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This paper presents an analysis of the material recovery
system for leaded glass from cathode ray tubes (CRTs) using
a dynamic material flow analysis. In particular, the global mass
flow of primary and secondary CRT glass and the theoretical
capacities for using secondary CRT glass to make new CRT glass
are analyzed. The global mass flow analysis indicates that
the amount of new glass required is decreasing, but is much
greater than the amount of secondary glass collected, which is
increasing. The comparison of the ratio of secondary glass
collected to the amount of new glass required from the mass
flow analysis indicates that the material recovery system is
sustainable for the foreseeable future. However, a prediction
of the time at which the market for secondary glass will collapse
due to excess capacity is not possible at the moment due to
several sources of uncertainty.

Introduction
Devices containing cathode ray tubes (CRTs), such as
computer monitors or televisions (TVs), represent a signifi-
cant and challenging fraction of the end-of-life (EoL)
electronics waste stream. In Europe, where regulated EoL
electronics, or e-waste, includes nearly every product with
a cord or battery, CRT devices represented approximately
22% by weight of e-waste generated in 2005 (1). In the U.S.,
where regulated e-waste typically includes only computing
equipment and TVs, this figure climbs to 58% (2). The leaded
glass in the CRT is the cause of several EoL treatment
challenges. Furthermore, both economic and technological
barriers exist to reuse the glass from EoL CRTs in other
applications (including new CRTs). Fortunately, two viable
uses for EoL CRT glass (also known as secondary CRT glass
or CRT glass cullet) exist: raw material for the production of
new CRTs and fluxing agents in smelters (2). Of these two,
the environmentally preferred, higher value, and historically
predominant sink has been the former.

There is a sentiment in the developed world that the CRT
is a dying technology (3). Indeed, CRT sales for monitors and
televisions are markedly down in the U.S. as costs for more
compact, liquid crystal displays (LCDs) have decreased (3).

Although inexpensive CRTs remain popular in the developing
world (4), it is clear that, even for those markets, CRTs will
eventually be supplanted. Inherently, a shift to new display
technologies will also drive an increase in CRT device
retirement. These coupled trends directly call into question
the ongoing viability of the economically and environmentally
preferred material recovery pathway: the reuse of CRT cullet
into new CRTs. Will the supply of EoL cullet outstrip the
capacity of new production? Information about the timing
and extent of this oversupply should help stakeholders
identify the need for developing or facilitating other sinks for
CRT cullet. The issue has urgency due to the rapidly changing
nature of the CRT market and regulatory climate.

To explore this issue, this paper develops and exercises
a dynamic material flow analysis model of the global mass
flows of primary and secondary CRT glass. Specifically, by
simultaneously comprehending global trends in sales, retire-
ment, and production technologies for CRTs, the model
projects the relative supply of and demand for CRT cullet
and ultimately estimates the time until supply of CRT cullet
exceeds demand. The results of the work provide insight
into the factors that will have the greatest impact on the
economic viability of the CRT glass recovery system. Fur-
thermore, the methodology is a broader example of applying
material flow analysis to identify market vulnerabilities in a
material system. The case analysis is relatively unusual in
that it evaluates a material system with rapidly declining
consumption. Thus, the methodology may be of particular
value in the analysis of systems with similar characteristics.

The paper continues with a review of previous research
on the modeling of secondary materials systems as well as
background on the CRT glass system. This is followed by a
description of the specific elements of the model, the methods
used to characterize the CRT glass system, and the case
analysis.

Literature Review. Material flow analysis (MFA) has been
used extensively to quantify the nature, magnitude, and
drivers of resource use (5); waste generation (6, 7), and the
mobilization of effluents (8). MFA studies have been broadly
developed to support decision-making concerning waste and
secondary resources policy. Although MFA-based forecasting
does exist (9), MFA studies do not typically include com-
parisons of future, global supply and demand in secondary
material streams because such studies are either regional
(10, 11), static (11), or historical (11, 12). Furthermore, MFA
studies quantify actual material flows but do not generally
evaluate technological capacities to use secondary streams.

A few exceptions to this exist in the literature. Several
studies have utilized MFA to estimate how characteristics of
secondary materials streams will evolve (13, 14) and eventu-
ally be limited (15, 16). Being regionally focused, these studies
attempt to characterize only technological limitations due
to changes in patterns of consumption and trade. Further-
more, all of the above cases rely on statistical projections of
observed material flows. Because materials flow responds to
derived demand, this approach is appropriate only where
driving direct demand patterns are expected to pattern
historic trends (a plausible assumption for large, diverse
materials markets like steel). Examples of dynamic MFA based
around direct product demand are found in a set of work by
Reuter, van Schaik, and others who have used simulation
models to characterize fundamental physical recycling limits
for closed-loop recycling within specific product sectors (e.g.,
automobiles) (17-20). Although they provide key insights,
these papers do not explicitly explore how technological
characteristics and supply/demand dynamics can convolve
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to bound long-term capacity for reuse. From a methodologi-
cal perspective, this study attempts to complement and
extend these examples of dynamic-MFA by demonstrating
the value of explicitly modeling evolution in technology (i.e.,
the capacity to use cullet in new products), the underlying
product demand (i.e., the size and composition of CRT
demand), and the underlying supply (i.e., market and
regulatory driven product retirement and disposal) to study
vulnerabilities in a materials system.

From a case perspective, several studies have estimated
the amount of end-of-life CRT devices generated regionally
in the U.S. (2, 21), Europe (1), and South Africa (22). In
addition, Linton has forecast the amount of CRT waste that
will be collected in the U.S. for the next fifty years (23). Finally,
Weitzman correctly identified that there would be decreasing
demand for CRT cullet in the U.S. because U.S. manufacturers
were producing a smaller share of the CRT market (assuming
that CRT cullet generated in the U.S. would only be used in
CRT glass manufacturing in the U.S.) (24). Although each of
these provides important insights into the problem, no single
study is able to answer the questions posed because the
examined scope was limited temporally, geographically (only
a single region), and/or sectorally (i.e., demand or supply).
The research presented in this paper addresses these gaps
for this case.

Primary and Secondary CRT Glass Material Systems.
There are two types of glass used in CRT devices: panel glass
(used in the front screen showing an image) and funnel glass
(used in the funnel-shaped component behind the panel
that prevents emission of X-rays). The glass in a monitor
typically accounts for over half of the product weight and the
panel glass accounts for over half the weight of the CRT (21).
The panel glass contains small amounts of lead (0-4 wt%),
whereas the funnel and neck glasses contain 22-28 wt% and
30 wt% lead, respectively (25). Owing to their different
chemical compositions, CRT glass cullet must generally be
separated into panel and funnel glass to be used extensively
in the production of new CRTs.

Several barriers exist to increasing the recovery of CRT
cullet. First, the lead in the glass precludes its use in high-
volume glass products such as containers or windows. The
lead content can also lead to the glass being classified as a
hazardous material, thereby complicating logistics, particu-
larly internationally (26).

Together, these factors mean that CRT glass has relatively
low value. This creates situations where the materials in an
EoL TV or monitor are worth less than the cost to recover
that material. In fact, depending on the degree to which the
glass has been separated and cleaned, processors will often
have to pay a downstream recipient to accept the cullet (24).

Alternative applications for secondary CRT glass have been
proposed including bricks, decorative tile, nuclear waste
encapsulation, construction aggregates, fluxing agent, and
sandblasting medium (27, 28). Several projects are working
to reduce the barriers to use in these applications (28),
nevertheless, in all cases identified to-date secondary CRT
glass substitutes only for other low cost materials (usually
sand). Strict compositional specifications from CRT manu-
facturers also limit the degree to which secondary cullet is
used in making new CRT glass, particularly when the
composition of the incoming cullet is unknown (21, 28).

The final barrier to using secondary CRT glass is related
to trends in the global marketplace for manufacturing and
selling CRT-containing devices. CRT glass production used
to take place all over the world (29), but today production
is located exclusively in Asia, particularly China and India
(30). Nevertheless, North America and Europe are still
generating e-waste and there is still demand (albeit some-
times small) for CRTs all over the world. The disparities
between the locations of waste generation and potential
consumption necessitate a global flow of secondary CRT glass
if it is to be used in manufacturing new CRTs.

Models of Supply and Demand in the Secondary CRT
Glass Material System. The multiple potential pathways of
material flow for CRT glass throughout its life are depicted
in Figure 1. The focus of this study is on CRT glass cullet
that is used to produce new CRTs, as highlighted in the
lower portion of the figure. In particular, the analysis
focuses on the supply and demand for cullet. The use of
CRT glass cullet in the production of new CRTs is the focus
of this analysis because it is the economically preferable
alternative (the only cullet destination that is revenue-
generating for the recycler), the more common alternative
(approximately 75% of CRT cullet in the U.S. (2)), and the
only closed-loop alternative.

The inputs for the supply and demand models are also
shown in Figure 1. Specifically, the supply model combines
four elements to estimate annual CRT glass cullet collection:
unit glass weights, historical sales, product lifespans, and
EoL collection fractions. Supply flows, Y, for each year, t, are
separately tracked for two product types, CRT TVs (T) and
monitors (M), indexed on j∈{T,M}, and in terms of funnel
cullet (F) and panel cullet(P), indexed on i∈{F,P}. Additionally,
cullet generation is modeled for a set of N regions, indexed
on n. CRT glass cullet collection amounts are calculated using
the following relationship:

FIGURE 1. CRT glass material system flow. Arrow width is representative of the relative magnitude of the material flow.
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The cullet generated in region n in year t is the weight of
glass in a model unit product (average over all product sizes)
in the year the product was sold (indexed on s), Wi,j(s),
multiplied times the number of products sold in region n in
year s, Sj

n(s), multiplied times the probability that a product
sold in year s reached the end of its life in year t, λj(s,t),
integrated over all sales years prior to t in one-year incre-
ments. The cullet collected in a region n in year t, Yi

n(t), is the
amount generated multiplied times the fraction of EoL
products collected in a region in a given year, Cn(t). The total
supply of cullet for a given year t, Y(t), is the sum of the panel
and funnel cullet collected in all N regions.

The demand model combines two elements to estimate
the annual capacity for using CRT glass cullet in new
production: forecast sales and the average process capacity
(i.e., the fraction of new CRT glass that may be made from
cullet). Potential cullet consumption is calculated using the
following relationship:

Demand for panel or funnel cullet in a given year t, Di(t),
is calculated by multiplying the weight of glass (funnel or
panel) sold worldwide in the year t times the fraction of new
glass that may be made from cullet, Fi(t). The weight of glass
sold worldwide is the weight of glass in a unit product sold
in the year t, Wi,j(t), multiplied times the number of products
sold in region n in t, Sj

n(t), summed over all N regions. The
total demand for cullet for a given year t, D(t), is the sum of
the demand for the panel and funnel cullet.

The supply and demand of CRT glass cullet can be
compared over time to determine relative trends and, in
particular, estimate when supply will exceed demand. It is
important to note that here demand represents the amount
of cullet that could be used in the production of new CRT
glass. Actual consumption may be limited by supply avail-
ability. However, the economic viability of the system will be
adversely impacted when supply exceeds demand because
the alternative applications for CRT glass cullet have limited
value at present.

Data Sources for Model Inputs. The temporal span of
the analysis and data used in the analysis were dictated by
the need to forecast trends sufficiently into the future to
capture potential critical events. Forecasting trends up to
the year 2025 was estimated to be sufficient. Historical
product sales data were required back to 1990 in order to
estimate the e-waste collected.

For the two model parameters that are a function of
locationssales and EoL collection fractionsthe analysis is
broken into four world regions: North America; Europe, the
Middle East, and Africa (EMEA); Latin America; and Asia
(including Australia). These regions were selected based on
the resolution of available sales data.

Annual sales data for CRT TVs and monitors were
estimated using various sources (2, 21, 29, 31-33) because
no single source of publicly available data was comprehen-
sive. Gaps in historical data were estimated using interpola-
tion based on known trends in other regions. Gaps in forecasts
were estimated using extrapolation based on media reports
of market forecasts (e.g., ref 4). No information was available
on sales numbers beyond 2011 due to the inherent challenges

of forecasting. Although there is widespread agreement that
there will be a significant decrease in worldwide CRT sales
in the next decade, the timing and nature of the sales peak
are unknown (3). Given this uncertainty, sales data beyond
2011 were assumed to follow the downward trend plotted in
Figure 2. Sensitivity analyses were completed to examine
the effect of the uncertainty in these assumptions. It is clear
from Figure 2 that future sales will be dominated by TV sales
in Asia. Thus, three scenarios for TV sales in Asia were selected
to use in sensitivity analyses: high, medium (baseline), and
low sales (see Figure 2a).

The increasing demand for larger TVs and monitors has
meant that the average weight of glass in these devices has
increased over time. A sales-weighted average funnel and
panel glass weight for a unit TV and monitor was determined
from (21) across the analysis period and for a wide range of
TV and monitor sizes. (See Table 1.)

Studies on the age of e-waste returned for recycling have
indicated that there is a wide distribution in the product
lifespan (2). In this study, TV and Monitor lifespan charac-
teristics λc(s,t) were derived from (2) by convolving the
information from that report weighted in accordance to
the sales fractions of products with specific attributes in the
following manner:

Y(t) ) ∑
i∈{F,P}

∑
n)1

N

(Yi
n(t)) )

∑
i∈{F,P}

∑
n)1

N

(( ∑
j∈{T,M}

(∫s)-∞

s)t
Wi,j(s) · Sj

n(s) · λj(s, t)ds)) · Cn(t)) (1)

D(t) ) ∑
i∈{F,P}

(Di(t)) ) ∑
i∈{F,P}

( ∑
n)1

N

( ∑
j∈{T,M}

Wi,j(t) · Sj
n(t)) · Fi(t))

(2)

FIGURE 2. Annual (a) TV and (b) monitor sales for four
locations. The TV sales plot in (a) shows three scenarios for
future TV sales in Asia used in sensitivity analyses including
the baseline.

TABLE 1. Sales-Weighted Average Funnel and Panel Glass
Weight for a Unit TV and Monitor in 1990 and the Annual
Increase in Unit Weight Thereafter

glass type

average
unit weight

in 1990
(kg/unit)

annual
unit weight

increase
1991-2000

(kg/unit)

annual
unit weight

increase
2001-2025

(kg/unit)

TV funnel 5.68 0.11 0.07
TV panel 11.36 0.23 0.14
monitor funnel 2.82 0.09 0.05
monitor panel 4.89 0.20 0.09
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λc,k(s,t) is the retirement probability function for products
with specific attributes (k for TVs is small or big, indicating
less than or greater than a 19′′ display; k for monitors is res
for residential sales and com for commercial sales; s is the
year the product was sold; t is the year of the analysis). Λjk

is the sales fraction for the associated products: ΛT,small is
43%, ΛT,big is 57%, ΛM,res is 48%, and ΛM,com is 48% (2). The
two derived product lifespan functions are shown in Figure
3 as cumulative probability distributions.

Beyond constituents of municipal solid waste, data on
EoL collection rates are scarce. Recent studies from the
European Union (1) and the United States (2), have estimated
CRT collection rates of approximately 30% and 15-20%,
respectively. To the authors’ knowledge there are no known
estimates of how these rates vary over time or in other regions
of the world.

EoL collection fractions, Cn(t), in this analysis were
assumed to follow an “S-curve” behavior over the period of
the analysis as defined by the following expression:

where R defines the range of collection fractions that will be
observed and ∆ is a time shift parameter:

where τ is a time delay shape parameter and tD
n is a time

delay shift parameter. The limits of the curve are defined by
R, the midpoint of the curve is defined by Cn(t0

n) at the
reference time t0

n, and τ determines the shape or steepness of
the curve.

Because Europe has the most extensive collection experi-
ence, a collection rate S-curve was defined for Europe to
serve as a reference. The limit, reference, and shape
parameters for the European curve are listed in Figure 4. The
reference point was based on (1), but the upper limit and the
time delay shape parameter τ were estimated. Sensitivity
analyses will explore the impact of the value of τ.

Curves for other locations were assumed to have the same
limits, reference point, and shape as the European curve,
but are offset by the time delay shift parameter tD

n ; values for
this parameter for each location are listed in Figure 4 and are
estimates, with the exception of North America (2). Sensitivity
analyses will test the impact of the assumed values for this
parameter.

Notably, two of the four locations are separated into
“sublocations” in Figure 4: EMEA is separated into Europe
and MEA and Asia is separated into Asia Pacific and China.
This is due to current differences in policy and market
conditions within these regions. The aggregate trend rep-
resents the weighted (by sales) sum of the sublocation trends.
For example, the sales data collected for this research indicate
that China represented approximately 42% of CRT-device
sales in Asia in 2005 and this is estimated to decline nearly
linearly every year until reaching 32% in 2025. Europe’s
fraction of CRT sales within EMEA was nearly 90% in 2005
and this is estimated to hold steady for approximately five
years and then decrease to 70% by 2025. The final EoL
collection fraction curves are shown in Figure 4, including

the European reference curve. Inflections in the EMEA curve
reflect the decreasing sales fraction of Europe within EMEA
over time.

In addition to sales forecasts, the demand model requires
data on the capacity for using CRT glass cullet in the
production of new CRT glass. Unfortunately, there is limited
information in the literature on such capacities. One study
from 2002 estimated this capacity to be 20% for panel glass
and 40% for funnel glass (34). Another study from 2004 listed
capacities of 30% for panel glass and 55% for funnel glass
(28).To update those figures, the authors surveyed current
CRT glass manufacturers. Collecting such data proved to be
difficult for several reasons (e.g., they are several levels
removed from monitor and TV manufacturers in the product
supply chains, language and cultural barriers, unwillingness
to share data), but two manufacturers shared data on their
cullet capacities and use. Their capacities were significantly
higher than the aforementioned values, but they could not
collect enough cullet to meet their capacities. Additional
discussions with stakeholders in the primary and secondary
CRT glass industry indicated that not all CRT glass manu-
facturers are using cullet in manufacturing.

In light of these differences, a constant value of 50% was
used as a baseline fractional capacity for the use of CRT
funnel and panel glass cullet in the model. Although the
manufacturers who shared data on cullet use provided

λT(s, t) ) λT,small(s, t) · ΛT,small + λT,big(s, t) · ΛT,big (3)

λM(s, t) ) λM,res(s, t) · ΛM,res + λM,com(s, t) · ΛM,com (4)

Cn(t) ) R

1 + e(-(t-t
D
n )-∆

τ ) (5)

R ) Cn(∞) - Cn(-∞) (6)

∆ ) t0
n + τ · ln( R

Cn(t0
n)

- 1) (7)

FIGURE 3. Cumulative probability functions of product lifespan
for CRTs and TVs.

FIGURE 4. Parameter values to define annual EoL collection
fractions and the resulting-curves for the four locations in this
study and for the reference curve, Europe only. Based on the
time delay shift parameters, Europe and MEA combine to form
the EMEA curve and Asia Pacific and China combine to form
the Asia curve.
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capacities higher than 50%, this value attempts to represent
an average for the entire industry, even those not using cullet.
Sensitivity analyses will be conducted on these assumptions.

Analysis and Discussion. It is interesting to compare the
modeled weight of CRT glass cullet generated and the amount
of CRT glass collected in each region as it evolves over time.
Figure 5a and b show these amounts for the four regions in
2010 and 2020 (weights are in metric tons, as in all plots).
The projected amounts generated in North America and
EMEA decrease over time as sales decrease, whereas the
projected amount generated in Asia increases by almost a
factor of 2. Furthermore, the modeled collection fraction is
almost nonexistent in Latin America and Asia in 2010, but
increases significantly by 2020.

Predicted supply and demand behavior for CRT cullet
using baseline inputs in the models are plotted until the year
2025 in Figure 5c. As expected, cullet demand decreases over
time as product sales decrease and cullet supply increases
as more products reach EoL. The intersection of the curves,
when supply begins to exceed demand, occurs in ap-
proximately 2015 for the baseline conditions.

Given the uncertainty in several inputs, it is important to
examine the sensitivity of the results to these key assumptions.
The areas of highest uncertainty include sales forecasts (Sn

j(t)),
collection rates, and the capacity for glass manufacturers to
use CRT cullet (Cn(t)). With regard to future sales, TV sales
will clearly dominate monitor sales and Asia will represent
the largest market for TV sales. Thus, the three future Asian
TV sales scenarios described in Figure 2 were tested. The
implication of collection rate was explored in terms of both
the shape parameter, τ, and the delay parameter, tD

n . Given
the importance of the Asian market, only changes to collection
in that region were explored.

Figure 6 plots the modeled time to intersection (tx) at
which supply exceeds demand for CRT cullet under various

conditions. Each of these plots represents a single parameter
sensitivity, evaluated holding all other parameters constant.
Figure 6b plots the impact of changes in the three parameters,
Cn(t), τ, and tD

n , for each of the sales scenarios. In each plot
in Figure 6b, the x-axis represents the fraction of the baseline
value at which each factor was evaluated, ranging from 0.5×
to 1.5× baseline.

Figure 6a shows that the modeled supply/demand
intersection year is moderately sensitive to the TV sales
scenario, increasing by over four years for the high scenario
and decreasing by two years for the low scenario. The results
shown in Figure 6b suggest that cullet capacity, Cn(t), has the
strongest effect on tx. The parameter τ, generally, has an
intermediate impact, while tD

n has little impact on tx,
irrespective of demand conditions. Of these factors, only cullet
capacity appears to have the leverage to drive tx to occur
quite soon. If most CRT glass manufacturers are using cullet
in high fractions, then the intersection easily stretches to
2020. Low cullet usage, however, means oversupply could
occur eminently.

To more thoroughly characterize the impact of these
factors a full-factorial numerical experiment was executed
across all four factors. For each quantitative factor, twenty
levels were chosen randomly from a uniform distribution
spanning from 0.5× to 1.5× of the baseline value. Based on
the set of results from these experiments, an analysis of
variance was carried against a mixed effects model fitted to
the observed tx using the restricted maximum likelihood
(REML) method. All main and interaction effects were
statistically significant (p < 0.0001); however, interaction
effects were not explored in detail because none accounted
for more than 1.1% of the variance in the model. The results
of this analysis are shown in Figure 6c. The scaled coefficient
estimates confirm that changes in cullet capacity, Cn(t), have
the strongest effect on tx. Proportionately, Cn(t) has nearly

FIGURE 5. Weight of CRT glass cullet generated and collected in the four regions in (a) 2010 and (b) 2020, and (c) supply and
demand curves for CRT glass cullet using baseline assumptions.
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three times more leverage on the modeled result than either
the sales scenario or tD

n (collection delay). τ has only a small
effect on the modeled intersection year. Consistent with these
coefficient results, the effects tests suggest that of the three
random effects factors, nearly ninety percent of response
variance is attributable to Cn(t).

Predicting the exact year when supply will exceed demand
is not possible, but these analyses indicate that it could
happen within the next 10 years. The intersection year under
the baseline scenario was predicted to be nearly 2015, but
this intersection could be sooner if there are low TV sales,
particularly if there are high collection rates in Asia and if
CRT glass manufacturers maintain low usage of CRT cullet.
Notably, the supply and demand curves depicted in Figure
5c shift depending on the modeled assumptions (vertically
or horizontally), but the shapes essentially remain the same.
Thus, a shift in a curve changes the position of the “knee”
in each curve, which can have a significant impact on the
supply and demand intersection point.

There are two major implications of this research. First,
more data needs to be collected on the current and
expected capacity of the entire CRT glass manufacturing
industry to use CRT cullet because this has a significant
impact on the demand curve. Second, more research is
needed in the area of alternative value-driven applications

for CRT cullet. Others have called for such research (35)
and while there has been research into alternative ap-
plications for CRT cullet (28, 36, 37), the applications are
generally low or negative value for cullet. The breakthrough
that is needed to create a viable value-driven market for
CRT cullet is either the capability to extract lead and other
“undesirable” elements such that the cullet can be used
in other common applications (e.g., architectural, auto-
motive, and packaging glass) or the development of glasses
for common applications which can accommodate these
elements. Such technologies are beginning to emerge (35).
Now, research efforts should focus on transforming CRT
cullet into a commodity that is valuable.
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Döring, Silvio Fachim, James Gardner, Jaco Huisman,
Robin Ingenthron, Joseph Nardone, Gregory Sampson, and
Dani Tsuda.

Literature Cited
(1) Huisman, J.; Magalini, F.; Kuehr, R.; Maurer, C.; Ogilvie, S.;

Poll, J.; Delgado, C.; Artim, E.; Szlezak, J.; Stevels, A. 2008

FIGURE 6. Sensitivity analyses. (a) The impact of variation in future Asian TV sales scenario on supply and demand intersection year
tx. (b) The impact of variation in cullet capacity (Cn(t)), collection rate shape (τ), and collection delay(tD

n ), on tx. x-axis represents
fraction of baseline parameter at which analysis was executed. (c) Summary of analysis of variation for main effects of the four
factors explored in (a) and (b) on model response.

9250 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 43, NO. 24, 2009

http://pubs.acs.org/action/showImage?doi=10.1021/es901341n&iName=master.img-005.jpg&w=473&h=390


Review of Directive 2002/96 on Waste Electrical and Electronic
Equipment (Weee): Final Report; United Nations University:
Tokyo, 2007.

(2) Management of Electronic Waste in the United States: Approach
1; United States Environmental Protection Agency: Washington,
DC, 2007.

(3) CRTs are Fading. E-Scrap News, September, 2006, 6, (9), p 4.
(4) CRT Still Rules TV Market, iSuppli Says. Electronic News,

2006.
(5) Biviano, M.; Sullivan, D.; Wagner, L. Total Materials Con-

sumption: An Estimation Methodology and Example Using
LeadsA Materials Flow Analysis. In U.S. Geological Survey,
U.S. Department of the Interior: Reston, VA, 1999; Vol. 1183, p
22.

(6) Liu, X.; Tanaka, M.; Matsui, Y. Generation amount prediction
and material flow analysis of electronic waste: A case study in
Beijing, China. Waste Manage. Res. 2006, 24 (5), 434–445.

(7) Sinclair, P.; Papathanasopoulou, E.; Mellor, W.; Jackson, T.
Towards an integrated regional materials flow accounting
model. J. Ind. Ecol. 2005, 9 (1-2), 69–84.

(8) Brunner, P. H.; Rechberger, H. Practical Handbook of Material
Flow Analysis; CRC Press: New York, 2003.

(9) Gielen, D. J. The future of the European aluminum industry: A
MARKAL energy and material flow analysis. In Methodological
Aspects of Resource-Oriented Analysis of Material Flows; Bergisch
Gladbach: Germany, 1998.

(10) Elshkaki, A.; van der Voet, E.; Timmermans, V.; Van Holderbeke,
M. Dynamic stock modelling: A method for the identification
and estimation of future waste streams and emissions based on
past production and product stock characteristics. Energy. 2005,
30 (8), 1353–1363.

(11) Graedel, T. E.; vanBeers, D.; Bertram, M.; Fuse, K.; Gordon,
R. B.; Gritsinin, A.; Kapur, A.; Klee, R. J.; Lifset, R. J.; Memon,
L.; Rechberger, H.; Spatari, S.; Vexler, D. Multilevel cycle of
anthropogenic copper. Environ. Sci. Technol. 2004, 38 (4), 1242–
1252.

(12) Roberts, H. Changing patterns in global lead supply and demand.
J. Power Sources. 2003, 116 (1-2), 23–31.

(13) Hatayama, H.; Yamada, H.; Daigo, I.; Matsuno, Y.; Adachi, Y.
Dynamic substance flow analysis of aluminum and its alloying
elements. J. Jpn. Inst. Met. 2006, 70 (12), 975–980.

(14) Yamasue, E.; Nakajima, K.; Daigo, I.; Hashimoto, S.; Okumura,
H.; Ishibara, K. N. Evaluation of the potential amounts of
dissipated rare metals from WEEE in japan. Mater. Trans. 2007,
48 (9), 2353–2357.

(15) Igarashi, Y.; Daigo, I.; Matsuno, Y.; Adachi, Y. Estimation of the
change in quality of domestic steel production affected by steel
scrap exports. ISIJ Int. 2007, 47 (5), 753–757.

(16) Kakudate, K.; Adachi, Y.; Suzuki, T. A macro model for usage
and recycling pattern of steel in japan using the population
balance model. Sci. Technol. Adv. Mater. 2000, 1 (2), 105–116.

(17) van Schaik, A.; Reuter, M. A.; Boin, U. M. J.; Dalmijn, W. L.
Dynamic modelling and optimization of the resource cycle of
passenger vehicles. Minerals Eng. 2002, 15 (11), 1001–1016.

(18) van Schaik, A.; Reuter, M. A. The time-varying factors influencing
the recycling rate of products. Resour, Conserv. Recyclin 2004,
40 (4), 301–328.

(19) Reuter, M.; Boin, U.; Rem, P.; Yang, Y.; Fraunholcz, N.; van
Schaik, A. The optimization of recycling: Integrating the resource,
technological, and life cycles. JOM J. Miner., Met. Mater. Soc.
200456 (8), 33–37.

(20) Reuter, M.; van Schaik, A. Thermodynamic metrics for measuring
the “sustainability” of design for recycling. JOM J. Miner, Met.
Mater. Soc. 2008, 60 (8), 39–46.

(21) Monchamp, A.; Evans, H.; Nardone, J.; Wood, S.; Proch, E.;
Wagner, T. Cathode Ray Tube Manufacturing and Recycling:
Analysis of Industry Survey; Electronic Industries Alliance:
Arlington, VA, 2001.

(22) Zumbuehl, D. Mass Flow Assessment (MFA) and Assessment of
Recycling Strategies for Cathode Ray Tubes (CRTs) for the Cape
Metropolitan Area (CMA); EMPA: South Africa. 2006.

(23) Linton, J. D.; Yeomans, J. S.; Yoogalingam, R. Enabling industrial
ecology through the forecasting of durable goods disposal:
Televisions as an exemplar case study. Can. J. Administrative
Sci. 2004, 21 (2), 190–207.

(24) Weitzman, D. H. Is CRT glass-to-lead recycling safe and
environmentally friendly? In Proceedings of the 2003 IEEE
International Symposium on Electronics and the Environment,
Boston, MA, 19-22 May, 2003; IEEE, pp 329-34.

(25) Lee, C.-H.; Chang, S.-L.; Wang, K.-M.; Wen, L.-C. Management
of scrap computer recycling in taiwan. J. Hazard. Mater. 2000,
73 (3), 209–220.

(26) Smith, B. Talking points: Cathode ray tubessE-waste rules fall
short. E-Scrap News October, 2006, 6, (10), 17-19.

(27) Dillon, P. S., Potential Markets for CRTs and Plastics from
Electronics Demanufacturing: An Initial Scoping Report,Tech-
nical Report No. 6; Chelsea Center for Recycling and Economic
Development, University of Massachusetts Lowell: Lowell, MA,
1998.

(28) Industry Council for Electronic Equipment Recycling. Materials
Recovery from Waste Cathode Ray Tubes (CRTs); The Waste &
Resources Action Programme: Banbury, UK, 2004.

(29) Computer Display Industry and Technology Profile; United States
Environmental Protection Agency: Washington, DC, December,
1998.

(30) Nardone, J. Senior Vice President EHS, Amandi Services Inc.
Personal Communication. 2007.

(31) Menad, N. Cathode ray tube recycling. Resour., Conserv.
Recycling. 1999, 26 (3-4), 143–154.

(32) Personal computers (pcs) in Use: Euromonitor International from
International Telecommunications Union/National Statistics;
Euromonitor International: London, 2008.

(33) Management of Electronic Waste in the United States: Approach
2; United States Environmental Protection Agency: Washington,
DC, 2007.

(34) Demanufacturing of electronic equipment for reuse and
recycling. In Final Information Report Subtask gl-04: Electronics
Demanufacturing Exploration (CRT Glass); Washington, DC,
2002.

(35) Poon, C. S. Management of CRT glass from discarded computer
monitors and TV sets. Waste Manage. 2008, 28 (9), 1499–1499.

(36) Kim, D.; Quinlan, M.; Yen, T. F. Encapsulation of lead from
hazardous CRT glass wastes using biopolymer cross-linked
concrete systems. Waste Manage. 2009, 29 (1), 321–328.

(37) Andreola, F.; Barbieri, L.; Corradi, A.; Lancellotti, I. CRT glass
state of the art: A case study: Recycling in ceramic glazes. J. Eur.
Ceram. Soc. 2007, 27 (2-3), 1623–1629.

ES901341N

VOL. 43, NO. 24, 2009 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 9251


