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APPENDIX I

TECHNICAL MEMORANDUM:

End-of-Life Approach for the DfE Computer Display Project

I. INTRODUCTION

The Computer Display Project, sponsored by the U.S. Environmental Protection Agency

(EPA) as part of its Design for the Environment (DfE) program, is investigating the life-cycle

impacts of cathode ray tube (CRT) displays and liquid crystal displays (LCDs) for use in desktop

computers.

A meaningful comparison of the two technologies from the environmental perspective

can be made only if the life-cycle impacts associated with various stages, namely, raw material

extraction, materials processing, manufacture, use, and end-of-life (EOL), are evaluated.  The

functional units being compared are the 17-inch CRT display monitor and the 15-inch active

matrix liquid crystal display (AMLCD) monitor.  The two are considered to be functionally

equivalent with respect to the viewing area available to the user.  EOL issues are of growing

interest to manufacturers nowadays due to Extended Producer Responsibility (EPR) concerns

(Fishbein 1998) and the consequent higher expectations from manufacturers for influencing the

ultimate fate of their products.

The purpose of this memorandum is to describe the approach for evaluating the EOL

life-cycle stages of CRTs and AMLCDs for the Computer Display Project.  This approach

includes:

(1) developing scenarios to represent reasonable EOL alternatives; and 

(2) collecting life-cycle inventory (LCI) data for the EOL alternatives.  

1.1 Background

Estimates from 1998 revealed that more than 20 million personal computer central

processing units (CPU) became obsolete in that year (NSC 1999).  Earlier estimates indicated

that approximately 10 million television sets and 12 million computer monitors reach the end of

their useful lives each year (MCC 1996).  Assuming that one monitor became obsolete for every

CPU in 1998, and since LCDs have not been in existence long enough to have attained

"end-of-life" (EOL) status in sufficiently large numbers, it is expected that approximately 20

million CRTs are retired annually.  There is not much information available on the disposition

options for LCDs.

The major existing EOL environmental concern associated with CRTs is disposal of

leaded glass.  LCDs, on the other hand, do not contain any leaded glass and are much lighter in

weight, but contain other materials of concern, such as mercury used in the backlights.
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1.1.1 CRT EOL Issues

According to practices followed by leading CRT recyclers such as Envirocycle

(Envirocycle 1999), the material of greatest value recovered from CRTs is leaded glass (which is

also the major component by weight), followed by small quantities of metals.  Also, whenever

the incoming EOL product is a complete computer monitor, some plastics and metals can be

recovered from its outer casing and other parts.

The closed loop recycling of leaded glass involves recovering and processing the material

for use as cullet in the manufacture of new CRTs.  CRT manufacturers will use the cullet if it

meets quality standards and is of the same chemistry and type as required by them in their

manufacturing operations.  Thus, effective recycling of post-consumer CRT glass requires very

careful sorting and separation into various types, followed by decontamination (removal of

coatings).  Resmelting (for lead recovery) and downcycling (into other glass applications) are

some of the other "open loop recycling" alternatives.  In 1997 and 1998, CRT computer monitor

recycling was done for 1.3 million units (46 million pounds) and 1.5 million units (51 million

pounds), respectively (NSC, 1999).

1.1.2 Regulations Regarding CRT Disposal

Color CRTs may fail the EPA Toxicity Characteristic Leachate Procedure (TCLP) test,

and therefore may be classified as hazardous waste under current EPA regulations.  Some experts

believe that this classification poses barriers to the effective recycling of CRTs, on account of

special permits and transportation requirements for handling hazardous waste (EPA-CSI 1999). 

However, EPA has implemented a glass-to-glass recycling exception.

In order to landfill CRTs in accordance with EPA regulations, they must be dismantled,

and the glass crushed and stabilized by micro-encapsulation in cement.  However, this method

has some drawbacks.  Crushing increases surface area and, consequently, the potential to leach

lead.  Though cement encapsulation is the required method, it has been found that cement

disintegrates faster than glass (MCC 1994).

To encourage recycling, some states have developed new initiatives that will ease some of

the regulatory barriers.  Massachusetts, for example, has proposed to specifically exempt "intact"

CRTs from being classified as hazardous waste and simultaneously banned them from disposal

in municipal landfills and combustion facilities (MDEP 1999).  These measures could promote

the recycling of CRTs by making the process of handling and transportation much easier, and the

paperwork less cumbersome.

1.1.3 LCD EOL Issues

Currently, no infrastructure or established process exists for recycling LCDs specifically. 

Of the small numbers of LCDs that have reached the EOL stage (predominantly as notebook

computers), a much smaller number is likely to have reached recycling facilities.  No specific

details are available on the materials recovered from them as they are expected to have been

processed along with other electronic products, with some valuable and/or potentially recyclable

materials removed.  The following components and materials of potential reuse or recycling

value found in LCDs have been identified by MCC (MCC 1994):
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• Thin film transistors (TFTs).

• Color filters.

• Glass.

The toxicity potential of heavy metals is of concern in the EOL stage.  The heavy metals

found in the LCD monitors are identified in the main body of this LCA report.  This study will

consider the presence of heavy metals or other materials of potential concern in the wastes and

emissions generated.

1.2 EOL Disposition Options

In the past, landfilling has been the prevalent method for the disposition of post-use

computer monitors (i.e., those re-used after being resold or donated).  However, with increasing

awareness of potentially harmful life-cycle environmental impacts, dwindling natural resources,

government regulations against disposal of toxic substances in landfills, and the consequent

development of markets for recycled components and materials, more options are now available

for the disposition of post-use computer monitors.  They are briefly described below.

1.2.1 Reuse

Reuse, often as a result of reselling, involves continued use of the monitor for the purpose

for which it was built, and is considered to occur within its originally intended useful life.  Reuse

does not usually entail major repairs or modifications, and is a preferred EOL option because the

original materials contained in it are put to use for an extended period of time, thus conserving

valuable natural resources (energy and raw materials) needed to manufacture new monitors or to

dispose of discarded ones.  However, reuse could result in reduced energy efficiency during the

use stage as monitor manufacturers continually strive to improve the energy efficiency of their

products.

1.2.2 Remanufacturing

Remanufacturing is a viable option for monitors that are no longer functional but could be

refurbished (upgraded or restored to working conditions) at a cost lower than that of

manufacturing a new monitor, to be sold again in domestic or foreign markets.1  Here again,

energy and raw materials are conserved, though some new parts/components may be required. 

Another important benefit of remanufacturing is solid waste reduction, achieved by diverting the

monitor materials away from the landfill.  Remanufacturing processes span a wide range of

activities, from as little as replacing button tops to as extensive as testing and replacing PCBs or

transformers. 
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1.2.3 Recycling

Recycling involves recovering the individual materials from EOL monitors, to be used in
the production of new monitors (closed-loop recycling) or in other products (open-loop
recycling).  Identification, sorting, cleaning, and further processing (e.g., smelting) are often
required before the recovered materials can be used again.  Though materials recycling involves
several processing steps, it results in the conservation of energy and raw materials, and diversion
of materials that would otherwise have been landfilled, through the creation of new, desirable
products that are in-line with current market demand.

1.2.4 Waste-to-Energy (WTE) Incineration

A portion of municipal solid waste (MSW) is routinely sent to incinerators or municipal

waste-to-energy (WTE) facilities for energy recovery.  The quantity of ash (bottom ash and fly

ash) left over is a small fraction, around 25% (EPA 1998) of the original waste input, and can be

disposed of either as non-hazardous or hazardous waste, depending on whether it passes the

TCLP test or not.  The obvious benefits are reduced solid waste and the energy produced, which

is often counted as a credit in life-cycle energy calculations.2 

1.2.5 Landfilling

Landfilling solid waste in Subtitle C (for hazardous) or D (for non-hazardous) landfills is

the least preferred option, since all the other options have some expected environmental benefits. 

The disposal of waste in Subtitle C landfills is usually the most undesirable, as it often involves

treatment to immobilize the hazardous materials before they can be landfilled, thus increasing the

quantity and cost of disposal.  Also, hazardous waste sites have the potential to turn into high

liability ("Superfund") sites.  Some states have regulatory activities that might not accept

monitors in Subtitle D landfills.

2. METHODOLOGY

This section outlines key assumptions, defines conceptual models proposed for

determining the flow of materials through the EOL processes, and highlights some important

issues pertaining to CRTs and LCDs.

The major steps are listed below:

• Assumptions about the distribution of EOL options were made.

• Data were collected for various disposition options using existing inventory reports and

inventory questionnaires sent to recyclers.

• Data were normalized to the functional unit and included as the EOL inventories.



APPENDIX I

I-5

2.1 EOL Conceptual Models

A monitor is assumed to have reached EOL status when:

• It has served its useful life and/or is no longer functional.

• Technological obsolescence renders it unusable.

The EOL options for CRT and LCD monitors are graphically depicted in Figure 1.  Estimates of

the percent distribution of monitors going to each EOL option are presented below.  As the 

functional unit in this study is one monitor over its lifetime, the percentages are used as

probabilities for the EOL disposition of a particular monitor.

Figure 1.  Conceptual Model Showing End-of-Life Disposition Options 

for CRT and LCD Monitors
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2.2.1 CRT

The National Safety Council (NSC 1999) reported that 11% of all personal computer

CPUs are recycled.  Assuming one monitor is recycled with every CPU, and assuming these

represent CRTs, we assume 11% of CRTs go to recycling.  The NSC report also stated that 3%

of personal computers are “refurbished and resold or donated.”  We thus used 3% as an estimate

of the CRT monitors that are remanufactured, although we recognize this might be an

overestimate, as we do not know if those resold and donated are also remanufactured.  Given that

this is a small percentage, this error is not expected to have a large effect.  Further data are

lacking on the percent of monitors being incinerated or going to landfills.  To estimate the

percent incinerated, we used the percent of all municipal solid waste in the United States being

incinerated, which is estimated at 15% (EPA 1998).  Summing the percents for recycling, re-

manufacturing, and incineration equals 29%.  This leaves 71% that is assumed to be landfilled. 

In the life-cycle analysis in this study, only one landfilling process is modeled, which is assumed

to represent both hazardous waste and solid waste landfilling.  The landfilling process is derived

from Ecobalance data and is a combination of four major materials in a CRT (glass, steel, plastic,

and aluminum), based on the proportion of each of those materials in the CRT.  The inventories

for each material are of generic materials (not necessarily the precise materials in the CRT).  For

example, the glass is generic glass, and not leaded glass, and the plastics are generic “plastic” and

may not represent the exact plastics in the CRT.

Although the percentage of monitors that are landfilled are not separated into hazardous

and non-hazardous waste landfilling processes, we have still attempted to estimate the proportion

of CRTs that go to each landfill.  Due to a lack of data, we assumed as a best estimate that the

percent of monitors that are in households are equivalent to the percent of landfilled monitors

that would be disposed of in a solid waste (Subtitle D) landfill and the percent of monitors that

are in businesses would be disposed of in a hazardous waste (subtitle C) landfill.  As presented in

the Use Stage discussion in the main body of this report (Section 2.4.1.2), 35% of monitors are in

households and 65% are in office and other environments.  Therefore, of the 71% of monitors

assumed to going to landfills, 25% are assumed to be sent to solid waste landfills and 46% to

hazardous waste landfills.  To summarize, the EOL dispositions assumed for the CRT are as

follows:

• Incineration: 15%

• Recycling: 11%

• Remanufacturing: 3%

• Hazardous waste landfill: 46%

• Solid waste landfill: 25%

2.2.1 LCD

Data were even more lacking for the EOL dispositions of LCDs.  The same 15% of

municipal solid waste incinerated in the United States was assumed for LCD incineration as it

was for the CRT.  An individual in the monitor recycling business estimated that no more than

5% of LCDs are sent to hazardous waste landfills and that essentially none are currently being

recycled (Vorhees 2000).  Given this limited data, the remaining 80% needed to be split between
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solid waste landfilling and remanufacturing.  Given no other data, we assumed half of the

remaining 80% goes to solid waste landfills and half to remanufacturing.  Assuming that 40% are

remanufactured is likely an overestimate; however, no supporting data were available to modify

this estimate.  Therefore, in the baseline analysis of this study, the following percentages have

been used:

• Incineration: 15%

• Recycling: 15%

• Remanufacturing: 15%

• Hazardous waste landfill:   5%

• Solid waste landfill: 50%

Sensitivity analyses have been conducted to determine the effects of these assumptions on

the results and are discussed in Chapters 2 (LCI) and 3 (LCIA) of the main report.

2.2 Assumptions

In developing the EOL model for CRT and LCD monitors, it was necessary to make several

assumptions.  In addition to the percent distributions presented above, the following assumptions

apply to the EOL data:

• Reuse and resale are not included in the EOL scenarios modeled as these events are

considered to occur within the originally intended useful life of the monitor. 

• The monitors currently in storage are not considered to have reached EOL yet and have,

therefore, been excluded from the EOL model.  Moreover, they are assumed not to have 

environmental impacts while in storage, and maintenance of storage space is assumed to

the beyond the scope of this study.

• Only waste-to-energy incineration is modeled because there is very limited straight

incineration (without energy recovery) being done in the U.S. at present.  In fact, the 1996

total U.S. WTE design capacity was 100,355 tons per day, with 110 WTE facilities in

operation.  In contrast, the capacity for incineration without energy recovery was only

2,451 tons per day, with a total of 19 facilities in operation.  In general, WTE has become

the prevalent method for MSW combustion since the 1980s (EPA 1998). 
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ATTACHMENT A TO APPENDIX EOL:

EOL QUESTIONNAIRE
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