treatment of
leachate and gas must also be considered. The primary
pathways for the release of heavy metals from a landfill into
the environment are by advective flow of landfill gas and
leachate. Heavy metals may also be released from landfills
by solid-state diffusion, but diffusive flux of heavy metals
from landfills is generally too small to be considered of
significance (32). Landfill gas collection efficiency in sanitary
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landfills has increased markedly since the 1993—1994 EPA
study cited above due to the promulgation of the EPA’s New
Source Performance Standards for landfill gas control in 1996
and 1998 (40 CFR Parts 51, 52, and 60). This suggests that
release of mercury from landfills is even lower than cited in
the 1993—1994 study. Modern lined landfills collect over 99%
of the leachate they generate (33); thus, heavy metal releases
from modern lined facilities are very small.

We note that unlined landfills are still used in some parts
of the United States under a “grandfather” clause in the
federal regulations enacted in 1993 mandating modern
engineered liner and leachate collection systems for MSW
landfills. A study of leaching from 146 older, unlined U.S.
landfill sites found only two cases of measurable leakage of
lead into groundwater, attributed to large quantities of lead-
containing industrial waste in the two landfills (34). Turbini
and collaborators note that lead in circuit boards represents
less than 4.4% of total lead found in landfills, and SWANA
(2004) notes that despite the increase in the volume of e-waste
inrecentyears, quantities oflead disposed of in MSW landfills
have decreased over the past 15 years due primarily to the
recycling of lead-acid batteries. Thus, even in older unlined
landfills the risk of discharge of heavy metals leached from
e-waste to the environment appears to be very small (27).
This conclusion is consistent with the conclusion from
SWANA (2004) that “MSW landfills can provide for the safe,
efficient, and long-term management of disposed products
containing RCRA heavy metals without exceeding limits that
have been established to protect public health and the
environment.” (27) The combination of data on heavy metal
concentrations in landfill leachate and mercury emissions
in landfill gas along with evidence that modern landfill
containment systems do an excellent job in preventing
migration of these hazardous substances from the landfill
(35) suggest that potential for discharge to the environment
of hazardous substances from e-waste disposed of in a well-
run modern landfill is negligible. Poorly designed, con-
structed, and operated landfills and older unlined landfills,
on the other hand, may discharge some hazardous substances
from e-waste to the environment (though the data suggests
the actual level of emissions is still likely to be small).

Is recycling actually environmental preferable to putting
e-waste in sanitary landfills? We argue that this is not known
and that it is conceivable that recycling could emit more
toxic heavy metals over the lifecycle. Recycling by definition
mobilizes materials (e.g., via smelting) and depending on
the level of process control can emitlead, mercury, and other
hazardous substances. In contrast with landfills, however,
recycling has the virtue of replacing production of virgin
materials with recycled substitutes. If the avoided lead
emissions associated with mining and milling are larger than
for recycling, recycling would reduce total lead emissions. If
not, recycling e-waste has the potential to release more lead
to the environment than e-waste in landfills. At the time this
review was undertaken, we identified no analyses addressing
under what circumstances which option (recycle versus
landfill) leads to lower lifecycle emissions of heavy metals.
This question should be studied before public policy
mandates recycling as the default environmentally preferable
alternative.

Impact on Workers and Communities Involved in
Informal Recycling in the Developing World. Informal
recycling of e-waste in developing nations has come under
increasing public scrutiny. Exposés by NGOs such as the
Basel Action Network (BAN), the Silicon Valley Toxics
Coalition, and Toxics Link argue that home-grown computer
reuse/recycling systems in China, India, and Nigeria are
causing serious environmental problems (3, 16, 36). For
example, wires are pulled from computers, collected, and
burned in open piles to remove casings and recover copper.



TABLE 2. Concentrations of Pollutants near Informal Recycling Sites in Guiyu, China (9, 17, 40-45)

contaminant air (ng/md) sediments (mg/kg) soil (mg/kg) water (ug/L)
cadmium 7.37 (42) n.d.—10.3 (47) 5.561-43° (11) 0.073-0.362 (40)
7.3 (42) n.d.? (17)
copper 4837 (42) 17.0—-4.5 (41) 1374—14 253° (11) 5.92—-67.3 (40)
126% (42) 29.5-42.79(11)
lead 4442 (42) 28.6—590 (41) 856—7038° (117) 1.33—2.24 (40)
3922 (42) 80—-937(11)
nickel 107 (42) 12.4—543 (41) 85—722¢°(11) 29.8—-66.0 (40)
7.2° (42) 5.56—207 (11)
PAH 40.0—3477 (42) 0.1-0.51 (9) 0.593¢ (9)
22.7—263% (42) 0.249(9) 1.0—3.2¢ (45)
0.099(9)
PCDD/Fs 0.065—2.77 (44) 0.013—0.0907 (43)
0.004—0.019 (43)
PBDD/F 0.008—0.46 (44)

2 Associated with total suspended particles. ? Associated with Particulate matter with diameter smaller than 2.5 um. ¢ At
open burning site. ¢ At reservoir. ¢ At printer roller dump soils. "At acid leaching facilities. 9 At duck pond close to open

burning site.

TABLE 3. Used PC and Monitor's Average Price in Developing
Countries®
country used tower/monitor price

China Pentium 4, 2.4—2.8 GHz/256 MB/40 GB  $170—200
Pentium 4, 1.6—2.26 GHz/256 MB/40 GB $140—150

Pentium I, 600 MHz/128 MB/20 GB $65—85
Pentium II, 450 MHz/128 MB/4.7 GB $20—30
17" CRT monitor $20
19” CRT monitor $70
21" CRT monitor $80
17" LCD monitor $130

India  Pentium 4, 1.6—2.4 GHz/256 MB/40 GB  $155—185

Pentium Ill, 600 MHz/128 MB/20 GB $50—-70
Pentium Il, 450 MHz/128 MB/5 GB $20—-30
17" CRT monitor $20
19” CRT monitor $75

Peru Pentium 4, 2.26—2.4 GHz/256 MB/40 GB $200—240

Pentium 4, 1.7 GHz/256 MB/40 GB $140—-160
Pentium Ill, 1 GHz/256 MB/20 GB $115—-130
Pentium Ill, 866 MHz/128 MB/20 GB $80—90
Pentium Ill, 733 MHz/128 MB/10 GB $65—75
15” CRT monitor $20—-40
17" CRT monitor $50—60

2 Source: websites for used computer sales.

Circuit boards are treated to extract copper and precious
metals using acid, cyanide, and/or and mercury, sometimes
next to rivers.

There is an increasing body of scientific evidence con-
firming that the emissions and contamination associated
with informal electronics recycling are indeed a serious
concern. Researchers have undertaken field measurements
of concentrations of metal and organics in ground, water,
and air in Guiyu, China, the most well-known center of
informal electronics recycling. Table 2 summarizes sample
results from a number of studies of emissions of heavy metals,
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/
Fs), polybrominated dibenzo-p-dioxins and dibenzofurans
(PBDD/Fs), polychlorinated dibenzo- p-dioxins (PCDD), and
polycyclic aromatic hydrocarbons (PAHs).

The release of heavy metals to water, for example, is
thought to be mainly due to acid leaching of circuit boards
next to the nearby Lianjiang and Nanyang rivers. Open
combustion of equipment produces and emits dioxins,
furans, and PAHs. In addition, the high degree of air emissions
of PCDD/F and PBDD/F from open combustion of e-waste

has been corroborated in laboratory simulations of the
processes (37). To benchmark the emission figures in Table
2, note that measured Cd, Cu, and Ni levels in rivers exceed
the EPA’s criteria for freshwaters of 0.25, 9.0, and 52 ug/L,
respectively, potentially risking aquatic communities in the
river (38). Li and collaborators analyze dioxin and furan
emissions and assert that total daily exposures to dioxins
and furans in Guiyu are 15—56 times higher than the World
Health Organization’s recommended limits (39, 44).

Furthermore, studies have begun to explore human
exposure to hazardous pollutants emerging from Guiyu’s
recycling activities. Measurements of blood lead levels were
taken for children under 6 years old and compared to levels
in Chedian, a textile industry town with no e-waste recycling
industry, located to the southwest of Guiyu. Results were
that children in Guiyu clearly had higher blood lead levels.
A sample of 165 Guiyu children had lead levels from 4.4 to
33 ug/dL with 80% exceeding 10 ug/dL, while a sample of 61
Chedian children showed a range of 4.0—23 ug/dL with 38%
exceeding 10 ug/dL (8). Note that blood lead levels exceeding
10 ug/dL are considered of concern by the U.S. Center for
Disease Control and Prevention.

While further work is needed, these initial studies suggest
that the environmental impact of informal recycling are the
most significant of human health impacts associated with
the lifecycle of ICT equipment.

3. Social Issues

The social and cultural implications of ICT are profound,
little understood, and almost never addressed in environ-
mental critiques of the sector; while this should not neces-
sarily be allowed to delay implementation of environmental
and e-waste initiatives, it is a glaring gap in any systemic
effort to understand the sustainability implications of the
sector (46). Personal computers in particular are important
for social and economic development. They are key in running
modern businesses and play an important role in education.
The digital divide, which is the disparity between the adoption
of ICT in the industrialized and industrializing world,
continues to contribute to the gap in wealth. While there are
many factors associated with the digital divide, the expense
of ICT goods and infrastructure is one important obstacle
(47).In addition, computers are a key tool for education and
if used appropriately can bring important benefits for
students, teachers, and their interaction. Computers are
capable of incorporating an individualized interactive ap-
proach where the information is not only presented to the
student but also received from the student (48). Lack of

VOL. 42, NO. 17, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 6449



resources in developing countries and low-income com-
munities in some developed countries create an educational
disadvantage that not only affects the education per se but
has an important impact on societies.

International trade-in quality used equipment represents
an opportunity to bridge the digital divide by making
computers more affordable. It is important to note that the
price gap between used and new computers, expressed in
terms of purchasing power, is far larger for those in developing
countries than for those in rich nations. For example, for
many U.S. consumers faced with the choice between a $700
new system or a $200 used one, the $500 difference does not
pose an a particular burden. They generally choose the new
system. For consumers in poorer countries, however, this
difference can be decisive in enabling the purchase. Table
3 shows some used computers and monitor’s average price
in developing countries. A “starter” system, outdated com-
pared to the state of the art but capable of handling office,
education, and Internet applications, can be purchased for
less than $100. Up-to-date, powerful systems can be pur-
chased for around $300. In terms of software, while in
principle open source options such as Linux are available,
in practice the use of pirated operating systems and ap-
plications is common. The supply of used computers is and
believed to be primarily, but not exclusively, from users in
the developed world. It is important to note that the purchase
of anew computer is normally driven by the desire to update
software or other functionality, not due to breakage of the
machine. In addition, computers are often stored unused in
closets for years before being resold or otherwise disposed
of (49). There are important questions to answer regarding
how a timely flow of quality used equipment might better
contribute to mitigating the digital divide.

Lastly, note that reuse and recycling of a computer is a
source of employment in developing countries. Although
the environmental and human negative impacts of informal
recycling are clear and present, that the sector opens job
opportunities also needs to be understood and addressed
(50).

4. Economic Scale of the Reverse Supply Chain

Reuse and recycling activities are growing, especially in
developing countries. Their economic scale and growth is
difficult to gauge because current economics statistics and
modeling systems generally ignore reuse, recycling, and waste
management activities compared to traditional sectors such
as agriculture, manufacturing, and services. In this section
we combine alternate information sources to estimate the
economic scale of computer reuse and recycling. To first
review used computer markets, according to a study con-
ducted by the International Data Corporation (51), the U.S.
1997 domestic used computer market was 5.5 million units
with 14% annual growth. The study also predicted that the
growth in the used market would decline to 10% growth per
year due to competition from lower-priced new PCs. One
estimate put the scale of domestic sales of PCs (including
used) in the United States at 30.3 million machines in 1998
(52), suggesting that the used market has around an 18%
market share in unit sales. While we found no publicly
available follow-up analysis on U.S. reuse markets, our
informal discussions with industry experts indicate that the
domestic used computer market has suffered due to con-
tinuing price reductions of new PCs (53, 54). On the plus
side, Internet auctions have proved to be a popular way to
connect buyers and sellers of used equipment. E-Bay in
particular facilitates a booming trade in ICT equipment,
valued at about billion in 2001, of which 46% is used
equipment, 14% refurbished, and 40% new (55). Looking
abroad, consultants in Japan estimates the 2001 domestic
market for used computers at 830 000 machines and on track
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for 18% annual growth in 2002 (56). By comparison, the
Japanese market for new PCs in 2001 was 12 million units,
down 11% relative to 2000 (57). More recently, consultants
have analyzed the used computer market in the developing
world and found it robust and growing, estimating 55 million
machines being reused in 2004 with this figure doubling by
2009 (58). While 55 million used computers are certainly
worth less the production of 240 million new ones (60), the
secondary market is still of significant scale. The International
Association of Electronics Recyclers reports annual revenues
in 2006 of 1.5 billion of the combined U.S. reuse and recycling
activities of member companies (59). To estimate the
economic scale of recycling activities only, we assume that
the recycling fee of a takeback system is analogous to price
and multiply by the number of machines recycled. Note that
the costs of recycling vary considerably from nation to nation.
Japan has a relatively high recycling fee, with around $50
charged to recycle a desktop system with monitor. In
Switzerland, the figure is around $50 per desktop system.
The likely explanation for this large gap is that the Japanese
system relies on manual separation while in Switzerland (and
the U.S.), shredders are used to automate the process.
Assuming a $10 per system fee in the U.S., the economic
scale of 2005 computer recycling of 30 million machines is
US$300 million. Revenues from U.S. sale of new machines
are estimated at $90 billion (60), thus recycling is roughly
0.3% of market value.

Moreover, in the developing world recovering reusable
machines, parts, and materials from obsolete equipment is a
source of income for poor communities. Is the potential
economic/employment contribution of a reuse/recycling sector
significant? It is difficult to draw definitive conclusions given
the current lack of information. Drawing on a case study of the
informal CRT disassembly/regunning industry in Delhi, India
(61), one can make a rough estimate of potential global scale.
There are around 1 billion computers in use (82); we estimate
that around 200 million become e-waste each year. This
presumes a 5-year lifespan, a rough guess of the global average
for the interval between purchases (it is 3 years in Japan (62))
and ignores the time spent in storage before eventual disposal
(also about 3 years in Japan (62)). Amit Jain estimates that CRT
reuse/recycling in Delhi uses 3000 total man hours at $2/h to
process 350 CRTs, generating $50 revenue per unit (61). Scaling
up these microresults suggests a global employment of 860 000
persons and $10 billion revenue if all computer reuse/recycling
was implemented as in Delhi. The global industry producing
new personal computers was worth $275 billion in 2003 (60);
so, reuse/recycling is worth 3.6% of manufacturing. While we
emphasize that this is a preliminary back-of-the-envelope
estimate, it indicates that computer reuse/recycling can be
viewed as an economic sector of reasonable scale in its own
right.

5. Existing Strategies To Manage Reverse Supply
Chains for Computers

E-waste has garnered public attention leading to policies
and other efforts aimed to manage reverse supply chains for
computers and other electronics. In this section we consider
the three main policy approaches being applied in the
electronics sector in light of the review of environmental,
social, and economic issues in sections 2, 3, and 4. As quickly
becomes clear, these policies have been adopted with
differentjustifications and created unexpected consequences.
Such difficulty is common in the policy arena, where
competing interests support and oppose policies for a variety
of different reasons and the link between knowledge and
policy is not at all clear. By highlighting these issues, the
challenges involved in connecting new knowledge about
reverse supply chains to future policies becomes more



tangible. Given this appreciation of the complexity of the
policy process, the main purpose of this section is to contrast
the different ways currently used to deal with the growing
e-waste problem.

Legislating Takeback/Recycling Systems. The idea is to
establish a system which ensures that waste computers and
other electronics from households and businesses are
collected and recycled, generally within legislative borders.
The stated goals of this strategy are management of risks
from toxic substances and improvement of recycling rates
of materials such as steel, aluminum, plastics, and precious/
rare metals. At the national level, Belgium, Denmark, Italy,
Korea, Japan, The Netherlands, Norway, Portugal, Sweden,
Switzerland, and Taiwan are countries that have already
legislated takeback/recycling systems for different categories
of electronics (including computers). The most well-known
example has the broadest geographical scope: the Waste
Electronic and Electronical Equipment (WEEE) Directive
mandates electronics takeback/recycling systems for all 27
countries in the European Union (EC 2003) (63). This
legislation along with RoHS (discussed below) are inducing
major effects on the global electronics industry and indeed
could be said to dominate the environmental activities of
most manufacturers. In the United States a number of states
have already or are moving to enact takeback systems (64).
Briefly, the structure of the existing takeback/recycling system
is that recycling fees are collected from either the consumer
or the manufacturer and used to pay for logistics and
recycling.

What are the environmental, social and economic benefits
and costs of the takeback/recycling approach? While it is
often taken for granted that recycling automatically entails
net environmental benefits, we argue that that is not clear
if computer takeback/recycling systems yield a net envi-
ronmental benefit. Takeback and recycling affects flows of
computers to landfills, reuse markets, and informal recyclers
abroad. Diverting e-waste from landfills, as discussed in
section 2, apparently does not directly lower risk of exposure
to toxics. There are indirect benefits from recycling due to
recycled materials substituting for mining and processing of
virgin resources. Diverting computers away from informal
recycling entails a significant environmental benefit. What
particularly complicates the situation is that the environ-
mental benefits of reusing computers far outweigh recycling
(22). Depending on how it is implemented, a takeback/
recycling system can either stimulate or inhibit reuse. We
argue that increases or decreases in reuse significantly lower
or increase net environmental impacts but are currently
poorly understood. It is important to note that promoting
and tracking reuse is not explicitly incorporated into most
current takeback systems. Socially, takeback/recycling stimu-
lates domestic logistics and recycling sectors, but reduces
employment abroad if exports are diverted. Economically,
domestic takeback systems normally represent a net cost
because a domestic materials recycling-focused system is a
net cost operation (thus the need for recycling fees).

Regulating Content of Toxics. The principle of this
strategy is to find alternatives to replace materials of concern
in electronics. By far the most important example of a policy
enacting this approach is the Restriction on Hazardous
Substances (RoHS) Directive, which bans or controls certain
materials in electronics for all products sold in the European
Community (65). RoHS restricts six hazardous elements in
different applications: lead, mercury, cadmium, hexavalent
chromium, and the polybrominated biphenyls (PBB) and
polybrominated diphenyl ethers (PBDE) flame retardants in
casings and circuit boards.

While the initiative shown in developing legislation such
as RoHS is laudable, the domestic environmental benefits,
at least with regard to heavy metals, are not clear. Heavy

metals are embedded within components and do not pose
an exposure risk during normal operation. The potential
benefit of reduced content of heavy metals is lower leaching
from landfills and emissions from recycling processes. The
review in section 2 suggests the environmental risks of
leaching are not significant. Exposure during recycling, at
least in domestic facilities, has yet to be assessed. The case
of brominated flame retardants is distinct from heavy metals
in that the main exposure is presumably during use.
Removing these from products has clear potential to reduce
exposure.

Another key question is whether the alternatives to the
banned toxins are indeed safe enough to be considered a
solution. For example, there are a variety of alternatives to
conventional lead—tin solder: tin—zinc, tin—bismuth—silver,
tin—bismuth—silver—copper, tin—silver—copper, and tin—
silver—copper—antimony. While one presumes that lead-
based formulations will have the highest toxicity, the lifecycle
of solder entails additional types of impacts such as climate
change, ozone, particulate emissions, and eutrophication.
Lifecycle impact assessment studies of solders suggest that
nontoxicity risks of alternatives are often higher than lead-
based versions, partly driven by the additional energy use
associated with higher melting points (66-68).

Though apparently unforeseen when the legislation was
developed, the main environmental benefit of RoHS could
be in reducing exposure to workers and communities in
developing countries involved in electronics recycling.
Indeed, NGOs advocate removal of toxins as a key strategy
to mitigate environmental impact in the informal recycling
sector (3). While removing toxins from electronics will yield
benefits, the crucial yet largely unrecognized point is this: it
solves only part of the problem. There are significant
emissions of toxins generated by informal recycling processes
that were not present in the original computer. Even with a
hypothetical computer containing no toxic substances,
informal recycling would still generate significant harmful
emissions such as dioxins, furans, acids, and cyanide. To
fully mitigate environmental risk, a computer designed for
informal recycling would need to be safe for open burning
and also contain no precious metals which recyclers would
recover using environmentally destructive processes. While
the future may hold an entirely new design paradigm for ICT
equipment, such a computer is not possible on the current
technological horizon. Economically, at least in the short
term while research, developing, and retooling is underway,
materials restrictions increase the price of computers. The
degree of short-and long-term price changes is not yet clear.

Trade Bans. The idea is to manage the environmental
impacts associated with the informal recycling of waste
electronics by cutting off the supply through import and
exportbans. This approach is particularly advocated by NGOs,
who argue that the trade in waste electronics is unethical
and in violation of international law (3). Trade bans could
be implemented through a variety of mechanisms, ranging
from multilateral environmental agreements, national level
import/export law, to firm-level certification programs.

At the international level, the central framework for
controlling international movements of hazardous sub-
stances is the Basel Convention (69). The Basel Convention
requires prior notification between signatories when trading
wastes classified as hazardous. Many categories of e-waste
are classified as hazardous waste and thus are targeted for
prior notification. Products intended for reuse, however, are
exempt from control. The Convention does not however
suggest how to establish the reusability of a given trade flow
in practice, a nontrivial challenge. There is also a proposed
amendment to the Convention, the so-called Basel Ban,
which forbids international trade in all the materials cat-
egorized by the Convention as hazardous. This amendment
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has not been ratified and seems unlikely to be in the near
future. The European Union, nonetheless, has stated its
intention to voluntarily abide by the ban. Enforcing this ban
in practice is complicated by the broadened membership in
the EU (70).

At the national level, a number of countries have
implemented bans or restrictions on imports of e-waste,
which can include used computers. For example, China
implemented a ban on imports of waste and used electronics
in 2000 and further tightened it in 2002 (7I). Due to lack of
enforcement, however, imports continue, and the situation
in Guiyu is much the same in 2007 as it was in 2002 (72). The
major challenge is that e-waste processing is an income-
generating industry in conditions with low labor costs. Thus,
there is an economic incentive for the industry to develop
wherever conditions are favorable. There is also the potential
for displacement: successful enforcement of a ban in one
area results in a shift to another with laxer regulation.

What are the environmental, social, and economic
implications of a trade ban? Presuming successful enforce-
ment, reduction of supply to informal recycling industries
would mitigate environmental damage abroad. On the other
hand, if the system inhibits reuse, additional manufacturing
impacts associated with producing additional equipment are
induced. Still, the serious problems with informal recycling
reviewed in section 3 suggest that informal recycling impacts
ought to take priority over manufacturing ones. Socially,
reduction of trade in used equipment reduces availability to
consumers in developing countries. Economically, a suc-
cessful ban would eliminate jobs of those working in recycling
and reuse. Compared to domestic reuse and recycling, a trade
ban implies higher costs since it centers activities in areas
with higher costs (labor) and lower revenues (less demand
for parts and used equipment).

6. Directions for Future Management of International
Reverse Supply Chains

We argue that none of the three policy types discussed in
section 6, even if cumulatively and successfully applied, would
solve the environmental problem associated with informal
recycling in developing countries. The basic issue is increasing
domestic generation of e-waste in the developing world.
Consumption of computers and other electronics in many
parts of the developing world is rising rapidly (73). Corre-
sponding growth in the recycling infrastructure is not evident,
and even if present, the same economics which drives exports
from the United States abroad would likely stimulate trade
between developing countries in e-waste. We thus argue that
informal recycling is likely to increase even if the United
States and other developed countries ban exports. Removing
heavy metals and brominated flame retardants from com-
puters would reduce impacts in informal recycling but not
affect the considerable generation of toxins in the recycling
processes. While emissions would be reduced and the
consciences of developed world consumers assuaged, sig-
nificant emissions due to informal recycling would continue.

If one includes social and economic considerations, the
ethics of these policies become more complex. For example,
is it ethical to ban a trade which enables employment for
thousands of people in poverty without first making an
attempt to address occupational risks in the industry? Is it
ethical to undertake policies which will increase the price of
computers for lower income consumers? We do not purport
to have the answers but point out that policies imply tradeoffs
between environmental, social, and economic issues.

The management of international reverse supply chains
is a new challenge. We have shown that there are potent
linkages between environmental, social, and economicissues.
We thus argue that societies should explore policies and
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technology aiming to mitigate environmental impacts while
improving social and economic benefits. It may turn out in
the end that we are faced with the choice of choosing either
environment or economy. Until society broadly considers
its options however, possible paths and their multiple
implications are not clear. In the remainder of this section
we discuss issues we view as key to future work to develop,
assess, and implement new systems for the sustainable
management of the end-of-life electronics.

New Policies To Address Informal Recycling. Section 2
supports the case that environmental impacts of informal
recycling are indeed severe. Given that these are likely the
primary health impacts associated with the lifecycle of
electronics, we argue that addressing informal recycling
should be the main priority for environmental management
efforts. Before exploring avenues to do so, we first discuss
the question of responsibility. If informal recycling is driven
by imports from the developed world, some argue that the
developed world bears a degree of responsibility for resulting
environmental impacts (74, 75). The situation is analogous
with the case of “sweatshops” in the developing world.
Increased concern over regional and global pollutants such
as sulfur dioxide and carbon dioxide has stimulated aware-
ness that purely domestic considerations can lead to leakage
of emissions abroad (76). The question of responsibility for
emissions with onlylocal effects is an ethical one. We believe
that enjoying the benefits of a product or service entails a
measure of responsibility for what happens up and down-
stream. Does informal recycling only cause local environ-
mental problems or regional ones as well? This needs to be
explored further, but regardless of the answer we argue that
actions should be taken to mitigate the local problems.

Having set this context, the next question is how oc-
cupational health and safety in the informal sector can be
improved. There two basic approaches. The conventional
approach isregulation: banning industry practice not meeting
a certain standard. Presumably this would be done in
conjunction with the establishment of a formal recycling
infrastructure to handle displaced demand. The challenge is
the economic stimulus driving the growth of the informal
industry: enforcement is needed. In areas of the world with
limited resources for governance, of which there are many,
enforcement is a challenge. The continuation of informal
recycling in Guiyu despite policies and the attention of the
world is evidence of this (71).

The second approach is providing incentives for informal
recyclers not to engage in destructive processes (5). A specific
proposal is to fix market prices for select parts resulting from
the disassembly process which result in environmental
damage when recycled informally (such as circuit boards).
The price is set to create a financial incentive for informal
recyclers to deliver parts to central collection sites rather
than process them on their own. This could be implemented
as a government program which, in addition to mandating
prices, would also ensure that these collected parts are
processed in appropriate recycling facilities. The idea is to
mitigate environmental impacts while maintaining reuse,
profitability, and employment in the sector. Further work is
needed, however, to determine the structure and flows of an
environmentally and economically effective system (5).

Engineering/Policy Integration. Engineering has an
important potential role to play in realizing policy systems
and practice which achieve multicriteria objectives for
international reuse/recycling systems. In the arena of Design
for the Environment (DfE), physical design specifications
such as material selection and assembly structures (i.e.,
screws versus snap fits) influence the performance of
international reuse/recycling systems.

There is an additional design layer less often considered:
using information technology to construct information



systems to enhance the reusability and recyclability of
products. For example, radiofrequency identification devices
(RFIDs) could be placed in computers to provide information
wirelessly to reuse/recycling systems (77). One conceptis an
RFID “blackbox” for each computer, which periodically
records the functionality of different subsystems. At the end
oflife, a computer arriving at a processing center is wirelessly
scanned for functionality and selected for reuse versus
recycling. Tele-inverse manufacturing applied to disassembly
and recycling is another application of informatics (78). The
emphasis here is on remote observation and management
of an international network of reuse and recycling facilities
using advanced telecommunication systems. This concept
could playarole in policy systems which rely on certification
of appropriate treatment of internationally traded second-
hand electronics/e-waste.

The above represents but a subset of the opportunity of
new technologies and polices which could realize a reuse
and recycling system that is environmentally safe and
efficient, increases access to ICT equipment, and provides
jobs. The challenge to explore, select, and make such systems
areality has arrived. We hope to see abroad and international
group of activities develop to take on this challenge.
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