
DOEIER-30168 - 7 I 
YOJ lo f  2 

A Research Needs Assessment for 

Waste Plastics Recycling 

Volume I 
Executive Summary 

Final Report 

December 1994 

Prepared for 
U.S. Department of Energy 
Office of Energy Research 
Office of Program Analysis 

, 
Under Contract DE-AC02-91 ER30168 



DOEIER-30168 
Vol lof  2 

A Research Needs Assessment for 

Waste Plastics Recycling 

Volume I 
Executive Summary 

Final Report 
December 1994 

Prepared for 
U.S. Department of Energy 
Off ice of Energy Research 
Off ice of Program Analysis 

MASTER 



TABLE OF CONTENTS 

VOLUME 1 

Page 

ABSTRACT .................................................... iii 

FOREWORD .................................................... vi 

PREFACE ..................................................... 1 

CONTRIBUTORS ............................................... 2 

CHAPTER 1. Scope of Study. ..................................... 4 

2. Background ........................................ 6 

.......................................... 3. Approach 11 

4. Polymer Streams Available for Recovery/Recycling ........ 
5. Technologies for Polymer Recovery/Recycling ........... 25 

6. Potential for Energy Savings from Recycling ............. 34 

7. Critical Economic Issues .............................. 48 

8. Priority Research Needs .............................. 52 

9. Conclusions/Recommendations. 59 

REFERENCES .................................................. 62 

APPENDIX: Glossary of Terms and Abbreviations .................. 63 

14 

........................ 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
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ABSTRACT 

Background 
Technical recycling options that offer the potential for national energy 

benefits, in terms of reduced requirements for natural gas or crude oil, compared to 
the combustion of plastic-containing wastes in advanced waste-to-energy power 
plants, have been studied. The study has identified, assessed, and prioritized 
research needs applicable to the recovery/reprocessing (recycling) of plastics in 
waste streams. 

An integrated waste management system will include waste prevention and 
reuse at the production stage and then post-consumer recycling. This study 
concentrates on the post-consumer phase. 

The study utilized the talents of a large number of participants, including a 
significant number of peer reviewers from industrial companies, government 
agencies, and research institutes. In addition, an extensive analysis of relevant 
literature was carried out. 

In considering the attractiveness of recycling technologies that are 
alternatives to waste-to-energy combustion units, a systems approach was utilized. 
Collection of waste streams containing plastics, sortation, and reclamation of 
plastics and plastics mixtures, reprocessing or chemical conversion of the 
reclaimed polymers, and the applicability of the products to specific market 
segments have been analyzed in the study. 

Findings 
In 1990, of the 80 quads of energy consumed in the United States, 3% or 2.4 

quads were utilized for the manufacture of 45 billion pounds of 14 commodity 
plastics, of which 33 billion pounds appear in the waste stream. 

Current recycling programs are largely limited to plastics and beverage 
bottles, battery cases, and certain containers. The quantity of these plastics in 
waste streams available for recovery/recycling and/or chemical/fuel conversion 
will grow from 33 billion pounds in 1990 to about 60 billion pounds in 2010. The 
quantities of plastics in the waste stream will always be substantially less than 
production in a given year because a large number of plastics are used in the 
manufacture of products with a long life span. Only a small portion (roughly 2 
percent in 1992) of the plastics in numerous waste streams are being recovered and 
recycled. 

There are four major waste streams readily identified for primary 
consideration in this study because they are readily collectible or already 
assembled at a limited number of specific locations and are not presently recycled 
to any significant extent: 
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Automotive light trucks and large appliance shredder residues; 
Carpets; 
Wire and cable coverings; 
Contaminated plastic residues (tailings) from the recovery (reclamation) 
of plastics in beverage bottles, battery cases, and other plastic packaging. 

The quantity of plastics in these streams will grow from about 4.5 billion pounds in 
1990 to about 15 billion pounds in 2010. 

Under the limiting assumption that all plastics in these four streams were 
recovered and recycled with no energy expenditure into products that substituted 
for virgin plastic materials, the potential for energy savings over that attainable in 
waste-to-energy incinerators would be about 0.5 quad in 2010. 

The extent to which energy utilized in the manufacture of plastics (the 
replacement energy) can be recovered depends on the specific recovery/recycling 
technology used. The hierarchy of potential for energy recovery in decreasing 
order is: 

1. Reuse; 
2. Reprocessing - physical processes; 
3. Reprocessing - chemical modification; 
4. Conversion to monomers; 
5. Incineration (waste-to-energy); 
6. Pyrolysis to fuels; 
7. Landfilling = 0. 

For chemical conversion processes, the selectivity to the desired products and the 
replacement energy of the products are the critical factors. Pyrolysis can be 
attractive when monomers recovered in a high selectivity process cannot be 
manufactured in a one-step petrochemical process, e.g., caprolactam, styrene, and 
adipic acid. 

Our studies show that the research areas of highest priority are: 
0 

0 

0 

0 

Development of low-cost and efficient processes to separate plastics from 
other materials, plastics from each other, and non-polymeric impurities 
from plastics; 
Analytical methods and instruments that can be used to identify plastics 
in systems containing different resins mixed with a variety of additives 
and contaminants; 
Improvements in the properties of immiscible plastic mixtures through 
the addition of chemicals (compatibilizers) or through in situ chemical 
reactions; 
Development of new uses/applications for reprocessed/recycled plastics. 
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Collection of waste streams containing polymers will dominate the 
recovery/recycling technologies that can be used in the future. Currently, 
economically competitive pricing of recycled plastics depends upon subsidized, 
frequently mandated collection or volunteer effort. 

The report is organized into two volumes. The first volume provides a 
summary of the entire project; the other volume contains detailed information on a 
number of specific technical topics relevant to the recovery/recycling of plastics. 
An extensive, numerically indexed bibliography of relevant literature is also 
included in the second volume. The studies and work activities reported in this 
report were completed in late 1992. 
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FOREWORD 

The interest of the Office of Program Analysis in sponsoring this Research 
Needs Assessment was to explore for opportunities for government-sponsored 
research to significantly increase the energy efficiencv benefits of recycled plastics 
from post-consumer wastes. From this perspective, environmental benefits of 
recycling are seen as a bonus, but are not the primary concern of the study. 

Because energy can be derived directly from the fuel value of plastic waste 
burned in waste-to-energy combustors, approximately 18,000 BTU per pound, 
combustion energy was designated as a baseline against which the incremental net 
energy savings of recycled plastic products should be measured. The exploration 
focuses on waste streams large enough to have significant energy benefits, which 
means streams with a recycle potential of greater than 200 million pounds per year. 

This report was intended for general use and not primarilv as a blueprint or 
guideline for DOE-sponsored research and does not imply any intent of such 
sponsorship. 
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PREFACE 

This report is organized into two volumes. This first volume provides a 
summary of the entire project; the other volume contains detailed information on a 
number of specific topics relevant to the recovery/recycling of plastics. 

Volume 1 summarizes the objectives and scope of the project (Chapter l), 
the background (Chapter 2), the approach (Chapter 3), the nature and quantity of 
the polymer streams available for recovery/recycling (Chapter 4), the scope of 
commercial and developmental technologies for polymer recovery/recycling 
(Chapter 5), the potential for energy saving through recycling (Chapter 6), some 
critical economic issues (Chapter 7), priority research needs (Chapter 8), and 
conclusions/recommendations (Chapter 9). There is one appendix: a Glossary of 
Terms and Abbreviations. A limited number of relevant references are given in 
Volume 1. 

Volume 2 contains an introductory section and 14 chapters that address 
specific topics. Two of the chapters review critical issues in life cycle energy 
analysis and the sources/quantities of waste streams that contain plastics and other 
polymers. The balance of the volume is organized into four sections: 

Collection, Sortation and Reclamation of Waste Polymers (Chapters 4-8); 
Reprocessing of Reclaimed Polymers (Chapters 9-1 1); 
Chemical Conversion of Reclaimed Polymers (Chapters 12-14); 
Research Needs (Chapter 15). 

There are two appendices: 
A. Polymer Containing Waste Streams: Statistics and Projections 

(Appendix I); 
B. Research Needs Peer Review Process (Appendix 11). 

An extensive numerically indexed bibliography of relevant literature is also 
included. 

The studies and work activities reported on in this report (Volumes 1 and 2) 
were completed late in 1992. 
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CHAPTER 1 

SCOPE OF THE STUDY 

The Polymer Processing Institute at Stevens Institute of Technology, with 
the Center for Plastics Recycling Research of Rutgers University as a 
subcontractor, was awarded Contract Number DE-AC02-91ER30168 to identify, 
assess, and prioritize research needs in the recovery/reprocessing (recycling) of 
plastics from waste streams. 

The scope of the study was limited to those technological options that 
offered the potential for national net energy benefits (in terms of natural gas or 
crude oil replacement) compared to the combustion- of the plastic wastes in 
advanced waste to energy power plants. Waste-to-energy power plants were 
selected as the baseline for comparison because they provide an alternative mode 
for recovery of some of the energy, i.e. the heat of combustion, of post-consumer 
plastic wastes. Such plants are commercially available and used in the United 
States; they are used to a greater degree in Europe and Japan than in the United 
states. 

In considering the attractiveness of recycling technologies that are 
alternatives to waste-to-energy combustion units and the potential for net energy 
benefits, a systems approach is essential. Collection of waste streams containing 
plastics, sortation and reclamation of the desired plastics and plastic mixtures, 
reprocessing or chemical conversion of the reclaimed polymers and the 
applicability of the products to specific market segments were analyzed in the 
study (Volume 2, Chapters 4 to 14). 

To achieve a national net energy benefit requires that the: 
Technologies utilized (considered in the context of a system of collection 
and sortation through reprocessing and product manufacture) have a 
positive net energy recovery (relative to combustion process alternatives); 
Quantities of wastes containing suitable plastics that are processed 
through collection, sortation, and reclamation are significant on a national 
scale; 
Utilization of a combination of technologies for specific plastic waste 
streams has the potential of saving a minimum of 10l2 BTUs over waste- 
to-energy power plants (this is roughly equivalent to recycling 200 
million pounds of reclaimed plastics); 
Products produced by recovery/recycling can be marketed in competition 
with identical (higher energy content) products made from petroleum 
crude or natural gas. 
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The requirement that the potential for energy savings in a specific research 
program be at least 10l2 BTUs Quads) over waste-to-energy power plants was 
established in discussions with Department of Energy (DOE) representatives as a 
floor for the level of energy savings that might be an incentive for DOE research 
support. 

While economic issues are of critical importance in determining the rate of 
diffusion of new technology, these have not been quantitatively addressed in this 
study to any significant degree. However, the implications of changes in 
technology on the economics of recycling plastics were considered qualitatively in 
developing the priority research needs (Chapter 8). Indeed, a significant fraction of 
the identified research needs are directed at improving the economics associated 
with recycling. Economic factors that could impact the attractiveness of the 
recovery/recycling of plastics are addressed in Chapter 7. 
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CHAPTER 2 

BACKGROUND 

Only a small portion of the plastics and composites in numerous waste 
streams are being recovered and recycled. (Roughly one percent of the eight 
commodity plastics produced in' 1990 [Table 4-11 were recycled.) Increasing the 
quantity that is recovered and recycled requires an expansion of existing collection 
programs (as well as new ones) and an increase in the number of sortation and 
reprocessing facilities. However, an expansion of recycling will not occur unless 
the markets for products derived from recovered and recycled plastics grow. 
Economic issues that are beyond the scope of this study will be of critical 
irnporkce in determining the rate of diffusion of new technologies for plastics 
recovery/recycling (see Chapter 7, Critical Economic Issues). 

Opportunities for rapid growth exist; companies are continuously being 
formed, modified, merged, and dissolved. Many of the companies involved in the 
recovery and recycling of plastics are young and small. Often they have developed 
their own proprietary process. Frequently, the technology that is practiced is not 
covered by patents. These companies are subject to failure, merger, and takeover, 
as continually reported in the trade press. 

Major producers of virgin polymers, e.p;. petrochemical and chemical 
companies, are just beginning to offer grades that contain recycled plastics. 
Undoubtedly, in future years these producers will increase their activities in 
recovery of plastics from waste streams and in marketing recycled polymers. 
However, the extent and timing of their participation will be both uncertain and 
highly variable. 

The activities involved in the recovery and recycling of plastics can be 
divided, as shown in Figure 2-1. Among the participants are: 

Collectors of waste plastics through curbside recycling programs, 
recycling centers, reverse-vending machines in stores, and private 
purchases from factories; 
Material recycling facilities (MRFs) that process waste streams (both 
municipal and private) into saleable fractions, e.g. metals, plastic, glass, 
and paper, which are then further processed; 
Processors who clean and separate the plastics into saleable material as a 
flake or pellet. 

Mixtures of plastics (after having been cleaned to some degree) have often 
been manufactured into either low-valued goods or specific items that have 
displaced comparable wood products. 
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Environmental Management of Plastics and Composites 
Three activities are involved in achieving proper environmental management 

of the resins and chemicals used in the manufacture of plastic and composite parts: 
Waste prevention through use of appropriate part/product design 
techniques and manufacturing processes. 
Reuse of plastic and composite parts/products. 
Waste management through recovery/recycling (reprocessing), 
chemicaVfue1 conversion, waste-to-energy power plants, and landfilling. 

Waste prevention, reuse, and waste management should be viewed as a 
hierarchy that systematically addresses resource conservation, energy efficiency, 
pollution prevention, and economic constraints. 

The focus of this study is on post-consumer waste management 
alternatives and their impact on energy consumption. 

An overview of the system alternatives for the management of discarded 
plastic parts and plastic objects is shown in Figure 2-1. In the U.S., about 75 
billion pounds of plastics (including fibers, and polymeric matrices in composites) 
were fabricated into parts and objects in 1992. The energy consumption to produce 
these parts and objects (Chapter 6) was about 3 quadrillion BTUs (3 x or 
roughly 3.5% of the total energy consumption in the United States. In 1990, 
roughly 1% of the plastic resins produced in the United States were recovered and 
recycled. The bulk of the plastic parts and objects discarded that year were 
landfilled (Chapter 4). Improvements in waste plastics utilization and the energy 
efficiency of plastic recovery and recycling processes have the potential for a 
significant reduction of the energy devoted to the manufacture of plastic parts and 
objects. 

Waste prevention reduces pollution by minimizing the factors that can lead 
to it. For example, one can reduce waste generation significantly by standardizing 
containers to facilitate reuse after proper washing. Initially, however, an 
additional quantity of plastic over that in single use containers may be used to 
construct them, (as is the case with PET bottles in Latin America and the Pacific 
Rim) to make them suitable for washing and reuse. 

Similarly, one should consider designing a complex system of parts in such a 
manner that the parts can be readily separated when the system is discarded. This 
involves consideration of design alternatives that may be more expensive than 
current practices. For example, screws might be used for assembly, rather than 
fusion welding, and if cements and adhesives are used for bonding, they should 
preferably be water soluble to facilitate debonding. Marking of parts to identify 
the specific resins used not only facilitates reuse but also recovery/reprocessing. 
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Identification is the key to materials segregation for reprocessing or the selection of 
mixtures of resins that can be reprocessed successfully. 

Obviously, the most desirable strategy would be to use less material in 
manufacturing a part, while still meeting performance specifications. This requires 
both the use of advanced design techniques based upon fracture mechanics and 
access to the proper physical property data for the polymers being used. Often, 
critical data, such as fracture toughness, fatigue life, fatigue/crack growth rate, and 
creep and stress rupture data, are not readily available to a designer. As a result, a 
designer compensates for this lack of needed information by over engineering 
through either the use of more material or selection of a material whose waste 
management require less efficient. 

Reductions in the use of thermoplastics by a minimum of 10% should be 
possible for over 80% of the plastic and composite parts currently being produced 
in the U.S. However, this will require the use of complex design and material 
selection procedures. At the design stage, this requires consideration of the 
interplay between the product design, the range of candidate polymers, and the 
manufacturing and waste management processes that could be used. For example, 
studies of the Design and Manufacturing Institute at Stevens Institute of 
Technology have shown that, in many applications, injection-molded fiber- 
reinforced thermoplastic composite parts match the performance of fiber- 
reinforced thermoset parts (which are much more difficult to recycle). 

Having made "optimum" choices during design and manufacturing, one 
should consider whether it is possible to reuse the plastic and composite parts and 
systems after they have been removed from service. Reuse has been practiced on a 
limited scale in many industries; however, reuse on a broad basis is a relatively 
new concept. The Xerox Corporation has shown that it is possible to significantly 
reuse plastic parts in copiers both as replacement components and in new 
equipment. Similarly, reuse of composite parts in automobiles and trucks is 
increasing. However, reuse of parts for which historical data on extended 
performance are not available requires the development of methods to predict 
service-life p erforrnance . 

To date, the recovery and recycling of polymers (plastics) has been a low 
technology business. However, lack of technology has not been a significant 
obstacle to expanding the business. Rather, issues such as the price of recycled 
plastics relative to virgin (Chapter 7) and the availability of certain reclaimed 
polymers (PET and HDPE) have been critical constraints to the growth of 
recycling. 

While plastics recovery/recycling efforts in the U.S. have grown rapidly 
during the past years, the industry is both fragmented and highly nonuniform. 
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Moreover, the industry has been slow to respond to possible opportunities since 
both the market for the products and the nature of the available wastes are often 
unclear. 

The recovery of materials and energy from plastics and composites will 
require the development of new technologies, as well as modification of existing 
ones. These technologies will impact all phases of production for plastics, 
including: product design; materials development, testing, specification, and 
standardization; optimization of manufacturing processes; and development of 
processes for both the separation of generic plastics and the compatibilization of 
inseparable mixtures. 
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Figure 2-1 
Plastics Recovery/Recycling Overview 

COLLECTION 
Separation from 
nonplastics 

Single, 
Impure, or 
Mixed 

Sorting according 
to object 

-Reclamation / Refining 

\ 

SINGLE 

Y 

-Limited Sorting / 
Separation 

- Reuse of Objects 

- Melt Reprocessing 

- Chemical Conversion 
a) to chemicals / monomers / 

b) pyrolysis / refinery 
c) chemical modification 

oligomers 

- Melt Reprocessing 

- Chemical Conversion 
a) to chemicals / monomers / 

b) pyrolysis / refinery 
c) modification (compatibilization) 

oligomers 

10 



CHAPTER 3 

APPROACH 

The project was managed by a core group of staff from the Polymer 
Processing Institute (PPI) at Stevens Institute of Technology and consultants. 
Additional expertise was provided by the Center for Plastics Recycling of Rutgers 
University and selected expert consultants (see Contributors). Attilio Bisio, 
Consultant, was the Project Manager, Marino Xanthos, Director of Research at 
PPI, was the Principal Investigator, and Stephen Wythe, consultant, managed the 
interactions with the Peer Review Panel of interested experts from industry, 
government agencies, and environmental organizations. 

For each topical area (Volume 2, Chapters 2-14), selected team participants 
followed a similar approach and schedule. The initial phase of the study involved a 
major information-gathering effort including literature surveys, topical discussion, 
telephone interviews with industry and academic experts, and site visits. An 
extensive bibliography of the literature was developed as a result of these efforts; it 
is included in Volume 2. 

An important resource for this study was the peer review panel-a group of 
28 people of diverse backgrounds with extensive experience and interest in plastics 
recycling. Help from the Panel members was obtained through questionnaires and 
individual communications and in a two-day conference in early 1993. 

The Panel was a: 
Sounding board to review the quality of the infomation generated by the 
Study Team; 
Resource of information on plastics recycling; 
Source of research needs; 
Critical participant in the final prioritization of research needs; 
Critical reviewer of the report. 

The analytical process involved a significant number of interactions: 
Within the Study Team; 
Between the Study Team and outside resources, especially members of 
the Panel; 
Between the Study Team and DOE representatives; 
A two-day meeting involving about half of the members of the Panel, the 
Study Team, and DOE personnel. 

Individual contacts were also made with Panel members on topics such as 
recycling of carpets, wire and cable and automotive parts, embodied energy, and 
pyrolysis. 

This study has benefited significantly from their participation. 
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Early in the study, the Panel reviewed the statistical information generated 
by the Study Team; they focused on the projections of quantities of waste that 
would be available through the year 2010. Their comments and revisions have 
been incorporated into the final projections. 

A comprehensive questionnaire was sent to the panelists in early December 
1992. The response was excellent; 23 responses were received to the 28 
questionnaires mailed. Many of the responses included extensive comments on all 
aspects of recycling: technology, economics, regulatory and societal. These 
provided a comprehensive perspective on the current and future status of recycling. 

Before analyzing and prioritizing possible research needs, the following 
issues were finalized with the assistance of the Peer Review Panel. 

1. 

2. 

3. 

The Study Team had selected auto shredder residues (ASRs), carpets, 
wire and cable, and "tailings" from municipal solid waste (MSW) as 
being of possible interest for future study. The Panel agreed that these 
were the most important, however some members suggested that waste 
film could be of equal interest to the streams selected. 
The Study Team had selected waste-to-energy power plants as the most 
reasonable alternative to plastics recycling. The Panel felt that waste-to- 
energy power plants are a reasonable option for plastics disposal into the 
indefinite future (however, there were a few strong dissents to this 
conclusion). Moreover, the majority of the panel also felt that landfilling 
of plastics would become increasingly more costly and less available. 
The Study Team solicited the Panel's views on what was needed to 
expand the use of recycling. The Panel felt that in order to achieve 
significant progress, the overall economics of plastics recycling needed 
major improvements. Of particular importance were improvements both 
in processing costs and in the markets for the recycled resins. The Panel 
was not optimistic that the needed improvements would occur without 
government intervention. The Panel also did not believe that near term 
technological improvements would make a significant difference in the 
diffusion of recycling. 

During the last two weeks of January 1993, all of the research needs that had 
been collected from the various sources were reviewed at meetings with Panel 
members and the DOE representatives and then again by the Study Team. Needs 
were grouped in ten Research Areas; the Research Areas were prioritized and then 
the needs within each Area were prioritized (Volume 1, Chapter 8, and Volume 2, 
Chapter 15). 

In establishing the priorities for research needs, the potential for achieving 
savings in energy through reductions in the use of petroleum feedstocks was given 
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the greatest weight. The following factors were next in importance in the 
prioritization process: 

Probability of success in meeting the research need; 
Extent of potential use of the research, i.e. to what extent will success in 
the suggested research increase recycling; 
The approximate cost and time required to commercialize the results of 
the research. 

All identified research needs had to have a positive environmental impact. 
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CHAPTER 4 

POLYMER STREAMS AVAILABLE FOR RECOVERY/RECYCLING 

Discarded polymers in residential, commercial, and industrial waste streams 
that are not incinerated have been disposed of in landfills as shown in Table 4-1 for 
a number of commodity plastics; these landfills have been operated primarily by 
local government agencies. Increasingly, polymer containing objects are being 
source separated by residents and commercial businesses or being recovered from 
municipal solid waste streams (MSWs). However, there are significant waste 
streams containing large quantities of polymers that could be diverted from 
incinerators and landfills for recovery of their polymer content. 

This analysis focuses on polymer streams available for recycle that are not in 
commercial recycling programs currently under way such as PET and HDPE 
containers and PP battery cases. 

Four streams that are readily collectable or already assembled at a limited 
number of specific locations have been identified in this study (Volume 2, Chapter 
3): 

Automobile, light truck, and large appliance-shredded residues (ASRs); 
Carpets; 
Wire and cable coverings; 
"Tailings" from plastic-containing streams recoverable from MSWs. 

Containers, some films, and a number of other polymer-containing objects 
are increasingly being source separated (Table 4-2, MSW Fraction 1). Hand 
sorting and mechanical sorting of MSW is increasing; these sorting activities will 
eventually produce mixed (commingled) polymers of many types rather than the 
PET and HDPE containers that presently dominate Fraction (1). This additional 
quantity of polymer (that can be recovered using straightforward extensions of 
known technology) is identified as MSW Fraction 2 in Table 4-2. Some portion of 
MSW Fraction 3 (the balance of the plastics contained in MSW) contains many 
contaminants; Fraction 3 is currently being landfilled or incinerated. Disposal of 
Fraction 3 in landfills may not be an acceptable option in the future. 

Reclamation of plastics from MSW Fraction 1 and Fraction 2 will generate a 
discard stream (often referred to as "tailings") of mixed (commingled) and often 
dirty plastics. Estimates of the quantities of tailings that could be generated by 
processing MSW Fraction 1 and Fraction 2 are highly uncertain; in our judgment 
the quantity of tailings could range from 20 to over 40 percent of the total of 
Fractions 1 and 2. In Table 4-2, our best estimate of the quantity of tailings is 
given; unless the tailings are reprocessed into useful materials, they will have to be 
landfilled or incinerated. 
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The total amount of plastic available for recovery and recycle from the four 
identified streams is shown in Table 4-3. The estimates given in Table 4-3 are the 
result of considering factors controlling the generation of each stream, trends in 
present polymer recovery programs, and plans for expansion of polymer recovery 
activities/programs by numerous industrial groups and governmental units. 
Estimates of the average period of use (life span) of plastic products (Table 4-4) 
are critical in the development of Table 4-3. 

Energv-saving Opportunities 
Based on the methodology developed in Volume 2, Chapter 2, the quantity 

of plastics available for recovery/recycling from the four waste streams identified 
in this study will grow from 4.5 billion lbs in 1990 to about 15 billion lbs in 2010. 
What does this mean with respect to the opportunity for energy savings? 

Since the heat of combustion of plastic can be recovered as usable energy (to 
a maximum of about 80%), the energy savings that can be obtained through 
recycling over (i.e. in addition to) those obtained if the waste polymers were 
combusted are shown in Table 4-5. The energy opportunity over waste-to-energy 
plants will be about 50 x 1013 BTU in 2010. However, one must keep in mind that: 

0 

0 

0 

In Table 4-5 the potential gross energy savings are shown; from these 
savings the energy required to collect, sort, recover, and recycle the 
plastics would have to be deducted (see Chapter 6); 
The replacement energies (see Chapter 6) used to develop the potential 
gross energy savings in Table 4-5 need critical analysis and updating, as 
discussed in Chapter 6 and Volume 2, Chapter 2; for example, the energy 
opportunity shown for carpets is highly dependent on the high values of 
the replacement energy for nylon 6 and 6,6. 
The energy savings in Table 4-5 do not include the savings that will 
result from an expansion of current recycling programs for beverage 
bottles, battery cases, and some containers. We estimate that these 
activities could add another 20 x 1013 BTU annually to the total shown 
for 2010. 

50 x 1013 BTUs/yr (0.5 quads) in absolute terms is a large quantity of 
energy; it is the energy content of about 225,000 barrels per calendar day of crude 
oil. However, in 1988, according to Franklin Associates (1990), of the 80 quads of 
energy consumed in the U.S., 3% or 2.4 quads were utilized for the manufacture of 
fourteen commodity plastics. Therefore, the maximum potential for recovery of 
energy through the development of new technology that would be applicable to the 
recovery/recycling of the commodity plastics would be about 20% (0.5/2.4) of the 
energy consumed in their manufacture. However, not all of this potential can be 
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achieved, as discussed in Chapter 6; indeed, our best estimate of the ''net" 
realizable energy above the heat of combustion is 40,000-80,000 barrels of oil per 
CD. 

Automobile Shredder Residues (ASRs) 
Retired automobiles and light trucks have reusable or valuable parts such as 

radiators, catalytic converters, bumpers, batteries and fuel tanks. What remains of 
the automobile after these are removed is then sent to a shredder. Large appliances 
(white goods) are also sent to automobile shredders; small appliances are mostly 
discarded in MSW. 

The shredder separates the metals from everything else; the non-metal 
fraction called "fluff" or automobile shredder residue (ASR) is presently being 
landfilled. ASRs are composed of plastics (roughly 15-30%), rubber, glass, cloth, 
leather, papers, tar, lead, dirt and oily fluids. 

In the future, polymer-containing parts will increasingly be removed from 
discarded automobiles. Removal will be facilitated by design changes that 
facilitate dismantling and labeling of the polymer content during parts 
manufacture. 

An infrastructure to collect plastic containing parts does not exist today to a 
significant degree. However, one could be readily developed. To extent that 
plastic containing parts are collected and recycled by dismantlers, the polymer 
content for ASRs given in Table 4-3 will be reduced. 

In 1992 the average retired automobile contained 180 pounds of plastic; 
those retired in 2010 will contain over 350 pounds. There can be 700 different 
grades of plastic resins in an automobile. The major plastic types in ASRs are 
polyurethane foam, ABS, PP, LDPE, HDPE, PVC and glass reinforced polyesters. 

Carpets 
Discarded carpets are found today primarily in MSW. Some are left at the 

curb for municipal collectors; however, others are picked up by the new carpet 
installers and commercial collectors. 

The fibers in carpets are primarily nylon 6 and nylon 6,6 (70%). However, 
polypropylene (16%), polyester (9%) and small amounts of acrylics and other 
polymers are also used. Carpets also contain about 30-40% of filler materials and 
adhesives in their backing. 

Only limited quantities of the polymers in discarded carpets are being 
recovered. However, technologies to recycle the polymers in carpets either as 
fibers or monomers are being developed for nylon 6 and nylon 6,6 by fiber 
producers and by several firms specialized in carpet recycling. 
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Wire and Cable Coverings and Insulation 
Scrap wire and cable coverings are the by-products of metal recovery by 

specialized reclaimers. The coverings are about 70% plastic, the remainder is 
fiber, paper, cotton, cellulose, dirt, and some metals (primarily copper and 
aluminum). The metal content is typically 1-2%; however, advanced metal 
removal techniques will reduce the metal content to less than 0.5%. 

A huge inventory of wire and cable is in place in America's infrastructure. 
Contemplated upgrading of communication systems and particularly the 
installation of fiber optic cables will significantly increase the quantities of 
coverings from scrapped wire within the next few years. 

MSW Plastic Containing Streams 
The total U.S. MSW stream has been estimated to be about 180-190 million 

tons by Franklin Associates (1990); about 13% of this was recycled or composted. 
The total amount of MSW generated nationwide continues to increase steadily, as 
does the per capita generation which is now about 4-pounds of MSW per person 
per day. 

The plastic content of MSW is about 8-9% or roughly 30 billions pounds. 
This is less than 50% of the fibers and plastic resins currently being produced 
because: . Significant quantities of the polymers utilized in producing objects and 

parts have a long life span (Table 4-4). 
Present discard rates are related to the level of plastic production in past 
years, i.e. plastic and fibers production has continued to grow at a 
significant rate. 
Some discards (particularly industrial waste and construction debris) are 
not sent to municipal landfills. 

However, in recent years there has been a significant expansion of both post- 
consumer and industrial plastics recycling, as shown in Table 4-6. Source 
separation of containers by households and films and other plastic by commercial 
and institutional establishments is expected to grow. Estimates of the disposition 
for nine major resins in 1990 are given in Table 4-1. 

MSW Fraction 1 in Table 4-2 reflects current trends in source separation. 
The basic assumption driving the estimate of MSW Fraction 1 is that source 
separation will significantly increase both geographically and in the numbers of 
plastic containing objects that are collected. 

Combined mechanical and hand sorting in trial runs at the Pembroke, Florida 
Material Recovery Facility suggest that 80 percent of the plastic in MSW could be 
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recovered. The estimates for MSW Fraction 2 are based upon an assumption that 
up to 70% of plastic might be recoverable by 2010. 

These estimates should be viewed as being the maximum amount of plastic 
that could be recovered from MSW with attainable advances in technology. 
However, the infrastructure to accomplish this does not yet exist. In 1990, only 
about 1% of the polymers in MSW were recycled compared to the potential of 60% 
in Table 4-1. 

Recovery of plastics currently in MSW Fractions 1 and 2 by a combination 
of source separation and sorting produces a residual "tailings" plastics stream. 
Currently, these "tailings" are being landfilled. However, they do represent a 
potential source of plastic that has already been collected. In 2010, "tailings" from 
reclamation of the polymers in Fractions (1) and (2) could be over 10 billion 
pounds. Fraction (3) is the remainder of the plastics contained in MSWs; this 
material cannot be recovered in the judgment of the Study Team. 

Additional information on the polymer streams available for 
recovery/recycling is contained in Volume 2, Chapter 3 and Appendix I. 
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Table 4-1 

DisDosition of Eight Commodity Polymers in 1990") 

LDPE Film 

LDPE Non-Film 

PVC 

HDPE 
Polypropylene 

Polystyrene 

Polyurethane 

Thermoplastic Polyester 

Total(2) 
Production 

6,507 
4,289 
8,136 
7,793 
6,592 
4,94 1 

3,265 
2,069 

Fabrication 
Losses 

65 
43 
81 
78 
66 
49 
33 
21 

Additions 
Inventorv - Recvcled(') 

MILLIONS OF POUNDS 
0 19 

920 1 
6,09 1 5 
1,014 134 
1,173 67 

607 13 
1,565 6 

113 233 

Incineration 

963 
499 
294 
985 
793 
641 
249 
255 
94 

Landfilled(6) 

5,459 
2,826 
1,665 
5,582 
4,493 
3,63 1 
1,413 
1,448 

535 ABS 1,014 10 370 4 
TOTALS 44,606 446 11,853 482 4,773 27,052 

(1) The development of this table is documented in Volume 2, Appendix i. 

(2) From Jan. 1992 issue of Modern Plastics, a McGraw Hill publication. 

(3) The disposition of fabrication losses is uncertain; however, they are often sold to a reprocessor. 

(4) A significant fraction of the plastics produced in 1990 were used in applications that have a life greater 
than 1 year (see Table 4-4) or have been abandoned in place; often the final disposition of these items is not 
clear. Unfortunately, all errors in the numbers are cumulated in this column. 

(5) Plastics actually returned to the market as products made from recycled resins. 

(6) Plastics are landfilled in both municipal and industrial (private) landfills. 
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Table 4-2 

Estimates of Plastics in Municipal Solid Waste (a) 

1990 1995 2000 2010 

Billions of Pounds 

MSW (Total) 33 38 45 60 

Fraction (1) ('I 
Fraction (2) (dl 
Fraction (3) (e) 

0.7 (b) 2 5 12 
19 22 27 33 

13.5 13 13 15 

"Tailings" from Reprocessing 0.2 (b) 5-10 6-12 8-16 
(1) and (2) ( f )  

(a) All numbers have been rounded off; the methodology used to develop these 
estimates is given in Volume 2, Appendix I. 

(b) The quantity of plastics actually returned to market as products made from 
recycled plastics was approximately 0.5 billion Ibs.; 0.2 billion lbs. were 
"tailings". 

('1 Plastics recoverable by source separation and hand-sorting as practiced 
today. 

(dl Additional plastic potentially recoverable by a combination of known 
technology, mostly source separation and hand/mechanical sorting of 
MSW. This represents a significant but attainable advance over today's 
practices. Therefore, the 1990 number represents a lost opportunity. 

(e) The remainder of the plastics in MSW. 

(0 Included in the numbers for Fractions 1 and 2. 
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Table 4-3 

ASRs 

Carpets 

Wire and Cable Covers 

Tailings from MS W (2) 

Total 

1.8 

2.1 

0.4 

0.2 

4.5 

Polymer Streams Available for RecovervRecvcling (1) 

1990 1995 2000 2010 
Billions of Pounds 

2.1 2.3 

2.3 2.5 

0.5 0.6 

5.0 

9.9 

6.0 

11.4 

3.0 

3.0 

0.8 

8.0 

14.8 

Does not include plastics recovered/recycled in current (1993) Recycle 
Programs; by the year 2010, recovery of these plastics is projected to be an 
additional 11 billion Ibs. 

(2) Conservative estimate from data in Table 4-2. This stream is the largest 
and most dispersed; its use has the most demanding technical and economic 
challenges. 
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Table 4-4 

Average Period of Use for Plastic Products 

Product Category 

Packaging 
Adhesives and Others 
Consumer and Institutional 
Furniture and Fixtures 
Transportation 
Electrical and Electronics 
Industrial Machinery 
Building and Construction 

Years 

<1 
4 
5 
10 
11 
15 
15 
25 
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ASRs 

Table 4-5 

Maximum Energv ODportunitv through Recycling 
Above Heat of Combustion(') 

1990 1995 2000 2010 
1013 BTUS(~) 

4 4 5 6 

Carpets 16 18 22 29 

Wire and Cable Coverings 0.7 1 1 1 

"Tailings" from MS W (3) - 0.4 - 10 - 12 - 16 

Total 21 33 40 52 

( l )  Does not include items collected in today's recycle programs. By the year 
2010, about 11 billion Ibs of these items will be collected (equivalent to 
about 20 x 1013 B T U ~  per year). 

(2) The maximum energy opportunity is a "gross" energy; the energy 
requirements to recover/recycle the contained plastics would have to be 
deducted to obtain the "net" energy that could be recovered. 

( 3 )  See Table 4-2; the energy opportunity estimates have been based on the 
minimum of the quantity range shown. 
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Packaging 

PET 
HDPE 
PVC 
LDPE, LLDPE 
PP 
PS 
Other 

SUBTOTAL 

Non-Packag ing 

TOTAL 

Table 4-6 

Recent Recvcling History (1) 

Plastics Recvcled Million Pounds 

- 1 990(2) - 1991(2) - 1 992(3) 

227 293 402 
137 275 416 

2 8 10 
43 47 53 
-- 3 15 
13 24 32 
-- -- 19 

422 650 928 

60 262 338 
- - 
482 912 1,285 

( l )  Plastics actually returned to the market as products made from recycled 
plastics, i.e. net of "tailings" (MSW fraction). 

(2) As reported in Modern Plastics (a McGraw Hill Publication, Dec. 1992). 

(3) 1993 estimates of the Society of Plastics Industry. 
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CHAPTER 5 

TECHNOLOGIES FOR POLYMER RECOVERY/RECYCLING 

Polymer recovery/recycling (Figure 2- 1) involves a variety of technologies; 
each of the technologies has technical, economic and institutional components. A 
decision to recoverlrecycle a polymer involves decisions on technologies for: 

Collection of discarded objects and parts. 
Polymer(s) separation: 
- Sortation of the plastic object(s) and parts(s) containing the desired 

polymer; 
- Reclamation of the objects into polymer(s) streams for recycling and 

discard streams "tailings" for landfilling. 
Polymer processing: 
- Reprocessing into objects, or 
- Chemical conversion into monomers, chemicals or fuels. 

The decisions will be highly influenced by such factors as the quantity of the 
discard objects and parts in the waste streams, their composition, and the 
availability of markets for products (objects) containing recycled polymers. 

Recycling in this study refers only to polymers recovered from objects and 
parts in waste/discard streams. Scrap materials that are recovered and reused 
during manufacturing processes, extrusion and injection molding are excluded. 
"Prompt industrial scrap", i.e. scrap generated in production processes that is 
returned to the polymer resin manufacturing facility, is not a significant stream for 
the polymers considered in this study. 

Collection (Volume 2, Chapter 4) 
There are numerous alternative methods of collection for discarded plastic 

objects: drop-offs, deposit returns, curbside collection, trash sortation and reverse 
distribution. Curbside collection of source separated plastic objects, e.p;. bottles 
and containers is a growing trend. Reverse distribution is significant only for 
bottles (deposit returns) and wet cell automobile batteries. However, reverse 
distribution is being tested in pilot programs for computers housings, and copier 
parts; it is expected to be used for automotive parts in the future. 

With the exception of trash sortation, all the collection alternatives require 
some degree of specialized equipment or service, e.g;. collection bins and scheduled 
collection days. Obviously, the most convenient approach is collection as part of 
the municipal solid waste (MSW) or some portion of a MSW stream, e.g;. "wet" 
and "dry" trash. 

All collection programs except total trash collection will fail to capture 100 
percent of plastic objects for a variety of reasons. Therefore, there is a growing . 
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interest in centralized materials recovery facilities (MRFs) where polymers are 
recovered from MSW by hand sorting and mechanical methods. 

The current U.S. polymer recovery/recycling infrastructure handles only a 
small number of the plastic objects that are present in various commercial, 
institutions and municipal waste streams. Additional plastic objects can be source 
separated by both households and commercial/institutional groups. For example, 
an expansion of PET and HDPE bottle recycling programs ongoing in many 
municipalities to all rigid plastic containers, flexible packaging, extrusion coated 
paper, e.p;. milk cartons and some small durable items, would increase the 
collectable plastic stream by a factor of two to three. However, technology to 
reclaim the polymers from these items (Volume 2, Chapter 6-8) is not yet 
economic. 

Polvmer Separation: Sortation (Volume 2, Chapter 5) 
Sortation, the separation of plastic objects in waste streams into groupings 

by generic resin type and colors has traditionally been the first step in recovering 
the polymer content of the object. Currently, the technologies used for collection, 
sortation and reclamation (Volume 2, Chapters 6-8) are highly interdependent; they 
were all developed to meet the goals of specific recovery/recycling programs. 

Sortation can be practiced within a household, commercial firm or institution 
(source separation); at pickup during the collection of waste streams and at 
facilities that separate and prepare bulk shipments of "segregated" plastic objects 
for reclamation. Hand sorting has been used to date almost exclusively for 
separation of plastic objects from waste streams. Mechanical sorting, e.g. gates 
and air streams have been used to a limited degree. Automated sorting equipment 
triggered by detectors are under development and in use in prototype lines. 

Plastic objects can be sorted only if they are recognizable to a sensor, human 
or mechanical/electronic. While collection of automobiles, large appliances and 
carpets is straightforward, sorting of the polymers contained in them requires both 
the development of markindrecognition systems and disassembly techniques. The 
current disassembly procedures are highly labor intensive. 

Polvmer Separation: Reclamation (Volume 2, Chapters 6-8) 
Reclamation processes are designed to produce high purity polymer resins 

from the plastic objects generated during sortation. Aqueous detergent wash- 
wastes flotation processes (Figure 5-1) can produce resins acceptable for 
reprocessing from dirty post-consumer plastic objects such as bottles and film. 
However, the performance of wash-float is limited by how the feedstock (objects to 
be reclaimed) have been collected and sorted. Contamination from inadequate 
separations of the polymers in the feedstocks, e.g. PVC or PET, and residual 
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contamination by papers, adhesives, metals, glass and odor bodies can be critical in 
establishing the applications for which the recovered polymers can be used, i.e. for 
manufacture of new plastic objects. 

Wash-float processes are not suitable for polymers from feedstocks that are: 
Complex fabrications of different polymers. 
Highly contaminated with debris, dirt and oils. 
Composed of coatings/layers that cannot be removed by washing. 
Composites of incompatible polymers not efficiently separated by density 
differences. 

A variety of separation techniques such as microsortation (Volume 2, Chapter 7) 
and solvent processes (Volume 2, Chapter 8) are under development to address the 
relevant issues involved. 

Microsortation processes utilize one or more of the following polymer 
properties to affect separation of ground or flake resins: 

Density differences in float media other than water, e.g. salt solutions and 
supercritical fluids. 
Surface energy/wetting differences in froth flotation processes similar to 
those used for the separation of minerals. 
Electrostatic charging (i.e. differences in the electron affinity of 
polymers; PVC > PET > PP > LDPE > PS > Polyamides). 
Softening point. 

Differences in dielectric and optical properties are being utilized for the 
development of sensitive sensors. 

A number of developmental programs and prototype reclamation lines 
utilitize the approaches listed above. However, only froth flotation is being used in 
a commercial installation (for the separation of trace PVC contamination from 
PET). 

The feedstocks for microsortation reclamation processes will almost always 
have been first processed in some washing/separation technology. Solvent 
processing by either selectively dissolving individual polymers or dissolving mixed 
polymers and then selectively precipitating them offers the prospect of handling 
complex contaminated polymer mixtures that are not suitable for 
washing/separation processes, e.g. automobile shredder waste (ASRs) and certain 
MSW streams (Volume 2, Chapter 8). 

There are no commercial facilities utilizing solution processes; however, 
pilot facilities are under construction at the Argonne National Laboratories and 
Rensselear Polytechnic Institute. In a number of studies, emphasis is being placed 
on finding solvents that are highly selective for specific polymers; these would 
allow selective dissolution of individual polymers from commingled mixtures. 
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Polvmer Processing.: Reprocessing, (Volume 2, Chapters 9 and 10) 
Reprocessing of generic thermoplastics recovered by sortation/reclamation 

from post-consumer discard streams and industrial scrap regrind is done in 
conventional polymer processing equipment. The reclaimed resins are formulated 
in limited quantities with virgin resins and additives to obtain the desired properties 
in the plastic object being produced. These practices are different from those used 
in processing commingled polymer wastes into "plastic lumber" applications. 

The present recycling rates for generic thermoplastics are quite low. 
Bennett's (1991) data for 1989 suggest that the recycling of PET was less than 10% 
while that for commodity thermoplastics was less than 2% of the 1989 polymer 
production. With the development of new markets for products containing 
reclaimed resins the recycling of generic resins could increase to 30% for PET but 
would not exceed 12% for most other thermoplastics (Table 5-1). 

Estimates of market penetration will depend on many factors in addition to 
cost (Chapter 7); the nature of the market, desired properties for the plastic objects 
and the characteristics of the reclaimed resin will determine the permissible ratio of 
virgin/reclaimed resins, i.e. the recycle ratio. Of critical importance in determining 
the characteristics of the reclaimed resin is the extent to which degradation of the 
plastics has occurred during cycles of use and reclamation. However, studies by 
Throne (1987) suggest that products incorporating reclaimed polymers that have 
undergone significant reduction of physical properties in each recycle, may still 
retain an acceptable fraction of the virgin resin property(s) level(s). The retention 
is a result of the incorporation of virgin resin in each recycle and the loss (bleed 
off) of old polymer into fractions, e.g. "tailings", that are not reclaimed. However, 
the extent to which reclaimed polymers can be reprocessed is an open issue 
requiring extensive further research. 

The reprocessing of thermosets is not well advanced compared to 
thermoplastics (Volume 2, Chapter 10). Reprocessing has been limited to the 
incorporation of reclaimed/reground resins into new polymer formulations with a 
minimum of flow or additional deformation occurring during processing. While 
few products are produced from reclaimed thermosets from waste streams, several 
commercial plants in Europe and Japan have been using SMC plant scrap as filler, 
- i.e. replacement of calcium carbonate. Similarly, plant scrap has been blended into 
PUR foams. 

Development studies are focusing on maximizing the quantity of thermoset 
regrind that can be incorporated in phenolics, epoxies, PUR, BMC, SMC, and 
thermoplastics with acceptable properties and surface appearance. In principle, 
thermosets after being cured can be usable repeatedly since the degradation upon 
repeated recycles should be minimal. Synthesis of new "thermally processable" 
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resins combining the flow characteristic of thermoplastics with the physical 
properties of thermosets would open up new recycling approaches. 

Processing of mixed thermoplastics to produce marketable products is 
essential for the expansion of plastics recycling (Volume 2, Chapter 11). 
Separation of many commingled polymers into generic resins cannot be done in a 
cost effective manner at this time. The processes currently available for fabrication 
of products from commingled plastics are limited to bulky products that can 
displace wood in some application areas. 

Polvmer Processing: Chemical Conversion. Pyrolvsis and Chemical Modification 
(Volume 2, Chapters 12-14) 

Step growth polymers such as polyester, polyamides and polyurethanes can 
be converted to their monomers or to oligomers/chemicals by solvolytic processes, 
et.g. glycolysis, hydrolysis and methanolysis. Utilizing modification of current 
technologies it should be possible to recover in relatively high purity monomers 
from the PET, PUR, Nylon 6 and Nylon 6,6 polymers contained in the waste 
streams identified in Chapter 4. 

The commercial success of methanolysis and glycolysis processes for source 
separated PET beverage bottles reflects the importance and technical feasibility of 
these processes for step-growth polymers. Of course, this implies that the waste 
feedstocks can meet certain specifications with respect to contamination levels. 
The technical feasibility of applying solvolytic processes such as hydrolysis and 
glycolysis has already been demonstrated in small scale experiments for such 
complex mixtures as PUR foam/Nylon fibers/PET fibers and PET/Nylon 6 which 
are among the prime recoverable candidate polymers from the feedstocks identified 
in Chapter 4. In addition to processing PET, PUR, and the Nylons (Volume 2, 
Chapter 12), solvolytic processes could be extended to feedstocks containing other 
step-growth polymers such as polycarbonates (PC), and polyureas and cured 
unsaturated polyesters. 

Pyrolytic processes involve the heating of plastics to produce gases, liquids 
and solid residues, chars and inorganic fillers. However, in pyrolytic processes the 
decomposition of the plastic occurs at elevated temperatures during which oxygen 
is largelv excluded. Consequently, it is not combustion that occurs, but rather a 
complex set of reactions that depends both on the plastics involved and the precise 
nature of the pyrolytic process used. Arnong the possible reaction pathways are: 

Decomposition into monomers, e.p;. PMMA and PTFE. 
Fragmentation of the principle chains into organic moieties of variable 
size, e.p;. PE and PP. 
Simultaneous decompositions and fragmentation, e.g. PS and IB. 
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Elimination of simple inorganic moieties leaving charred residues, e.g. 
PVC. 
Elimination of side chains, followed by crosslinking. 

In addition, the course of the pathways can be modified by addition of controlled 
quantities of hydrogen or oxygen or the presence of contaminants (catalysts). 

Pyrolysis, therefore, can be utilized to recover materials (monomers and 
other organic chemicals), fuels (liquids and gases), or both materials and fuels. 
Many pyrolytic processes to convert wastes to monomers, chemicals and liquid and 
gaseous fuel products have been studied and practiced on a limited commercial 
scale over the past fifty years. 

Their 
attractiveness compared to other feedstocks (for a given process technology) will 
depend on both the relative selectivity to the desired products and the cost 
structure. The embodied energy content of the plastic waste (see Chapter 6 )  is 
relevant, only the heat of combustion is relevant. In most cases the recovery of 
embodied energy in a pyrolytic process will not be significantly higher than 
combustion, i.e. waste-to-energy. The only exception are pyrolytic processes 
involving polymers with high selectivity to monomers, e.g, pyrolysis of nylon 6 
carpets to caprolactam, that cannot be produced in one step petrochemical 
processes. 

All published studies and our approximate calculations indicate that the 
maximum value of plastic wastes in most fuel and petrochemical processes will be 
in the range of 5-10$/lb; this is equivalent to a crude oil price range of $15- 
30barrel. Moreover, it is reasonable to believe that value of plastics wastes (of a 
purity acceptable as a feedstock for pyrolytic processes) will fluctuate with the 
price of crude corrected for any difference in the heat of combustion. Therefore, it 
is highly unlikely that plastic wastes will be economical for many pyrolytic 
processes unless their use is subsidized or legislatively mandated. 

Polymers may be chemically modified in order to meet specific 
cost/performance/processability characteristics. Due to the limitations of 
unmodified resins, chemically modified products have found commercial 
applications in end-uses which could have been otherwise unattainable. 

Modification may involve single polymers or mixtures of two or more 
polymers. Reactive modification of single polymers may be accomplished with a 
variety of reagents or through radiation. Modification of polymer blends is usually 
accomplished through agents commonly known as compatibilizers that may be 
added separately, or formed in situ during mixing/compounding. In general, 
reactions are carried out in polymer solutions, in bulk, e.g.. in the melt, or on the 

In pyrolytic processes, plastic wastes are only feedstocks. 

* 
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surface of the plastic part or pellets; the reactions may be promoted or retarded by a 
variety of foreign substances. 

Recent advances in the technology and economics of modification reactions 
for single polymers and polymer blends (particularly in the absence of solvents, as 
in reactive extrusion) suggest that this route of chemical conversion should be 
applicable to polymer wastes. However, all polymer wastes contain polymeric and 
other contaminants; the specific modification reactions may be affected to different 
degrees by these contaminants. 

Chemical modification of single and mixed plastics is highly relevant to all 
waste streams identified in Chapter 4. Reclaimed single resins recovered mostly 
from MSW and textile waste streams may also be upgraded through increases in 
their molecular weight. For these waste streams, the development of 
compatibilization technologies combined with the identification of suitable end- 
uses and applications will present viable alternatives to pyrolysis or incineration. 
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Table 5-1 

Potential Market Penetration for Generic Recovered Thermoplastics 

Market Segments with 
Penetration >lo% 

PET bottles, film, sheeting, 
strapping, textile 

HDPE bottles, pails, pipe, crates 

LDPE bags, wraps, films, sheets 

PP 

PVC 

PS 

bottles, applicances, toys, 
batteries, furniture 

flooring, sheets, pipe, 
window profiles, hoses 

appliances, toys, packaging 
building 

Source: Adapted from Bennett (1991). 



CHAPTER 6 

POTENTIAL FOR ENERGY SAVINGS FROM RECYCLING 

There is increasing recognition that the impact on the environment of plastic 
and composite products, such as PET bottles, composite films for food packaging, 
and Noryl computer housings, cannot be considered in isolation from how these 
products were designed, manufactured, used, and discarded. Since plastic products 
can and do affect the environment at many points in their lifetime, there is a 
growing interest on the part of both government agencies and industry in life cycle 
assessments, or, as they are often abbreviated, LCAs. The interactions involved in 
developing an LCA are shown in Figure 6-1. 

LCA is a rapidly evolving procedure for evaluating ("from cradle to grave") 
the natural resource requirements and environmental releases to air, water, and land 
associated with both manufacturing processes and resulting products. 
Unfortunately, performing LCAs requires the acquisition and analysis of a 
significant amount of complex data, some private or proprietary, and some often 
significantly uncertain. The U.S. Environmental Protection Agency (EPA) and 
industry and professional societies, such as the Society of Environmental 
Toxicology and Chemistry (SETAC), are striving to enhance both the quality of the 
data and the resulting analyses. 

We are, at least, a decade away from being able to incorporate a formal LCA 
methodology into the initial design of plastic and composite products or even the 
selection of the "best" or "most environmentally efficient" plastic and composite 
materials to produce a part. However, in the interim, we possess the tools to 
significantly improve the environmental management of plastics and composites, 
through a combination of conceptual LCA studies and an in-depth knowledge of 
design, manufacturing, and waste management techniques. 

Life Cycle Energy Analysis: Energy Flows 
An analysis of the flows of energy involved in the production of any product 

is only one aspect of life cycle assessment. The focus of the energy flow analysis 
is the determination of the total (both direct and indirect energy) required for the 
production of the product of interest. 

Energy flow analyses such as those done for the plastics industry by Franklin 
Associates (1990) consider three broad categories of energy: feedstock, process, 
and transportation, as being associated with the production of a product. The 
energy consumption (flow) at each stage of production is determined "beginning at 
the point of raw material extraction from the earth through processing, materials 
manufacturing, product fabrication and transportation to market" (Figure 6-1). 

. 
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The feedstocks used for the manufacture of resins, the precursors to the 
plastics, are gas and petroleum; coal is used only to an almost insignificant degree. 
Since the principle use of these feedstocks is as fuels, the heat of combustion of the 
consumed feedstock must be considered as is part of the total energy required to 
manufacture a plastic product. 

Total energy consumption values developed by Franklin Associates (1990) 
used in this study are given in Table 6-1. Unfortunately, these energy consumption 
values have been termed in the literature, embodied energy. This is a misnomer 
that leaves the impression that a value of energy consumption is a thermodynamic 
quantity; it is not! 

Embodied energy for plastic products reflect both historic manufacturing 
practices and markets. At best embodied energy values should be considered as 
biased approximations (perhaps as much as 20% high) to the energy consumption 
(replacement energy) required for the production of new plastic products (Volume 
2, Chapter 3). 

Applicability of Life Cycle Analvsis to Recvcling 
The savings in energy that might be achieved by the reprocessing of plastics 

recovered from waste streams, e.g;, ASRs, carpets, wire and cable, and MSW 
streams are not inherently obvious. Stauffer (1988) suggested that the energy 
savings from using recycled HPDE and PET could be in the range of 88-97 percent 
of the embodied energy of the virgin resins. Morris and Canzoneri (1992) 
calculate that the energy conserved in manufacturing HPDE and PET products 
from recycled resins could amount to 6,232 and 7,203 kWh per ton of plastic 
respectively. However, neither study accounts explicitly for the energy 
requirements for reprocessing plastics recovered from waste streams into new 
finished articles. 

Life cycle analysis can be applied to the recovery and reprocessing of 
discarded plastics from waste streams to establish an approximate hierarchy of 
energy savings. Discarded plastic objects and parts currently present in the waste 
streams of interest identified in this study can be: 

Landfilled; 
Combusted in waste-to-energy units; 
Reused; 
Reclaimed and reprocessed into new finished products; 
Chemically modified to facilitate reprocessing; 
Converted, e.g;. by pyrolysis or hydrolysis processes, into liquid/gaseous 
fuels, monomers or chemicals. 
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When the discarded plastic objects and parts are landfilled or combusted in a 
waste-to-energy unit, separation of the plastic items from the waste streams is not a 
requirement. However, if other options are to be utilized then some degree of 
separations and processing as shown in Table 6-2 will be required. 

Reuse and reprocessing of plastic objects and parts (regardless of the 
specific set of technologies used) will never be absolute, i.e. not all of the discarded 
plastics in a waste stream can be recovered or reused. Therefore, if the identical 
quantity of plastic objects or parts, one (1) pound, is to be produced, as has 
been discarded, some fraction will have to be made from virgin resins. Ideally, one 
would want to know the minimum quantity of energy required to produce the 
needed objects or parts, i.e. the replacement energy. 

Unfortunately, estimates of replacement energy are not available, nor can 
they be calculated from available published information. Therefore, Franklin 
Associates (1990) estimates of embodied energy (Table 6-1) have been used as a 
surrogate for the replacement energy. 

Energv Flows in Plastics Recvcline, 
To describe the energy requirements for the performance of a system, such 

as, for example, reuse of plastic parts (Table 6-2) requires that the overall system 
be divided into a series of subsystems linked to each other by balanced flows of 
materials and energy. Each system of interest has been broken down to a level 
where each subsystem corresponds to a set of physical operations (as outlined in 
Chapter 5) for which the energy requirements are approximately known. In our 
judgment, the data used in this analysis have an uncertainty of + 25%, -10%. 

To carry out a life cycle analysis requires that the boundaries of the global 
system a set of subsystems must be defined precisely. The energy 
requirements shown as a figure of merit for the hierarchy of alternatives given in 
Table 6-3 are based upon the following global boundaries: 

Input 
One (1) pound of discarded 
objects and parts in a waste 
stream that can be either source 
separated, sorted, landfilled, or 
combusted. Additional energy 
will be required for each option 
considered(? 

output 
One (1) pound of identical 
finished plastic parts or objects 
and 18,000 BTUs of energy. 

(1) Some of the energy is consumed in the production of finished plastic parts and 
objects from virgin resins so that one pound of output is produced. 
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Producing a fixed amount of energy (that produced from combustion of one (1) 
pound of plastic in a waste-to-energy combustion unit) and an identical quantity of 
finished products places all the alternatives considered on a comparable basis. 

The point of view in this analysis is not one of the participants in the 
recovery/recycling of plastics but the economy as a whole. The participants are 
concerned only with the productivity of their specific facilities. Replacement of 
the discarded objects with new objects (made from a combination of virgin and 
recycled plastics) is not directly of concern to them. 

The value of 18,000 BTUs of energy was selected as a typical value for the 
heat of combustion of many plastics, e.g. polystyrene. In an efficient waste-to- 
energy unit integrated with power generation this would be equivalent to about 1.2 
kwh of electric power. 

For systems that do not produce energy in one of the subsystems, a 
landfilling, some fuel will have to be burned to produce the required 18,000 BTUs 
of energy. Since it is not possible (except for landfilling and combustion) to 
recover all (100%) of the plastics in a waste stream in a usable form some fraction 
of the object and parts will have to be produced from virgin resins. The 
replacement energy for these has been taken to be that of polystyrene, 47,250 
BTUs/pound (Volume 2, Chapter 2). 

Energv Flow Calculations 
The calculation of the energy requirements for a system, e.g;. landfilling are 

straightforward once the boundaries conditions (input/output) have been 
established and the energy requirements for each of the subsystems in Table 6-2 
have been estimated (see Volume 2, Chapter 2). 

1. Landfilling 
Collection of discarded polymer parts and objects can be done separately, 

e.4, carpets and ASRs, or with other wastes. If done separately, fuel is consumed 
for their collection. However, it is reasonable to assume that the average 
transportation distance to a landfill is about the same; once at the landfill, the 
handling of all waste is similar. We have assumed that the plastics are handled as 
part of a total waste stream and that only limited quantities of additional fuel are 
required for their handling. However, sufficient fuel needs to be burned to provide 
18,000 BTUs of energy per pound of plastic in the waste stream. Moreover, the 
discarded parts and objects need to be replaced with those made from virgin resins. 
Since the replacement energy for one pound of the parts and objects is 47,250 
BTUs, landfilling one pound of discarded polymer objects results in the 
consumption of 65,250 BTUs of energy. 
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2. Waste-to-Energv 
Combustion of one pound of plastic parts and objects (as part of a total waste 

stream) generates 18,000 BTUs per pound of contained plastic. However, the 
plastic parts and objects would have to be replaced with those made from virgin 
resin, the total energy consumption, therefore, is 47,250 BTUs. 

3. 
Some plastic objects and parts, e.g. gasoline tanks, can be reused. However, 

the part must be sorted (perhaps, source separated), cleaned, inspected and returned 
to the user. The limited available information suggests that the energy 
consumption for these activities is 2500-3500 BTUs/pound plastic processed. 
However, these estimates do not include the personal energy requirements for the 
workers involved in the activities (Volume 2, Chapter 2). 

Not all of the recovered parts and objects will be acceptable for reuse after 
inspection; a fraction will always be unacceptable and, therefore, discarded. Those 
that cannot be reused will have to be replaced with parts and objects made from 
virgin resins; in addition, fuel must be burned to provide 18,000 BTUs of energy. 
Therefore, the energy consumption for reuse will depend on the fraction of the 
parts and objects found to be acceptable for reuse. Significant changes in the 
energy consumption for the subsystems involved (+loo%) will not significantly 
change the total energy consumption. No credit has been taken for the polymer 
objects and parts that are discarded, i.e. they are landfilled. 

4. 
Today, HDPE and PET resins after being collected and sorted are reclaimed 

into flakes or pellets that can be fabricated into new plastic objects and parts. The 
energy consumption needed to produce clean flakes and pellets is estimated to be 
about 4,000-5,000 BTUs/pound of processed plastic. In addition, about 1750 
BTUs per pound of reclaimed plastic will be required to fabricated parts and 
objects from the reclaimed resin. 

Reclamation and reprocessing of plastics does not generate energy; therefore 
fuel will have to be burned to supply 18,000 BTUs/pound of finished parts and 
objects. Again, reclamation of the plastics objects and parts is not complete i.e. 
plastics containing materials are discarded during sorting and reclamation; 
therefore, additional parts and objects have to be produced from virgin resins. In 
our judgment, the energy consumption shown for sortation/reclamation is 
reasonable but probably at the "low end" of the current commercial practice. 
Therefore, we would expect the total energy consumption to be higher particularly 
when the fraction recovered is below 0.7. 

Reuse of Plastic Objects and Parts 

Reclaim/Reprocess Plastic Content of Wastes 
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5. ReprocessindModification 
Mixtures of polymers after sortation and reclamation may have to be 

chemically modified if the mixture is to be successfully reprocessed into finished 
parts and objects. Two possible modification schemes might involve: 

Addition of a compatibilizing agent, styrene - butadiene block 
copolymers, at a level of 1-5% for mixtures of polystyrene and 
polyethylene; 
Reaction, e.g;, maleation to a maximum of, say, 5% for mixtures of PET 
and polyethylene. 

Case 1 : Compatibilizing Agent 
The compatibilizing agent will have to be blended into the reclaimed 

polymer. While it may under some circumstances be feasible to blend it while 
preparing the new parts and objects more typically the blending will be done in an 
additional step. Blending will require mixing energy which is judged to be about 
1000-1500 BTUs/pound of polymer. Compatibilization must also be debited by 
the energy required to produce the agent that is used. Many compatibilizing agents 
are polymeric in nature with embodied energies of 40,000 BTUs/lb, others are not. 
Reasonable values for the embodied energy of many compatibilizers appear to 
20,000-40,000 BTUs/lb. There are small differences in the energy consumption 
associated with fabrication and replacement compared to those for reprocessing; 
these differences are a direct result of the addition of the compatibilizers at a 2% 
level. 

Case 2 : Reaction 
There are large numbers of possible chemical reactions that could be 

considered for compatibilization of a polymer mixture. For the purposes of this 
analysis, we only considered maleation at a five (5)  percent level on reclaimed 
polymer. Higher levels of chemical reactant at fractions recovered greater than 
0.8-0.9 will result in more than one pound of polymer being produced. 

Rudd (198 1) indicates that the net energy consumption for the production of 
maleic anhydride by the air oxidation of butane is about 7,000 BTUs per lb; the 
heat of combustion of butane is 19,943 BTUs per pound. About 1.2 pounds of 
butane are consumed to produce one pound of maleic anhydride. Therefore, the 
embodied energy of maleic anhydride is about 31,500 BTUs per pound. 

Maleation can be carried out in a properly designed extruder; the mixing 
energy should be about the same as that for compatibilization. The differences in 
total energy between compatibilization and maleation are small, perhaps no more 
than a few hundred BTUs per pound. However, chemical modification may permit 
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high valued products to be made from mixtures of plastics, ~,FT, tailings from MSW 
that would otherwise have to be landfilled or combusted. 

6. Pvrolvsis 
The main advantage of pyrolysis over combustion in a waste-to-energy unit 

is a five to twenty (5-20) fold reduction in the volume of product gases. This leads 
to a significant reduction in the complexity of the exhaust gas purification system. 

Case I :  Liquid and Gaseous Fuels 
If pyrolysis is to be used to produce liquid and gaseous fuels, mixtures of 

plastics would have to be separated from the other components in a waste stream. 
The energy requirement for the separation should be lower than when plastics are 
reclaimed as generics (1000 BTUs/pound); 500 BTUs/pound appears to be a 
reasonable estimate. If the plastics were not separated from organics components 
in the waste streams additional upgrading of both the liquid and gaseous fuels 
would be required. 

Pyrolysis is an endothermic process; 900 BTUs per pound of plastic (three 
times the heat of polymerization of polystyrene) appears reasonable based upon the 
available data in the literature. 

Pyrolysis to fuel would generate fuels that could be combusted to produce 
net energy of 16,600 BTUs per pound of plastic, i.e. 18,000 -(900 + 500). Fuel 
would have to be burned to increase the level of energy generation to 18,000 
BTUs/per pound of plastic. In addition, the relevant plastic objects and articles 
would have to be made from virgin resin. Therefore, the total energy consumption 
would be about 48,650 BTUs per pound of plastic which is higher than that for the 
combustion of a plastic containing waste stream in a waste-to-energy combustion 
unit. 

Case 2: Monomers 
Pyrolysis of plastics to monomers requires that the: 

Polymers be sorted and reclaimed to a reasonable level of purity; 
Product gases (the monomers) be purified to an acceptable level; 
Monomers be polymerized to resin suitable for fabrication. 

Most importantly not all polymers produce monomers at high selectivity when they 
are pyrolyzed. 

At a low selectivity to styrene monomers, i.e. at selectivity below 0.8, the 
pyrolysis process produces both net energy and monomer. This is a result of an 
assumption that the coproducts have only a fuel value; this may be correct in a 
specific case, i.e. the coproducts from the pyrolysis may be useful in their own 
right. Moreover, our pyrolysis energy balance assumes that the char is primarily 
inorganic and does not have any heating.value. 
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For simplicity, we have assumed that 95% of the styrene produced in 
pyrolysis is purified; the discarded impure styrene from purification is burned. 
Polymerization of the recovered styrene into resin and fabrication into finished 
products (including all of the required transportation) consumes 6100 BTUs per 
pound of styrene. Therefore, the total energy required to produce one pound of 
finished products from one pound of reclaimed polymers is significantly dependent 
on the selectivity to styrene obtained in the pyrolysis unit. Unfortunately, to 
produce one pound of reclaimed polymer may require the processing of 
significantly more than one pound of discarded polymer objects and parts. As a 
result the total energy consumption, including the generation of 18,000 BTUs of 
energy, is dependent upon both selectivity and the fraction of the polymer 
reclaimed from the waste stream. 

A Perspective on Energy Flows 
Our estimates of the energy flows (consumption), associated with 

alternatives for the disposal or recovery/recycling of plastics in waste streams, are 
summarized in Table 6-3. For convenience in analysis, the estimates of energy 
flows have been converted to a figure of merit. (Estimates of the energy flows 
from which the figures of merit have been derived and the calculation 
procedures/data are given in detail in Volume 2, Chapter 2.) 

The figures of merit have been keyed to waste-to-energy incineration, which 
is given a value of 100. Values higher than 100 are less efficient (from an energy 
consumption point of view) than waste-to-energy incineration. Those alternatives 
with a figure of merit less than 100 are more efficient. 

All the figures of merit (and our energy consumption estimates) are based 
upon the conversion of one pound of plastics in a waste stream to one pound of 
finished (new) plastics products and 18,000 lbs. of energy. In all the alternatives, 
some fraction of the new plastics products will have to be made from virgin resin 
since not all the plastics in the waste streams can be recovered or recycled. 

Landfilling has the highest figure of merit (highest consumption of energy) 
and reuse of a product or object the lowest (the lowest consumption of energy). 
This is not surprising. 

If the plastics are landfilled, virgin resin will have to be used to make 
new products. This will require the consumption of the replacement 
energy of the new products and 18,000 BTUs of energy. 
If the plastics objects that have been discarded can be reused, the energy 
consumption is the lowest. However, the reduction is highly dependent 
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upon the fraction of the discarded objects that can be reused. All the 
objects that cannot be reused must be replaced; this requires consumption 
of their replacement energy. 

Regardless of the analytical scheme that is used, i.e. whether or not 18,000 
BTUs of energy are generated in addition to the new finished plastic products, the 
rank order of the alternatives would not change. However, the numerical vaue of 
the figures of merit would be different. 

Energv Recoverv Potential 
The data in Table 6-3 and the calculations of energy flow strongly suggest 

that reclamation and subsequent reprocessing of the recovered polymers/monomers 
can result in a consumption of energy that is 10,000-20,000 BTUs/pound of 
polymer lower than that associated with the combustion of the polymer containing 
wastes in waste-to-energy units and producing the new parts and objects from 
virgin resins. Therefore, reprocessing/recycling should have a 25-50% advantage 
depending on the mix of recovery/recycling alternatives used. 

The plastic content of ASRs, carpets, and wire and cable was about 4.3 
billion pounds in 1990. Our studies indicate that the plastic content of these 
streams will grow to 6.8 billion pounds by 2010 (Table 4-3). If these wastes 
(which today are almost exclusively landfilled) were combusted in waste-to-energy 
units about 0.2 trillion BTUs per calendar day (CD) would have been generated in 
1990, this will grow to about 0.3 trillion BTUs per CD by 2010. (These quantities 
of energy are roughly equal to 30,000-50,000 equivalent barrels of oil per CD, 
respectively.) 

Our studies of the potential for recovery/recycling of the polymers contained 
in ASRs, carpets, and wire and cable suggest that a number of feasible alternative 
approaches exist (Volume 2, Chapters 6-14). Some of the alternatives are being 
developed, ~.zL, pyrolysis of carpets to monomers, others that are likely to be 
acceptable from a cost and recovery point of view could be developed (Chapter 8). 
Therefore, the controlling factor is what fraction of these wastes would be 
processed through alternative recovery schemes. 

In Tables 4-5, we project that the maximum energy opportunity through 
recycling of ASRs, carpets, and wire and cable above the heat of combustion in 
2010 is about 1 trillion BTUs per CD (roughly 160,000 equivalent barrels of oil per 
CD). However, from this estimate, there must be deducted the energy required to 
recover/recycle the plastics content. Therefore, the realizable potential (after these 
deductions) is 0.2-0.4 trillion BTUs per CD, or about 30,000-60,000 barrels of oil 
per CD. 
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Tailings from MSW (Tables 4-3 and 4-5) will grow to 8 billion pounds by 
2010; the maximum energy opportunity through recycling above the heat of 
combustion is 0.4 trillion BTUs per CD. Unfortunately, the alternatives that can be 
envisioned for recovery/recycling will involve either reprocessing with 
compatibilizers or reprocessing and modification (Volume 2, Chapter 1 1). The 
yield of acceptable plastics (as a fraction of the potential feed available) is likely to 
be rather low. Therefore, the realizable potential is about 0.05-0.1 trillion BTUs 
per CD (8,000-16,000 barrels per CD). 

In summary, the maximum realizable potential above the heat of combustion 
in 2010 is about 40,000-80,000 barrels per CD. In our judgment, it should be 
possible (considering the multitude of activities that are required) to achieve 25- 
50% of the potential by 2010. This would result in a total saving of 60,000- 
130,000 barrels of oil equivalent per calendar day, including the heat of 
combustion in 2010. 
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Table 6-1 

The Embodied Energy of Plastic Products 

"Parts" 
[Products) 

ABS 
HDPE 
LDPE 
Melamine 
Nylon 6,6 
Polycarbonate 
Polyethylene terephthalate 
Phenolic 
Polypropylene 
Polystyrene 
Polyurethane 
Polyvinyl Chloride 
Polyester (25% Glass) 
Urea-Formaldehy de 

BTUs/lb 

47,700 
42,200 
44,400 
48,500 
63,500 
68,200 
45,800 
38,400 
41,000 
50,400 
3 1,700 
34,000 
37,200 
33,600 

Franklin Associates, 1990 "A Comparison of Energy Consumption 
by the Plastics Industry to Total Energy Consumption in the United 
States". A study for the Society of Plastics Industry. 



Table 6-2 

Waste Management of Discarded Plastic Obiects and Parts 

Pyrolysis/ 
Pyrolysis Hydrolysis 
To Fuels To Monomers 

Reclamation/ Reclaim/ 
ReDrocess ComDatibilize 

Waste 
10 EnerPy Landfill Reuse 

Collect Collect Source Separate Collect Collect Collect Collect 

4 
Handle sort Collect sort sort 

Combust 
(Recover 
Energy) 

Inspect 
(Accept/Reject) Transport Transport Transport Transport 

Reclaim Reclaim 
Wasmepair (F1 ake/Pellet) (Fl ake/Pellet) Pyrolyze Reclaim 

4 4 
Pyrolyze/ 
Hydrolyze 

Inspect Fabricate 
(Accepmepair) Products Transport Fuels 

purify 
Monomer 

Compatibilize/ 
Modify Package Package 

Fabricate 
Products 

Transport Transport 
to User to User Transport 

Package Polymerize 

Transport 
to User 

Fabricate 
Products 

Package 

Transport 
to User 
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Table 6-3 

Disposal/ 
Recycling 
Alternative 

Landfill 

Life Cvcle Enerev Flow 

1 Pound Plastics in Waste Streams 
Converted to 1 Pound Plastic Products 

and 18,000 BTUs of Energy 

Pyrolysis to Fuel Products 

Waste to Energy 

Pyrolysis to 
Monomers 

Reprocess/ 
Modification 

Reuse of Product 
or Object 

Fraction of Plastic 
Content of Waste 
Stream Recovered 

1 .o 
1 .o 
1 .o 
0.6 
0.9 

0.6 
0.9 

0.6 
0.9 

Energy Flow Index 
of Merit(1) 

138 

102 

100 

91-96(2) 
69-78 (2) 

90 
62 

84 
54 

( 1 The Index of Merit has been developed relative to waste-to-energy incineration; 
the lower the merit number, the lower the energy consumption. 

(2) Range reflects differences in selectivity to monomers. 
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CHAPTER 7 

CRITICAL ECONOMIC ISSUES 

Economic issues are of critical importance in determining the rate of 
diffusion of new technologies for plastics recovery/recycling. Unfortunately, it is 
almost dangerous to even mention investment and cost factors without presenting a 
long series of reservations. Published cost factors tend to be unreliable and are 
almost never comparable since they have been developed on different bases, e.g;. 
depreciation policies, rate of interest, and distribution of general cost. These 
problems are common for cost data in all industries, but they are believed to be 
important for plastics recovery/recycling endeavors. 

However, some limited issues that illustrate the impact of costs on plastics 
recycling can be addressed using rules of thumb and generally accepted industry 
wisdom. 

Relative Price of Recycled Plastics and Virgin Plastics 
There is a general belief in the industry that a plastic fabricator will consider 

significant use of recycled resin if the price of the recycled resin is at least 20 
percent lower than the price of a comparable virgin resid'). When the price for 
recycled resins are over 30 percent lower than those for virgin resin, as is the case 
today (First Quarter 1993) with PET resins, widespread use will occur, and a firm 
demand develops for the recycled resin. 

The prices at which discarded plastic parts and objects are available and the 
costs required to upgrade them (sortation and reclamation) to generic resins that 
can compete with virgin resins vary widely. However, the following prices may be 
taken as typical for HDPE and PET bottles (sorted from waste streams) in the 
northeastern United States (First Quarter 1993). 

Product $Ab of Plastic 
Mixed bottles 0 - 4  
Sorted bottles 8 -12 
Ground bottles 10 -14 
Well-sorted, natural PET bottles 15 - 18 

For both HDPE and PET, processing these products through reclamation into a 
flake/pellet that can be used by a plastic fabricator costs an additional 15-20$/lb. 

Putting aside consideration of subsidies or legislation that require a 
minimum content of recycled plastics, a plastics reclaimer is faced with total costs 
(1993) of approximately 20-30$/lb for HDPE and 30-40$/lb for PET. Therefore, it 

(1) The fabricator requires a lower price for recycled resins to compensate for the 
perceived difficulties in using them. 
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is possible to sell PET in the range of 40-45$/lb and "earn" a profit. Moreover, this 
offers significant advantage to fabricators as compared to the use of virgin resin, 
selling for 60-65$/lb. However, HDPE is currently selling for 40-45$/lb. Even if 
HDPE is offered at only 20 percent discount to virgin prices, the reclaimer of 
HDPE resin will be operating very close to or below his facility's break-even point. 

When faced with the situation that currently exists for HDPE (a weak market 
for the plastic regardless of its origin), one can only increase the use of recycled 
resin by: 

Offering subsidies, direct or indirect, to recyclers; 
Mandating recycled plastic contents for certain objects; 
Reducing reclamation costs. 

Therefore, not surprisingly all HDPE reclaimers have underway programs to 
attempt to reduce their reclamation and transportation costs by approximately 5 - 
lO$/lb. 

Relative Prices of Recycled Plastics and Crude 
When recycled plastics are considered as feedstock to fuel processes or low 

selectivity monomer processes, ethylene production, then it is important to 
consider the price of the recycled plastics relative to the price of crude. Recycled 
plastics are just another feedstock; they do not offer any advantages over crude 
except when the high valued monomers can be produced by pyrolytic processes, 

There are a number of forecasts available from the Department of Energy 
(1993) that project world crude oil prices through 2010. The outside range of these 
forecasts is that in 2010, the price will be between $23-40/barrel. Because the 
price of crude oil is subject to periodic shocks, each forecast assumes price levels 
that are deemed to be most sustainable in light of the amount of crude oil that could 
be available worldwide. However, there is general agreement between all the 
forecasts that, beyond the mid-l990s, world oil prices in real terms will rise. The 
degree to which the prices may rise or fall in the future appears to depend largely 
on OPEC decisions. 

The Canadian National Energy Board "sees" a price of $27 for West Texas 
Intermediate (WTI) in 2010 with a possible range of $20-35. This price of $27 
should probably be recognized as a high approximation for the world oil price 
because the WTI price has been more than $1.50 higher than the average cost of 
crude oil imported into the U.S. for the past three years. Adjusting these 
projections for the differential leaves the base price lower than that of the WEFA 
Group projection of $26 in 2010. The high boundary is just slightly above that of 
the Department of Energy's mid-price case but lower than either the DRIMcGraw- 

caprolactam and adipic acid. 
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Hill Energy Review or the Gas Research Institute forecast. ENRON has suggested 
a $30 world oil price in 2005; this is comparable to the DOE forecast for that year. 

Regardless of which of these estimates we find comforting, it is clear that in 
2010 the projected cost of crude oil as a feedstock will be in the range of 8-15#/lb. 
Recycled plastics to be suitable as feedstocks for fuel and chemical processes must 
undergo "some" reclamation. Without subsidies, it is highly unlikely that the price 
of the reclaimed plastics can be competitive with crude, even in 2010. 

Subsidies and Tiping Fees 
All methods of solid waste reduction are costly in the sense that they require 

diversion of resources that have alternative use. Source reduction is costly because 
it requires modification of production and consumption behavior that firms and 
households may prefer. Changing behavior implies a higher cost to firms and/or 
lower levels of satisfaction to household. 

Recovery/recycling of plastics is costly-a fundamental fact that is perhaps 
all too often ignored. Many of the costs of recycling are obvious: transportation, 
storage, sortation, reclamation, and the other processes incurred by the 
recovery/recycling organizations and the users of recycling materials. The fact that 
some of these operations are at times performed by volunteer organizations does 
not alter the fact that they are costly in terms of the use of society's resources, i.e. 
what other good works might have been performed or leisure enjoyed had the 
volunteer effort not been directed to recycling. 

Aside from the hidden cost of the time of households and firms and other 
household and firm inputs that are not priced in the markets, some of the costs (in a 
life-cycle sense) and especially those for landfilling and incineration are not well 
established. These costs may in practice be estimated incorrectly or, worse, 
ignored entirely. 

There is some reason to believe that, according to studies by Wiseman 
(1990) and Sigman (1992), many local government agencies do not price solid 
waste collection and disposal services at their full real cost (including the cost of 
environmental protection). Underpricing of waste disposal in itself encourages 
overuse of the service. Reducing the incentive to consider disposal costs when 
acquiring materials that will require disposal stimulates the use and production of 
these materials. In addition, lowering the disposal costs to a waste producer, in 
effect, reduces the incentive to recycle the materials from waste streams. 

Obviously, even if the cost of solid waste collection and disposal were 
priced at their full value, there still remains the question: "To what extent, if any, 
should any disposal (tipping) fees that can be as much as 10 cents per pound of 
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waste that are collected be shared with the recycler and the user of recycled 
materials?" This is not an unimportant issue in determining whether a technology 
is going to be used broadly since the fees (or some portion of them) could be a 
significant income stream to the companies involved in recoverylreprocessing. 

Policies to Encourage Recycling 
Four recycling policies to encourage recycling have been advanced by 

different groups interested in the recovery/recycling of materials produced from 
natural resources: 

Taxes on the use of virgin material; 
Deposit/refund programs; 
Subsidies to encourage production of recycled material; 
Recycled content standards. 

Unfortunately, there are few analyses of either the structure of these policies or 
how one would rank them in terms of the private costs necessary to achieve a given 
reduction in waste generation. 

The available studies by Sigman (1992) on lead recycling and Wiseman 
(1990) on wastepaper recycling suggest that a virgin materials tax and 
deposit/refund programs may be the best policies since they encourage 
recovery/recycling and discourage consumption. By contrast, there is some 
agreement that a subsidy for recycling may be the worst policy because, by 
decreasing the price of the recycled plastic, the consumption of all plastics may be 
encouraged. 

Whether or not price-based recycling policies can effectively increase plastic 
recycling is not clear based upon the available studies on recycling of wastepaper 
and lead from batteries. However, there can be substantial differences in the costs 
to our society in accomplishing the same reduction in the production of virgin 
plastics. For example, a recycling subsidy could end up costing roughly twice that 
of the most efficient tax deposit approach. 

The support by governmental agencies of research and development 
(R & D). directed at improving the economics of the recovery and recycle of 
plastics from waste streams, might also be considered by some. However, if the 
results of the R & D are successful, then the recycling of plastics will increase. 
Therefore, it is possible to have a large payout for some R & D activities. 



CHAPTER 8 

PRIORITY RESEARCH NEEDS 

The major research issues and findings that have been identified in this study 
are summarized in this chapter. Critical to the assessment was a focus on net 
energy savings (Chapter 6) that could be achieved over the next 20 years. 

Ten research areas have been identified and ranked in order of priority. Two 
to four research needs are discussed in some detail for each research area. 
Altogether, 26 research needs have been identified along with 46 specific 
examples. In this chapter, the ten research areas and some examples of highest 
priority are discussed. All the research areas, needs, and examples are discussed in 
Volume 2, Chapter 15. 

Highest Priority Research Areas 
The four research areas of highest priority have the following characteristics: 

They retain the replacement energy involved in producing the polymer 
structure; 
They are applicable to all of the waste plastic streams identified in 
Chapter 4; 
They are directed toward enabling the use of the recycled plastics in 
applications with the highest possible commercial value; 
The chances for both technical and commercial success are believed to be 
fair to good.* 

The four research areas are: (A) Separation/Reclamation; (B) Analytical Methods 
and Instruments; (C) ComDatibilization; and (D) New Uses/Amlications . The first 
two areas are related and are of almost equal importance; Compatibilization and 
New Uses/Applications follow in priority. 

Research Area (A): SeparationhXeclamation 
Low cost and efficient processes to separate polymer-containing material 

from other material, polymers from each other, and, finally, nonpolymeric 
impurities from a given polymer are absolutely essential for the growth of 
recovery/recycling. Providing the plastics have not degraded in use, the 
availability of such processes would permit their recovery and reintroduction into 
the market in the uses now being served by virgin resins. 

Assuming at a minimum a slow growth in the current levels of mandated, 
subsidized, and/or volunteer collection efforts. 

* 
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There is a wide range of probabilities for technical success of programs in 
Research Area (A). For example, the development of processes for the separation 
of polymers of very different properties (such as nylon/PP or PVC/PE) is likely to 
be technically successful, while those for the separation of similar polymers (such 
as the various polyolefins) are quite unlikely. Separations of high valued polymers 
such as nylon (from carpet waste) and nylon/PC/ABS (from automotive waste) 
would be highly attractive from a commercial point of view. The high priority 
research needs are discussed below: 

Need 1 : PolymerIPolymer Separations 
Development of efficient polymer/polymer separation processes is of the 

greatest importance. If individual polymers can be efficiently recovered from 
polymer mixtures, they can be "purified", reformulated, and, in many cases, 
substituted for virgin resins. Polymer mixtures have more limited use because of 
the variability of their composition and properties; moreover, the properties of 
products made from polymer mixtures are generally inferior to those of single 
polymers. 

Among the highest priority needs in this area are: 
Nonsolvent processes that separate polymer mixtures such as Automobile 
Shredder Residues (ASRs), polyolefin mixtures from ABS/PS/PC 
mixtures, PVC from all other polymeric materials, PUR from all other 
polymer materials, nylon from PP and SBR latex, polyolefins from PET 
and PVC (MS W tailings). 
Low cost solution process to separate simple mixtures of unlike 
polymers, (such as nylon/PP and PVCPE) while simultaneously 
removing contaminating colorants, flame retardants, and other additives. 
Processes to separate thermoplastics from thermosets, e.g;l ASRs. 

Need 2: PolymerlNonpolymer Separations 

Individual polymer objects sorted from waste plastic for reclamation often 
contain nonpolymeric materials that are detrimental to one or more of the 
properties of the recycled plastic(s); these contaminants reduce the marketability of 
the recovered plastics. Separation processes to remove these materials would be of 
great value, however, the value is not as great as that for processes that isolate the 
individual polymers (Need I ) .  

Among the highest priority needs in this area are: 
Processes to remove colorants from polymers or polymer mixtures, e.g;, 
dyes or pigments from nylon or polypropylene carpet fiber. 
Processes to remove trace odorants from polymer, e.g. butyric acid from 
HDPE. 
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Processes to remove additives from polymers, e.g;. lead stabilizers from 
PVC and flame retardants from PS. 
Processes to remove small (micron/submicron) particles from polymer 
solutions or melts, PET particles from polyolefin melts and fillers 
from polymers. 

Research Area (B): Analytical Methods and Instruments 
The methods used for polymer analysis that have evolved over the years 

were not designed to deal with the problems encountered when recycling plastics, 
polymer systems containing a number of resins of different types and a variety 

of additives and contaminants. Thus, there exists a need for "devices" that can be 
used in real time and in plant applications. 

This research area impacts on almost all the other research areas that have 
been identified. There is a high probability improvements can be made in 
analytical methods; moreover, the development costs should be moderate; 
successful R & D studies could lead to commercial instrumentation after two-three 
years of development. Their availability would improve decisions about 
disposition of waste streams, and the control of production operations. Their use 
would also facilitate acceptance of recycled resins. 

Need I : Analytical Techniques for Complex Polymer Mixtures 

The analytical methods that are developed would have to accommodate up 
to 20 of the common (commodity) polymers; one does not have to deal with the 
almost infinite number of polymer species in use today. The techniques would be 
invaluable in dealing with complex mixtures of uncertain history, such as ASRs 
and plastics recovered from MSW streams. 

Need 2 : Markers 

Markers in the virgin plastic resins and an identification (analytical) 
technology that signal the presence of a particular resin are needed. The marker 
could be chemically incorporated in the polymer molecule when it is made, or it 
could be subsequently bound to the resin (similar to a dye). The "signature" of the 
marker would be used to determine the nature of the polymer present in a mixture 
and its concentration. This information would facilitate selection of the best 
processing options for the waste stream containing the polymer. Markers, if 
developed, would also address Need I .  

Need 3: Analytical Techniques for Specific Nonpolymer ComponentslContaminants 

In any given waste polymer stream, there are a finite number of chemicals, 
fillers, and contaminants. Identification of their presence and concentration is 
critical to the selection of the processes that would be used to reclaim and recycle 
the plastic. 
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Research Area (C): Compatibilization 
"Compatibilization" takes a polymer mixture that is not broadly useful 

because of gross phase separation and makes it more useful through either (1) 
physical processing; (2) use of additives; or (3) chemistry carried out on the 
mixture. These technologies would be used when separation of a mixture of 
plastics into individual polymers is not practical. 

Compared to the polymer/polymer separation/reclamation (Research Area 
(A)), the chances for success are believed to be lower. The potential market 
requirements for compatibilized mixtures of plastics are not well established. 
Therefore, significant market development activities will have to be undertaken to 
insure commercial acceptance. Some of these activities have to be done during the 
early phases of R & D. 

Research Area 0): New Uses/Applications 
If R & D could meet the objective of finding new markets for large 

quantities of polymer at satisfactory economics, a very valuable result would have 
been achieved. However, the relatively low chances of technical and commercial 
success for programs in this area prevent it from having a higher priority ranking. 
Despite this, several peer reviewers ranked this area as their top priority item. 

To be of interest, a new application for recycled polymers must (1) be able 
to absorb a large volume of material at acceptable economics; and (2) effect a 
significant saving in energy in terms of reduced crude oil imports. The latter 
saving could come about by direct replacement of virgin resin, reduced use of 
energy-intensive materials or extensions in the useful life of petroleum based 
products. Among the highest priority possibilities are: 

Need 1: Asphalt Additives 
There are many uses for asphalt: Roofing, paving, coating, and other 

specialty applications. Polymers blended in the asphalt will modify its properties 
by raising its softening point, improving its ductility, reducing its tendency to 
crack, and improving its elasticity. Asphalt can tolerate, to a significant degree, 
colors and odors that other applications cannot. Extending the useful life of asphalt 
or giving a petroleum refiner a tool with which to meet asphalt quality targets will 
be directly translatable into reduced crude imports. A well-structured scoping 
study to determine the effect of various waste polymers (perhaps with some modest 
chemical treatment) as additives for different asphalt markets would help establish 
whether this market could absorb large amounts of plastic. 

The use of plastics from waste streams could also reduce the cost of asphalt 
paving. The Transportation Research Board estimates that reducing the cost of 
asphalt paving by one (1) percent would save as much as $100 million per year. 
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Need 2: Cemenf and Concrete Additives 
Plastics as filaments, binders, or aggregates should improve the strength or 

other properties of cement or concrete. Since the manufacture of cement is an 
energy-intensive process, making cement last longer or enabling less of it to be 
used would result in energy savings. 

Second Priority Research Areas 
Three research areas, (E) Reprocessing, (F) Design for Recycling, and (G) 

Sortation of Parts, while important, are in a priority rank that focus on energy 
saving lower than Areas A to D. 

These three research areas have in common the objective of retaining the 
polymeric structure of the recycled plastic; therefore, they "reuse" much of the 
replacement energy of the original plastics. However, these research areas are not 
as significant because: 

(1) the individual research needs are more narrow; they focus on specific 
problems rather than on a broad spectrum of related problems; 

(2) technologies are being studied to some degree with industrial funding; 
(3) to be most useful significant advances in the highest research areas (A 

to D) are required. 

Research Area (E): Remocessing 
Recovered waste polymers after reclamation must be reprocessed into pellets 

or flakes for sale or further use. There is need for material specifications that 
guarantee production of a reasonably uniform product suitable for the intended 
applications. This need will be particularly important when recycling is carried out 
at steady-state levels much higher than those of today. If programs in Research 
Area (A) Separation/Reclamation yield positive results, efforts in Area (E) will 
become more valuable. 

Research Area (F)r Design for Recvcle 
In the future, products should be designed so that they are easy to recycle 

and/or incorporate significant quantities of recycled plastic. A product that is 
properly designed from a recycling point of view is one designed in the light of a 
full life-cycle analysis. 

This could be a critical long term technology area for expansion of recycling 
activities, however, it is not of highest priority because: 

For durable and semi-durable goods (autos, appliance, carpets, etc.), 
products designed for recycling when discarded will not be entering the 
waste stream in significant quantities for at least 10-15 years. 
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For non-durable goods (packaging, etc.), industry is gearing up to meet 
the challenges; the problems could be well along to acceptable solution 
before the results of sponsored research would have an impact. 
For both durables and non-durables, the issues may not be lack of 
technology, but rather of design practices, legislation, and standards. 

Research Area (G) : Sortation of Parts 
Technology to recover a plastic item or item containing plastic from a larger 

assembly (such as a car) or from a mixture of plastic and non-plastic items (such as 
a truckload of household waste) needs to be simplified and improved. Sortation of 
particles, as opposed to parts, is covered in Research Area A. 

Lowest Priority Research Areas 
These are grouped together because either: (a) they do not have as large a 

potential for energy savings as other areas; or (b) they did not elicit enthusiasm 
from the Peer Review Panel as having the potential for a significant impact on 
plastics recycling. 

Research Area (H): Pvrolysis 
Pyrolysis involves heating polymers in the absence of significant amounts of 

oxygen and cracking them to smaller molecules or monomers. Some polymers 
revert to monomers with high selectivity (PMMA to MMA, Nylon 6 to 
Caprolactam), and processes using this technology have been practiced industrially 
for many years. Low selectivity processes (ethylene from polyethylene, propylene 
from polypropylene, etc.) are not used. However, processes to produce 
hydrocarbon liquids from waste plastic which may be then used as feedstock for 
refinery/petrochemical plants are getting considerable attention. This topic is 
discussed in much greater detail in Volume 2, Chapter 15. 

Research Area (I): Chemical Modification 
In some cases, chemical treatment of the plastic might turn a low valued 

recycled polymer into a higher valued product. For example, elastomer-like 
products can be made by chlorination or chlorosulfonation of mixed polyethylenes. 
Exploratory programs are relatively inexpensive to conduct; the chances of 
commercial success are low, especially in view of the significant marketing and 
market development issues that must be resolved. The studies are best done when 
a specific target market has been identified. This will permit the costs of chemical 
treatment and product properties to be projected from work on virgin polymers. 

Research Area (J): Solvolysis 
Solvolysis (methanolysis, hydrolysis, glycolysis, etc.) is currently practiced 

on several polymers, most notably PET; it is of limited value for mixed plastics 
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because of the separations that are needed to recover pure products. However, 
solvolysis processes could be developed for thermosets, which currently are mostly 
processed by pyrolysis or incineration. Solvolysis can produce, for example, 
potentially high valued chemicals from rigid polyurethane foam. 
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CHAPTER 9 

CONCLUSIONS / RECOMMENDATIONS 

1. 

2. 

3. 

4. 

5. 

6. 

Three interrelated activities must be addressed to achieve a proper level 
of environmental management for plastics: waste prevention, reuse, 
and waste management. 

Waste mevention through the use of optimum design techniques and 
manufacturing processes can reduce the quantity of virgin resins 
used and the generation of manufacturing scrap and facilitate 
disassembly for the recoverylsorting of the plastics. 
Reuse of plastic and composite parts/products will reduce the 
quantity of virgin resins that are used. 
Waste management through recovery/recycling (reprocessing), 
chemical/fuel conversion processes, and waste-to-energy 
combustion units will reduce the need for disposal by landfilling. 

Utilization of optimum environmental management approaches will 
reduce the quantity of energy consumed in the manufacture of plastics 
parts and products. 

In 1990, of the 80 quads of energy consumed in the United States, 
3%, or 2.4 quads, were utilized for the manufacture of 14 
commodity plastics. 

In principle, energy can be recovered from plastics in waste streams 
through their combustion in waste-to-energy incineration units. 

At a minimum for a new technology to be considered, recovery of 
additional energy above that attainable in a waste-to-energy 
incineration unit should result. 

The quantity of plastics in waste streams that is available for 
recovery/recycling and chemical/fuel conversion will grow from 33 
billion lbs in 1990 to about 60 billion lbs in 2010. 

The quantity of plastics available from all sources will always be 
substantially less than production in a given year since there are a 
substantial number of plastic in uses with a long life span. 

Current recycling programs are largely limited to plastics in beverage 
bottles, battery cases, and certain containers. 

These programs will continue regardless of whether or not new 
technology is developed. 

Only a small portion (roughly 2 percent in 1992) of the plastics in 
numerous waste streams are being recovered and recycled. 

Opportunities exist for a rapid and steady growth in recycling. 
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7. 

8. 

9. 

Meeting the future demand for plastic feedstocks for recycling will 
require both more intensive collection and efficient sorting 
(separation) technology. 

There are four wastes that are readily collectable or already assembled 
at a limited number or specific locations. 
a) Automobile, light truck, and large appliance-shredded residues. 
b) Carpets. 
c) Wire and cable coverings. 
d) Contaminated plastic residues (tailings) from recovery (reclamation) 

0 

0 

0 

of plastics in beverage bottles, battery cases, and other plastic 
containers. 
The quantity of these plastics available for recovery/recychg will 
grow from 4.5 billion lbs in 1990 to about 15 billion lbs in 2010. 
The maximum potential energy savings from recovery/recycle of 
these plastics over that attainable in waste-to-energy incinerators 
will be about 0.5 quad in 2010. 
The maximum potential energy from recovery/recycle of these 
plastics in 1988-90 would have been about 10% of the energy 
consumed in the production of plastics in those years. 

The extent to which energy utilized in the manufacture or plastics 
(replacement energy) can be "recovered" depends on the specific 
recovery/recycling technology used. 

The hierarchy of potential for energy recovery is: reuse > 
reprocessing = chemical modification and reprocessing > conversion 
to monomers > incineration (waste to energy) > pyrolysis to fuels 
>>> landfilling = 0. 

. For chemical conversion processes, e.g;. pyrolysis, the selectivity to 
the desired products, and the embodied energy of the products are 
the critical factors. Pyrolysis will recover a significant fraction of 
the embodied energy of polymers only if the selectivity to monomer 
is high (> 50%); it is particularly attractive when the monomers that 
are recovered cannot be manufactured in a one-step petrochemical 
process, e.g;t caprolactam, styrene, and adipic acid. 

The research areas of highest priority are: 
Development of low cost and efficient processes to separate plastics 
from other materials, plastics from each other, and nonpolymeric 
impurities from a plastic. 
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Analytical methods and instruments that can be used to identify 
plastics in systems containing different resins and a variety of 
additives and contaminants. 
Improvements in properties of immiscible plastic mixtures through 
the addition of chemicals (compatibilizers) or through in-situ 
chemical reactions, 
Development of new uses/applications for recovered plastics. 

10. Reclamation (separation of polymers from polymer mixtures) to 
achieve a given critical impurity level is of importance for an expansion 
of reprocessing. The acceptable level of contaminants depends upon 
the applications of interest. For some applications the control of metal 
levels from additives and colorants (in addition to polymeric 
contaminants) is particularly critical. The critical issue in reclamation is 
how "sharp" must the separation be, i.e. what is an acceptable 
specification for a reclaimed polymer mixture. There is a need for 
improved separation processes applicable to the waste streams 
identified in this study. How a specification is written for a generic 
thermoplastic polymer recovered from wastes for a specific application 
is the critical question. 

11. The technology commercially available for recovery of monomers and 
oligomers from polyethylene terephthalate appears to be adequate. The 
research needs are not significant; industrial companies will continue to 
achieve modest rates of improvement. However, the technology 
currently available for recovery of monomers and chemicals (e.g. 
polyetherglycols and toluenediamine) from polyurethanes and 
polyesters is less advanced (poor yields and selectivity). 

12. Collection of waste streams containing polymers will dominate the 
recovery/recycling technologies that will be used in the future. How to 
collect these waste streams economically and in an environmentally 
acceptable manner is not clear. 
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APPENDIX 

GLOSSARY AND ABBREVIATIONS 

Glossary of Terms 
chemical conversion - conversion of waste single or mixed plastics into various 
chemicals (monomers, fuels, oils), oligomeric or modified polymeric materials by 
themolytic, solvolytic or other chemical modification processes. 

collection - removal of streams (e.g. MSW) containing plastics wastes from 
where they were generated to central processing facilities. 

commingled plastic - a mixture of plastics, the components of which may have 
widely differing properties. [ASTM D 5033-901 

compatibilization - improvement in properties of immiscible polymer mixtures 
usually through the addition of chemicals known as compatibilizers or through in- 
situ chemical reactions. 

embodied energy - total of direct and indirect energy required to produce a 
product . 
industrial plastic scrap - material originating from a variety of in-plant operations 
that may consist of a single material or a blend of materials. [ASTM D 5033-901 

life cycle analysis - quantification of the energy and resource used and 
environmental releases involved in production of a product. 

off-spec or off-grade virgin plastics - resin that does not meet its manufacturer's 
specification. [ASTM D 5033-901 

plastic recycling - a process by which plastic materials that would otherwise 
become solid waste are collected, separated, or processed and returned to use. 

polymer modification - a change in the chemical structure of single or mixed 
plastics brought about by means of chemical reactions. Monomer grafting of 
single plastic or compatibilization of mixed plastics are examples of polymer 
modification. 

post-consumer materials - those products generated by a business or consumer 
that have served their intended end uses, and that have been separated or diverted 

[ASTM D 5033-901 

from solid waste for the purpose of collection, recycling, and disposition. [ASTM 
D 5033-901 
pyrolysis - heating of plastics in the absence of air or oxygen producing liquids, 
gas, and solid residues. 

reclamation - recovery of the polymer contents of items selected in sortation by 
separation of polymers from nonpolymeric materials. 
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recovered material - materials and byproducts that have been recovered or 
diverted from solid waste, but not including those materials and byproducts 
generated from, and commonly reused within, an original manufacturing process. 

recycled plastic - those plastics composed of post-consumer material or 
recovered material only, or both, that may or may not have been subjected to 
additional processing steps of the types used to make products such as recycled- 
regrind, or reprocessed or reconstituted plastics. [ASTM D 5033-901 

refinev processes - conversion of waste plastics into fuels/chemicals through 
processing in the existing refinery units. Hydrogenation, coking, catalytic cracking 
etc. are examples of refinery processes. 

[ASTM D 5033-901 

regrind (plastic) - a product or scrap such as sprues and runners that have been 
reclaimed by shredding and granulating for use in-house. [ASTM D 5033-901 
reprocessed (plastic) - regrind or recycled-regrind material that has been 
processed for reuse by extruding and forming into pellets or by other appropriate 
treatment. [ASTM D 5033-901 

reuse - the use of a product more than once in its original form. [ASTM D 5033- 
901 
soZvoZysis - a process or a set of processes by which waste plastics could be 
converted into monomers/oligomers/chemicals by chemical reactions involving 
liquid reagents. Examples of such processes would be methanolysis, hydrolysis, 
alcoholysis, glycolysis, transesterification or transamidation. 

surtatiun - removal of items containing or made of polymers from waste streams 
based upon some characteristics. Item is selected because it contains polymers that 
are desirable for reuse, recycle, or recovery. 

source reduction - a system including design, manufacturing, acquisition, and 
reuse of materials (including product and packaging), that reduces the quantity of 
waste produced. [ASTM D 5033-901 

tailings - contaminated plastic residues from reclamation of plastics from waste 
streams. 
virgin plastic - plastic material in the form of pellets, granules, powder, floc, or 
liquid that has not been subjected to use or processing other than that required for 
its initial manufacture. [ASTM D 5033-901 
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Abbreviations 

ABS 

ASR 

BMC 

HDPE 

n3 
LCA 

LDPE 

LLDPE 

MSW 

PC 

PE 

PET 

PMMA 

PP 

PS 

PTFE 

PUR 

PVC 

SBR 

SMC 

Poly(acrylonitri1e-co-butadiene-co-s tyrene) 

Automobile shredder residue 

Bulk molding compound 

High density polyethylene 

Poly isobutylene 

Life cycle analysis 

Low dens it y polyethylene 

Linear low density polyethylene 

Municipal solid waste 

Polycarbonate 

Polyethylene 

Poly (ethylene terephthalate) 

Poly(methy1 methacrylate) 

Polypropylene 

Polystyrene 

Polytetrafluoroethlyene 

Polyurethane 

Polyvinyl chloride 

Styrene-butadiene rubber 

Sheet molding compound 
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