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Display devices such as cathode-ray tube (CRT) televisions and computer monitors are known to contain
toxic substances and have consequently been banned from disposal in landfills in the State of California
and elsewhere. New types of flat panel display (FPD) devices, millions of which are now purchased each
year, also contain toxic substances, but have not previously been systematically studied and compared to
assess the potential impact that could result from their ultimate disposal. In the current work, the focus
is on the evaluation of end-of-life toxicity potential from the heavy metal content in select FPD devices

gee;;\i/g?; environment with the intent to inform material selection and design-for-environment (DfE) decisions. Specifically, the
E-waste metals antimony, arsenic, barium, beryllium, cadmium, chromium, cobalt, copper, lead, mercury, molyb-
Flat panel display denum, nickel, selenium, silver, vanadium, and zinc in plasma TVs, LCD (liquid crystal display) TVs, LCD
Heavy metal computer monitors and laptop computers are considered. The human health and ecotoxicity potentials

are evaluated through a life cycle assessment perspective by combining data on the respective heavy
metal contents, the characterization factors in the U.S. EPA Tool for the Reduction and Assessment of
Chemical and other environmental Impacts (TRACI), and a pathway and impact model. Principal contrib-
utors to the toxicity potentials are lead, arsenic, copper, and mercury. Although the heavy metal content
in newer flat panel display devices creates less human health toxicity potential than that in CRTs, for
ecological toxicity, the new devices are worse, especially because of the mercury in LCD TVs and the

Toxicity potential

copper in plasma TVs.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, there has been a tremendous rate of product re-
design and replacement in consumer electronics. The replacement
of cathode-ray tube (CRT) televisions (TVs) with flat panel display
(FPD) devices such as plasma TVs and liquid crystal display (LCD)
TVs, is particularly notable, with millions of new devices now being
sold each year, asillustrated in Fig. 1. This rapid replacement is sim-
ilar to that for CRT computer monitors by LCD monitors and laptop
computers, which began several years ago (also shown in Fig. 1).
Devices with FPDs are currently the highest volume product within
the market for consumer electronic devices [1,3]. An unintended
outcome of this rapid display device replacement is the generation
of millions of units of CRT waste [2]. Because of the heavy metal
content in CRTs [4], lead (Pb) in particular, the potential for waste
CRTs to impact the environment has been studied previously and
various waste management initiatives have been putinto place. For
instance, the leachability of heavy metals has been assessed to sim-
ulate the hazard from landfilled electronic devices [5-7], and the
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heavy metal content in CRT glass has been characterized to facili-
tate recycling [4]. The findings from these studies indicate that CRTs
contain substantial amounts of Pb, as well as many other heavy
metals, and that under standard leaching test procedures, CRTs do
indeed represent a potential environmental burden. As a result of
these and other findings, the disposal of CRTs in California landfills
was banned in 2001 [8]. The U.S. EPA considers CRT glass to be haz-
ardous waste under RCRA (Resource Conservation and Recovery
Act, 1976), but in January 2007, implemented policy to streamline
management of CRTs if destined for recycling [9].

As LCD computer monitors began to replace CRTs, researchers
asked the questions: will these new devices also represent an
environmental burden at their end-of-life, and can they be bet-
ter designed to reduce this potential impact? In the late 1990s,
an important study was conducted as part of the U.S. EPA’s
Design for Environment Program. Called the Computer Display
Partnership [10], this effort entailed collaboration between indus-
try and researchers at the University of Tennessee to use life cycle
assessment (LCA) methods to analyze the environmental impacts,
performance, and cost of both CRT and LCD desktop computer mon-
itors. The results of this endeavor are provided in an extensive
U.S. EPA report published in 2001 [11] and summarized in Ref.
[12]. The findings of this study indicated that although LCD dis-
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Fig. 1. Sales volume for electronic devices with flat panel displays (FPDs) in the United States. These data were adapted from Refs. [1,2]; the market shares for LCD and plasma

TVs for years 1999-2003 were assumed to be the same as those in year 2004.

plays produced less environmental impact potential than the CRTs
in almost all impact categories, there were still areas of concern
such as potential for aquatic toxicity and eutrophication. Uncer-
tainty related to many aspects of the study, including data sources,
were considered in detail. The findings from this study also high-
lighted the need to better design LCD displays (and other novel
devices) to minimize their toxic substance content and reduce their
potential for negative environmental impacts throughout the life
cycle. Because this study was a comprehensive LCA, the specific
effects of material selection in these products is difficult to extract
from among the trade-offs that also account for other factors such
as energy consumption. Furthermore, this study focused only on
CRTs and LCDs, as used for computer desktop displays. Thus, the
current work is designed to complement the U.S. EPA study by
highlighting the effects of heavy metal content in display tech-
nologies and to consider additional display technologies in light
of the growing demand for FPD TVs, so as to inform design-for-
environment (DfE) decisions. It is recognized that other types of
hazardous substances such as brominated flame retardants, liquid
crystals, Plexiglas™, polyoxymethylene, polyvinyl chloride, and
phthalates are also contained in the devices with FPDs [3], but
these are beyond the scope of the present work. The focus of this
work is on human health and ecotoxicity potential, rather than the
more comprehensive list of impact categories considered in the
U.S. EPA study, because this shorter list of impact categories rep-
resent those for which the presence of heavy metals have a more
direct effect. In addition, the focus is on end-of-life management,
because of the large volumes of waste FPDs that will be generated
in the future, consideration of which has not been previously stud-
ied. Because details on future end-of-life of these devices is highly
uncertain, various assumptions are employed and a pathway and
impact model is developed to estimate the distribution of the heavy
metals in air and water, after the devices are discarded in landfills
and/or incinerated. The U.S. EPA Tool for the Reduction and Assess-
ment of Chemical and other environmental Impacts (TRACI) is used
as the source of characterization factors, because it is U.S. centric
and includes heavy metals in its dataset [13]. It is important to note
that this study is, therefore, a comparative evaluation in the context
of life cycle assessment, rather than an absolute evaluation in the
context of risk assessment [ 14]. The toxicity potentials over time in
the United States are also estimated. This study can contribute to

DfE of the devices, to their market-driven improvement by assist-
ing customers in purchasing and insisting upon greener devices
[15], and to the development of appropriate e-waste management
policy and regulations.

2. Methods
2.1. Pathway and impact model for heavy metals

A pathway and impact model for the heavy metals in e-waste
(see Fig. 2) is developed here so that an upper bound on the
amount of heavy metals can be estimated. Heavy metals in e-waste
treated in incineration facilities are distributed into flue gas, fly ash
and bottom ash [16-18]. Volatile metals are enriched into fly ash,
and lithophilic metals are deposited into bottom ash [16]. Some
lithophilic and volatile metals are included in the flue gas and emit-
ted into the air [16]. The distribution of heavy metals in municipal
solid waste into the flue gas, bottom ash, and fly ash is presented
in Table 1, which shows average values derived from the litera-
ture [16,17]. Note that although the distribution ratio is affected by
waste composition, physico-chemical properties of heavy metals,
and incinerator operating conditions [17], the data in Table 1 can
be used to estimate the amount of heavy metals in the pathways
because in the U.S. e-waste is most commonly disposed of together
with municipal solid waste. The heavy metals in flue gas are ulti-
mately deposited into water. It is assumed that all the heavy metals
in the fly and bottom ashes are landfilled for final disposal [18,19]
and that they ultimately leach into water. It is recognized that this
is an extreme assumption, and that it is inconsistent with the pub-
lic perception of landfills as storage containers. This assumption
can, however, avoid many uncertainties related to complex and
diverse reactions and transformations in landfill facilities. Further-
more, this assumption recognizes that disasters can occur, and that
although a proper landfill liner system should contain the met-
als for the short-term, the long term scale for landfill treatment
is on the order of 1000 years, and therefore landfill treatment can
ultimately return the constituents of waste to the ecological cycle
through chemical, physical, and biological reactions and transfor-
mation [19]. This very long term perspective is consistent with the
“Egalitarian Perspective,” as defined by cultural theory [20] and
applied to LCA within the commonly used European LCA tool Eco-
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Fig. 2. Pathway and impact model for heavy metals in e-waste.

indicator 99™ [21,22]. Various studies have highlighted the need
to consider the Egalitarian Perspective in LCA [23-25], while oth-
ers have built their case studies around this perspective, such as the
assessment by Brambilla Pisoni et al. on the environmental impact
of waste transport [26]. For the purpose of comparison among the
different display devices, such as in the current study, this assump-
tion is the most appropriate approach. Thus, it is assumed that all of
the heavy metals included in e-waste have the potential to impact
human health and the ecosystem through water medium, as trans-
lated by the characterization factors described below. It is further
noted that in this study the toxicity potentials from heavy metals
in flue gas are double-counted for toxicity potentials for both water
and air.

2.2. Evaluation of toxicity potentials from each device

Human health toxicity (cancer and non-cancer) and ecotoxi-
city potentials from each device were evaluated on the basis of
the pathway and impact model by using the heavy metal con-
tent and the respective toxicity potential characterization factors.
Metrics for toxicity potential were first defined by Guinée and Hei-
jungs in 1993 [27] in an effort to develop characterization factors
equivalent to those used for other ecosystem effects such as global
warming potential and ozone depletion potential, recognizing that
while the latter effects contribute to only one mechanism of envi-
ronmental impact, human health and ecological toxicity effects
contribute to more than one mechanism. The method combines
information on exposure and effect, and compares the combined
result for a given substance relative to a reference substance. ‘Tox-
icity potential’ thus “represents the potential contribution of a
unit amount of a given substance to [e.g.,] human toxicity ...
relative to a unit amount of a reference substance [27].” This
approach has been widely accepted and further expanded upon by
others, including Hertwich et al. [28] who expanded the list of sub-
stances and distinguished between cancer and non-cancer effects
in humans, and Huijbregts et al. [29] who developed methods to
distinguish between five ecotoxicity categories. Quite recently, an
effort has been made to develop a consensus model for evaluating
toxicity potential. The product of this effort, which is being coor-
dinated by the United Nations Environmental Program (UNEP) and
the Society of Environmental Toxicology and Chemistry (SETAC),

called UseTOX, will provide an important tool to the LCA com-
munity, but at present it does not include any data on metals
[30].

One method that derives from the early studies described above
is TRACIL TRACI is a set of metrics developed by the U.S. EPA in
a program that was initiated in 1995, with the goal of creating a
U.S. centric tool for consistent decision making based on life cycle
thinking [13], noting that the characterization factors developed
by Guinée and Heijungs derive from European standards. During
the development of TRACI, select environmental impact categories
were investigated and the best available approach was applied to
each category. For the categories of human health toxicity potential
(cancer and non-cancer) and ecotoxicity potential, the characteri-
zation factors represent the “potential of a chemical released into
an evaluative environment to cause human cancer effects/human
non-cancer effects/environmental harm [13].” These characteriza-
tion factors are derived on the basis of sophisticated multi-media
models and exposure models, relying heavily on CalTOX, which s a
widely accepted generic fate and exposure model [31]. The reader
is encouraged to read Ref. [13] for complete details. It should be
noted that for the human health categories (cancer and non-cancer
potential) the characterization factors represent a U.S. geograph-
ical average, because sensitivity to toxicity and cancer potency
was determined to be orders of magnitude more significant than
regional sensitivities [13]. The units on the TRACI characterization
factors reflect the extension of Guinée and Heijungs’ method to
compare toxicity to a reference substance, rather than in abso-
lute terms: grams of benzene equivalent for human health, cancer;
grams of toluene equivalent for human health, non-cancer; and
grams of 2,4-dichlorophenoxyacetic acid equivalent for ecotoxiticy.
The TRACI tool has been widely used, including its application to
industrial ecosystem design in the Lower Mississippi River Corridor
[32], to the comparison of in situ and ex situ treatment scenarios for
remediation of a diesel-contaminated site [33], and to the compar-
ison of crop-based, fossil-based and electric fuels [34]. Moreover,
TRACI is one of the few data sets that attempt to characterize
the effects of heavy metals [35]. Thus, TRACI, with its U.S. centric
metrics [36], is an appropriate data source for the current work.
It should be noted that this application of TRACI, as well as the
pathway and impact model, do not take into account occupational
exposure.

Table 1
Distribution of heavy metals into flue gas, fly ash, and bottom ash incurred in incineration facilities for municipal solid waste.
Sbh2 AsP cdb Crb Co® CuP PbP Hg® Nic Se? ZnP
Flue gas (%) 1 1 4 0 0 0 1 74 0 0 1
Fly ash (%) 66 42 84 8 10 5 38 24 8 22 45
Bottom ash (%) 33 57 12 92 90 95 61 2 92 78 54

a Data source: [16].
b Data sources: [16,17].
¢ Data source: [17].
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Laptop computers, LCD monitors, LCD TVs, and plasma TVs were
employed to represent waste electronic devices with FPDs and
were compared to CRT TVs. The heavy metal content of waste
electronic devices with FPDs was obtained from the literature to
calculate the weight of each metal in each device [37]: four rep-
resentative laptop computers, seven LCD monitors, four LCD TVs,
and four plasma TVs. These data were assumed to be simple ran-
dom samples and their populations were assumed to be normally
distributed, in order to calculate the margin of error for a 95%
confidence interval. The data for CRT TVs were derived from recy-
cling facilities [38]. The screen sizes for these representative FPDs
were 12.1-13.3in. for laptop computers, 15-17 in. for LCD moni-
tors, 26-37 in. for LCD TVs, 42-50in. for plasma TVs, and 20-21 in.
for CRT TVs. The heavy metals consist of Sb, As, Ba, Be, Cd, Cr, Co,
Cu, Pb, Hg, Mo, Ni, Se, Ag, V, and Zn.

The toxicity potentials for air from Ba, Be, Mo, Ag, and V were not
evaluated because data on their distributions into flue gas were not
available. Inspection of their respective weights and characteriza-
tion factors, however, indicates that their toxicity potentials would
be negligible evenin the extreme case, because even if 100% of these
metals is assumed to be emitted to the air, their evaluated toxicity
potentials for air are still negligibly small when compared to those
of the other metals.

2.3. Estimation of toxicity potentials over time in the United
States

Human health toxicity and ecotoxicity potentials in the U.S.
were estimated on the basis of the pathway and impact model by
using the average toxicity potentials, sales volume over time, prod-
uct weights, lifetimes of each device, and the fraction of devices
landfilled and incinerated. The sales volume data were presented
in Fig. 1. Average product weights were used for laptop computers
and LCD monitors [2]. Representative weights were used for LCD
and plasma TVs by converting the representative screen sizes into
weights through product specifications [1]. The fraction of devices
that are landfilled and incinerated relative to total waste devices
was set at 0.85 through year 2005 and at 0.82 from year 2006 [39];
the remaining fraction represents recycled devices. The fraction of
devices treated in incineration facilities to total waste devices was
set at 0.02 [40]. Although it would be interesting to compare the
toxicity potential as a function of disposal route, such a compari-
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son is beyond the scope of the present work. The average lifetimes
were set at 7 and 9 years for laptop computers and LCD monitors,
respectively [2]. For LCD and plasma TVs, a lifetime of 15 years was
assumed, which is the average lifetime for CRT TVs [2]. Note that in
order to minimize uncertainty the temporal estimation did not take
into account changes in recycling fraction in the future, which could
reduce toxicity potentials. Furthermore, the temporal estimation
results assumed static product composition and technology.

3. Results and discussion
3.1. Weights of heavy metals included in each device

The heavy metals in the devices with FPDs consisted mainly of
Cu and Pb, as shown in Fig. 3. The total weight of heavy metals in
these devices was less than that in the CRT TVs. It is also noted that
the amount of Cu and Pb is much less in the new devices than in
the CRT TVs, with the exception of the Cu in the plasma TVs. The
Cu in these devices is used primarily as the conducting material in
the printed wire boards (PWBs) and cables [3]. The Pb is used in
the PWBs as solder (in metallic form) [3], in the dielectric layers of
plasma TVs to prevent the deformation of the glass substrates (in
oxide form) [41], and in the glass components of CRT TVs (i.e., pan-
els, funnels, necks, and frits) to shield X-rays generated in the CRTs
and to reduce the forming temperature of the glass (in oxide form)
[5]. Arsenic is added to the glass in its oxide form during the melt-
ing process to improve the optical clarity of the glass panels in LCDs
[42], and could be present in IlI-V semiconductors on the PWBs
in the form of GaAs and InAs [43]. Mercury is found in the back-
lights of LCD panels, i.e., in cold cathode fluorescent lamps (CCFLs)
that use mercury-containing bulbs, which are energy-efficient and
cost-effective [3]. Although the absolute quantity of heavy metals
provides some valuable information, the toxicity of these metals is
relatively different and should be taken into account in comparing
the potential impact of these devices in the waste stream.

3.2. Human health and ecological toxicity potentials from each
device

3.2.1. Cancer potentials
Pb and As in the devices with FPDs are the only contributors
to cancer potentials for water and for air, except for Cd in CRTs,

HI

Pb Hg Mo Ni Se Ag A Zn  Total

Heavy Metals and Their Total Weights
ULaptop Computer @mLCD Moniter ©LCD TV ®Plasma TV mColor CRT TV

Fig. 3. Heavy metal content in waste electronic devices with flat panel displays (FPDs) and in cathode-ray tube (CRT) TVs. The error bars show the positive margin of error

for a 95% confidence interval.
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potentials for air. The error bars show the positive margin of error for a 95% confidence interval.
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as shown in Fig. 4(a) and (b). Although the contents of Pb and
As in the devices are different by several orders of magnitude
(see Fig. 3), their toxicity potentials are on the same order, espe-
cially in the laptop computers and LCD monitors. It should also
be noted that, although Pb in electronics is regulated by the EU-
RoHS (Restriction of the Use of Certain Hazardous Substances in
Electrical and Electronic Equipment) Directive [44] and the Cali-

fornia Electronic Waste Recycling Act (CEWRA) [45], arsenic is not.
In addition, although In was not taken into account in this study
because its characterization factor from TRACI is not available, In
compounds, such as InAs and InP semiconductors and indium tin
oxide (ITO), which is used as a transparent and conductive thin
film in LCDs [46], have the potential to incur lung disease and
cancer.
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The devices with FPDs exhibit lower cancer potentials than the
CRT TVs, and the plasma TVs exhibit higher cancer potentials than
the LCD TVs, primarily because of the differences in Pb content.

3.2.2. Non-cancer potentials

Major contributors to non-cancer potentials for water in the
devices with FPDs are Cu, Pb and Hg; and those for air are Pb and
Hg, as shown in Fig. 4(c) and (d). The different results between
water and air media result from the fact that Cu is thermody-
namically a lithophilic metal and so it is distributed mainly to
bottom and fly ash [16]; as a result, Cu has no impacts through
air but only through water. The non-cancer potentials for water
from the other heavy metals are, in general, at least one order of
magnitude less than those for Cu, Pb and Hg, although the tox-
icity potentials from Sb, As, Ba, Cr, Mo, Ni, Ag and Zn should be
noted. For air, only Sb, As and Zn generate notable levels of toxicity
potential, although still orders of magnitude less than from Pb and
Hg.

The devices with FPDs exhibit lower non-cancer potentials
than the CRT TVs, and the plasma TVs exhibit higher non-cancer
potentials than the LCD TVs. The Pb is the major contributor
to the high non-cancer potentials from the CRT TVs, as in the
comparison of the cancer potentials. The differences in the non-
cancer potentials between the plasma TVs and the LCD TVs result
primarily from the presence of Pb rather than from Cu and
Hg.

3.2.3. Ecotoxicity potentials

A major contributor to ecotoxicity potentials for water from the
devices with FPDs is Cu in the PWBs; for air the major contributors
are Hg in the CCFLs for the devices with LCDs and Pb for the plasma
TVs, as shown in Fig. 4(e) and (f). The different results between
water and air media were derived from the different volatile charac-
teristics of the metals. It is interesting to note that for the ecotoxicity
potentials for water, Pb, Ni, and Hg are on the same order, although
noticeably lower than for Cu. Zn, Co, Cr, and As also demonstrate
ecotoxicity potentials, but several orders of magnitude less than for
Cu. In air, only Zn, As, and Sb lead to ecotoxicity potentials.

The devices with FPDs exhibit lower ecotoxicity potentials for
water than the CRT TVs, with the exception of the plasma TVs, and
lower ecotoxicity potentials for air, with the exception of the LCD

1800 -
1600

1400

257

TVs; and the plasma TVs exhibit higher ecotoxicity potentials for
water than the LCD TVs but lower ecotoxicity potentials for air. The
Cu is the major contributor to the high ecotoxicity potentials for
water from the plasma TVs, and the Hg leads to the high ecotoxicity
potentials for air from the LCD TVs.

3.2.4. Implications

DfE and e-waste management policy for devices with FPDs
should focus on Pb, As, Hg, and Cu with priority to effectively reduce
their toxicity potentials. Manufacturers should replace these heavy
metals in the devices with non-toxic materials, which can relieve
consumers’ concerns and persuade them to purchase their greener
devices. The implementation of RoHS in the EU and of CEWRA
in California will drive the removal of Pb and Hg, as well as Cd
and Cr, from these products. Thus, future efforts should focus on
As and Cu; several other heavy metals are of secondary impor-
tance: Sb, Ba, Co, Mo, Ni, Ag and Zn. Revolutionary, not evolutionary,
changes in technology and materials are needed to eliminate the
use of these heavy metals. Unless such changes become realis-
tic in the short- to mid-term future, e-waste management policy
and regulations should be established to eliminate and/or recycle
the heavy metals to prevent their release into the environment.
Furthermore, the toxicity potentials of nanoscale materials and
devices, including As-containing materials such as GaAs and InAs,
should be further investigated as the electronics industry con-
tinues to develop nanotechnology to enhance the performance
of electronic devices. The size, structure, and physical/chemical
properties of nanoscale materials and devices can incur greater
impacts on human health and ecosystems under certain conditions
[47,48].

The ecological performance of LCD and plasma TVs should
be improved to protect ecosystems. Although display technology
development from CRT TVs to FPD TVs would contribute to improv-
ing human health due to less cancer and non-cancer potentials of
FPD TVs than for CRT TVs, waste LCD and plasma TVs would have
more significant impact potentials on ecosystems in the near future
than CRT TVs because CRT TVs have been dramatically replaced
with LCD and plasma TVs. Therefore, manufacturers of LCD and
plasma TVs should endeavor to decrease the use of Hg and Cu,
respectively, to reduce ecotoxicity potentials.
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3.3. Toxicity potentials over time in the United States

3.3.1. Temporal variation of toxicity potentials

The cancer potentials are projected to dramatically increase
over the next few years, as shown in Fig. 5. The cancer potentials
from laptop computers and LCD monitors are projected to signifi-
cantly increase starting in years 2009 and 2011, respectively. LCD
monitors exhibit a larger increase in cancer potentials than laptop
computers because of the rapid replacement of CRT monitors with
LCD monitors since year 2002 (see Fig. 1). A dramatic increase in
cancer potentials from LCD and plasma TVs is projected to begin in
year 2021 because of the even more rapid replacement of CRT TVs
with LCD and plasma TVs since year 2006 (see Fig. 1). It is antici-
pated that after year 2023, the high impacts from LCD and plasma
TVs will continue to grow due to increased sales volume, data for
which are notyet available. Some of this growth in toxicity potential
(as well as those for non-cancer and ecotoxicity) will, however, be
mitigated through the implementation of RoHS and CEWRA, which
will force the decreased use of Pb, Hg, Cd, and Cr in these products.

The non-cancer potentials are projected to increase rapidly over
time in the same manner as the cancer potentials, as shown in
Supplementary Material. It is interesting to note, however, that
whereas the cancer potentials from the plasma TVs rapidly sur-
passed the cancer potential from the LCD monitors and laptops, the
non-cancer potentials for water remain higher, especially for LCD
monitors. In air, the new TVs (both plasma and LCD) both rapidly
outpace the LCD monitors for non-cancer potential, especially for
the LCD TVs because of mercury’s contribution.

The ecotoxicity potentials are also projected to increase over
time, as shown in Supplementary Material. It is noted, however,
that the ecotoxicity potentials for water from both LCD and plasma
TVs are, for this toxicity category, lower than those from laptop
computers and LCD monitors. In contrast, the ecotoxicity potentials
increase dramatically for air with the introduction (and disposal)
of the LCD TVs.

3.3.2. Implications

E-waste management policy and regulations should be estab-
lished to prevent significant environmental and human health
threats from what will soon be a rapidly growing waste stream
of electronic devices with FPDs. In addition to targeting the heavy
metal content of these devices, it is important for waste man-
agement organizations and regulatory bodies to prepare for the
potentially large quantities of potentially toxic devices. This prepa-
ration should entail not only legislative initiatives, but also the
development of appropriate recycling, recovery and collection
technologies, especially for the large LCD and plasma TVs.

4. Conclusions

Electronic devices with FPDs contain significant amounts of a
wide variety of heavy metals, which, when disposed of by land-
fill or incineration, can lead to potential human health toxicity and
ecotoxicity. With millions of these devices now being sold each
year in the U.S. as replacements for the conventional CRT displays,
there is a need to select less toxic materials for use in these prod-
ucts. This study highlights not only the heavy metal content in
these new devices, but also the toxicity potential associated with
them. By incorporating TRACI characterization factors, a compar-
ative life-cycle based assessment is provided. The results indicate
that although from a human health toxicity perspective the new
FPDs are better than the CRTs they replace, these new devices
still contain substantial amounts of toxic heavy metals. When con-
sidering ecotoxicity, the new devices (specifically plasma TVs and
LCD TVs) are not better than the CRTs. The heavy metals of great-

est concern include, not surprisingly, lead (Pb) and mercury (Hg),
which are now being phased out by law. Other metals, however, are
also highlighted in the results of this study, especially copper and
arsenic. Also of concern for select impact categories are indium,
nickel, antimony, barium, chromium, cobalt, molybdenum, silver
and zinc. It is important to note that some of these substances,
although used in very small quantities, represent significant toxic-
ity potential. The results of this study can contribute to improved
decision making for material selection and design for environment
of new devices. These findings also can provide consumers with
appropriate toxicity information, which can motivate changes in
e-waste management policy and regulation.

Acknowledgements

This paper is based upon work supported by the National Science
Foundation under grant number CMS-0524903. The authors are
also grateful to Drs. Ogunseitan, Shapiro and Saphores for valuable
technical discussions.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jhazmat.2009.12.025.

References

[1] K. Jones, B. Keynes, The impacts of changing TV technologies and market
trends on the energy consumption on TVs and the need for a better TV energy
test method, International Energy Agency. http://www.iea.org/Textbase/work/
2007/set-top/background/Impact.pdf (accessed August 2008).

[2] US EPA, Electronics Waste Management in the United States: Approach One.
EPA530-R-08-009, 2008.

[3] King County Solid Waste Division, Flat Panel Displays: End of Life Management
Report, 2007.

[4] F.Mear,P. Yot, M. Cambon, M. Ribes, The characterization of waste cathode-ray
tube glass, Waste Manage. 26 (2006) 1468-1476.

[5] S.E. Musson, Y.-C. Jang, T.G. Townsend, L.-H. Chung, Characterization of lead
leachability from cathode ray tubes using the toxicity characteristic leaching
procedure, Environ. Sci. Technol. 34 (2000) 4376-4381.

[6] Y.-C.Jang, T.G. Townsend, Leaching of lead from computer printed wire boards
and cathode ray tubes by municipal solid waste landfill leachates, Environ. Sci.
Technol. 37 (2003) 4778-4784.

[7] J.D. Lincoln, O.A. Ogunseitan, A.A. Shapiro, ].M. Saphores, Leaching assessments
of hazardous materials in cellular telephones, Environ. Sci. Technol. 41 (2007)
2572-2578.

[8] California Department of Toxic Substances Control (DTSC), Summary of the
DTSC Response to Questions Regarding Management of Cathode Ray Tubes.
http://www.ciwmb.ca.gov/electronics/regissues/dtscmff/032001summ.htm
(accessed October 2009).

[9] US EPA, 40 CFR Parts 9, 260, 261, and 271. Federal Register, 71 (145), July 28,
2006.

[10] US EPA, Computer Display Partnership. http://www.epa.gov/dfe/pubs/
projects/computer/index.htm (accessed October 2009).

[11] USEPA, Desktop Computer Displays A Life-Cycle Assessment. http://www.epa.
gov/dfe/pubs/comp-dic/lca/index.htm (accessed October 2009).

[12] M.L. Socolof, J.G. Overly, J.R. Geibig, Environmental life-cycle impacts of CRT
and LCD desktop computer displays, J. Clean. Prod. 13 (2005) 1281-1294.

[13] J.C.Bare, G.A. Norris, D.W. Pennington, T. McKone, TRACI: the tool for the reduc-
tion and assessment of chemical and other environmental impacts, J. Ind. Ecol.
6(2003) 49-78.

[14] SJ.Cowell, R. Fairman, R.E. Lofstedt, Use of risk assessment and life cycle assess-
ment in decision making: a common policy research agenda, Risk Anal. 22
(2002) 879-894.

[15] S. Lavallee, S. Plouffe, The ecolabel and sustainable development, Int. ]. Life
Cycle Assess. 9 (2004) 349-354.

[16] C.H. Jung, T. Matsuto, N. Tanaka, T. Okada, Metal distribution incineration
residues of municipal solid waste (MSW) in Japan, Waste Manage. 24 (2004)
381-391.

[17] S.Abanades, G. Flamant, B. Gagnepain, D. Gauthier, Fate of heavy metals during
municipal solid waste incineration, Waste Manage. Res. 20 (2002) 55-68.

[18] T. Uryu, U. Yoshinaga, Y. Yanagisawa, Environmental fate of gallium arsenide
semiconductor disposal, J. Ind. Ecol. 7 (2003) 103-112.

[19] T.Sabbas, A. Polettini, R. Pomi, T. Astrup, O. Hjelmar, P. Mostbauer, G. Cappai, G.
Magel, S. Salhofer, C. Speiser, S. Heuss-Assbichler, R. Klein, P. Lechner, Manage-
ment of municipal solid waste incineration residues, Waste Manage. 23 (2003)
61-88.


http://dx.doi.org/10.1016/j.jhazmat.2009.12.025
http://www.iea.org/Textbase/work/2007/set-top/background/Impact.pdf
http://www.iea.org/Textbase/work/2007/set-top/background/Impact.pdf
http://www.ciwmb.ca.gov/electronics/regissues/dtscmff/032001summ.htm
http://www.epa.gov/dfe/pubs/projects/computer/index.htm
http://www.epa.gov/dfe/pubs/projects/computer/index.htm
http://www.epa.gov/dfe/pubs/comp-dic/lca/index.htm
http://www.epa.gov/dfe/pubs/comp-dic/lca/index.htm

S.-R. Lim, J.M. Schoenung / Journal of Hazardous Materials 177 (2010) 251-259 259

[20] M. Thompson, RJ. Ellis, A.B. Wildavsky, Cultural Theory, Westview Print Boul-
der, 1990.

[21] P. Hofstetter, Perspectives in Life Cycle Impact Assessment: A Structured
Approach to Combine Models of the Technosphere, Ecosphere and Valuesphere,
Kluwers Academic Publishers, 1998.

[22] Ministry of Housing, Spatial Planning, and the Environment (Netherlands), Eco-
indicator 99 Manual for Designers: A Damage Oriented Method for Life Cycle
Impact Assessment, Communications Directorate, Hague, 2000.

[23] L. Mila, I. Canals, J. Chenoweth, A. Chapagain, S. Orr, A. Antén, R. Clift, Assessing
freshwater use impacts in LCA: Part [—inventory modelling and characterisa-
tion factors for the main impact pathways, Int. J. Life Cycle Assess. 14 (2009)
28-42.

[24] R. Frischknecht, A. Braunschweig, P. Hofstetter, P. Suter, Human health dam-
ages due to ionising radiation in life cycle impact assessment, Environ. Impact
Assess. Rev. 20 (2000) 159-189.

[25] P.Hofstetter, T. Baumgartner, RW. Scholz, Modelling the valuesphere and the
ecosphere: integrating the decision makers’ perspectives into LCA, Int. ]. Life
Cycle Assess. 5 (2000) 161-175.

[26] E. Brambilla Pisoni, R. Raccanelli, G. Dotelli, D. Botta, P. Melia, Accounting for
transportation impacts in the environmental assessment of waste management
plans, Int. J. Life Cycle Assess. 14 (2009) 248-256.

[27] ].Guinée,R. Heijungs, A proposal for the classification of toxic substances within
the framework of life cycle assessment of products, Chemosphere 26 (1993)
1925-1944.

[28] E.G.Hertwich, S.F. Mateles, W.S. Pease, T.E. McKone, Human toxicity potentials
for life-cycle assessment and toxics release inventory risk screening, Environ.
Toxicol. Chem. 20 (2001) 928-939.

[29] M.A. Huijbregts, U. Thissen, J.B. Guinée, T. Jager, D. Kalf, D. Van De Meent, A.M.]J.
Ragas, A. Wegener Sleeswijk, L. Reijnders, Priority assessment of toxic sub-
stances in life cycle assessment. Part I: calculation of toxicity potentials for
181 substances with the nested multi-media fate, exposure and effects model
USES-LCA, Chemosphere 41 (2000) 541-573.

[30] RK. Rosenbaum, T.M. Bachmann, L.S. Gold, M.AJ. Huijbregts, O. Jolliet, R.
Juraske, A. Koehler, H.F. Larsen, M. MacLeod, M. Margni, T.E. McKone, ]. Payet,
M. Schuhmacher, D. van de Meent, M.Z. Hauschild, USEtox-the UNEP-SETAC
toxicity model: recommended characterisation factors for human toxicity and
freshwater ecotoxicity in life cycle impact assessment, Int. J. Life Cycle Assess.
13 (2008) 532-546.

[31] M.AJ. Huijbregts, L.M.J. Geelen, E.G. Hertwich, T.E. McKone, D. Van De Meent,
A comparison between the multimedia fate and exposure models CalTOX and
uniform system for evaluation of substances adapted for life-cycle assessment
based on the population intake fraction of toxic pollutants, Environ. Toxicol.
Chem. 24 (2005) 486-493.

[32] A. Singh, H.H. Lou, C.L. Yaws, J.R. Hopper, RW. Pike, Environmental impact
assessment of different design schemes of an industrial ecosystem, Resour.
Conserv. Recy. 51 (2007) 294-313.

[33] M. Cadotte, L. Deschenes, R. Samson, Selection of a remediation scenario
for a diesel-contaminated site using LCA, Int. J. Life Cycle Assess. 12 (2007)
239-251.

[34] K. Rogers, T.P. Seager, Environmental decision-making using life cycle
impact assessment and stochastic multiattribute decision analysis: a case
study on alternative transportation fuels, Environ. Sci. Technol. 43 (2009)
1718-1723.

[35] S.-R. Lim, C.W. Lam, J.M. Schoenung, Quantity-based and toxicity-based eval-
uation of the US toxic release inventory, J. Hazard. Mater., submitted for
publication.

[36] X.Zhou, .M. Schoenung, Combining U.S.-based prioritization tools to improve
screening level accountability for environmental impact: the case of the chem-
ical manufacturing industry, J. Hazard. Mater. 172 (2009) 423-431.

[37] California Department of Toxic Substances Control (DTSC), Determination of
regulated elements in discarded laptop computers, LCD monitors, plasma TVs,
and LCD TVs (SB20 Report), 2004.

[38] T.Matsuto, C.H.Jung, N. Tanaka, Material and heavy metal balance in arecycling
facility for home electrical appliances, Waste Manage. 24 (2004) 425-436.

[39] US EPA, Statistics on the management of used and end-of-life electron-
ics. http://www.epa.gov/epawaste/conserve/materials/ecycling/manage.htm
(accessed August 2008).

[40] US EPA, Management of Electronics Waste in the United States: Approach Two.
EPA530-R-07-004b, 2007.

[41] ]J.-Y. Song, S.-Y. Choi, Fabrication and characterization of Pb-free transparent
dielectric layer for plasma display panel, Displays 27 (2006) 112-116.

[42] A.B. Atkarskaya, V.N. Bykov, Clarification of glass using arsenic and antimony
oxides, Glass Ceram. 60 (2003) 389-391.

[43] A.Tanaka, Toxicity ofindium arsenide, gallium arsenide, and aluminum gallium
arsenide, Toxicol. Appl. Pharm. 198 (2004) 405-411.

[44] European Commission-RoHS Directive, Directive 2002/95/EC of the European
Parliament and of the Council on the Restriction of the Use of Certain Hazardous
Substances in Electrical and Electronic Equipment, European Commission,
Brussels, Belgium, 2003.

[45] California State Board of Equalization, California Electronic Waste Recycling
Act of 2003, 2007.

[46] T. Hamaguchil, K. Omael, T. Takebayashil, Y. Kikuchil, N. Yoshiokal, Y. Nishi-
wakil, A. Tanaka, M. Hirata, O. Taguchi, T. Chonan, Exposure to hardly soluble
indium compounds in ITO production and recycling plants is a new risk for
interstitial lung damage, Occup. Environ. Med. 65 (2008) 51-55.

[47] L. Sweet, B. Strohm, Nanotechology—life cycle risk management, Hum. Ecol.
Risk Assess. 12 (2006) 528-551.

[48] V. Stone, H. Johnston, M.J.D. Clift, Air pollution, ultrafine and nanoparticle tox-
icology: cellular and molecular interactions, IEEE Trans. Nanobiosci. 6 (2007)
331-340.


http://www.epa.gov/epawaste/conserve/materials/ecycling/manage.htm

	Human health and ecological toxicity potentials due to heavy metal content in waste electronic devices with flat panel dis...
	Introduction
	Methods
	Pathway and impact model for heavy metals
	Evaluation of toxicity potentials from each device
	Estimation of toxicity potentials over time in the United States

	Results and discussion
	Weights of heavy metals included in each device
	Human health and ecological toxicity potentials from each device
	Cancer potentials
	Non-cancer potentials
	Ecotoxicity potentials
	Implications

	Toxicity potentials over time in the United States
	Temporal variation of toxicity potentials
	Implications


	Conclusions
	Acknowledgements
	Supplementary data
	Supplementary data


