
 

 

Abstract 

WOOLARD, RYAN.  Logistical Model for Closed Loop Recycling of Textile Materials.  

(Under the direction of Dr. Jeff Joines and Dr. Kristin Thoney.) 

 

In the United States alone, people consume and discard over 500 billion pounds of 

wastes annually.  Wastes discarded in landfills create threats to land, air, and water, but also 

represent lost resources.  Recycling has the ability to divert wastes from landfills and recover 

precious raw materials.  However, recycling activities are only as efficient as the reverse 

logistics and supply chains that support them.  These areas are relatively new, but successful 

implementations have real benefits for companies in terms of profits and environmental 

goodwill.  Many companies are creating closed loop supply chains where forward and 

reverse activities are interlinked in cyclical processes.  Ideally, a virgin input enters the 

system only once and is recycled forever.  The problem with most current closed loop supply 

chains is that they are product-specific.  When a closed-loop supply chain is designed, the 

product must be designed so that it can easily be recycled back into the supply chain.  The 

problem is that the product must contain a minimum number of dissimilar components.  For 

textile products, this presents a real challenge because of fiber blends and finishes that make 

component separation difficult.  These problems create the need to design textile recycling 

systems. 

This research focuses on the logistical systems necessary to recycle textile materials.  

Methodologies for estimating post-consumer carpet (PCC) returns and trailer loading 

capacities are first discussed, followed by location allocation models that determine the 

geographical placement of recycling sites of an existing carpet collection network.  The 



 

 

location allocation model utilizes zip code populations to allocate percentages of the PCC 

returns to the collection sites.  The population for each site is determined by summing the 

five-digit zip code populations within a specified collection radius.  The collection site 

weight is then calculated as the percentage of the total population for the collection network.  

A proposed national network model, based on three-digit zip codes, has also been developed.  

This model includes economies of scale for recycling processing costs.  Increasing annual 

returns have been modeled to study the effects of changing network morphologies on the 

location and allocation of recycling sites.  A PCC reverse supply chain cost model is also 

presented to study the cost relationships of the activities that comprise the recycling network.  

Transportation costs from the location allocation models were utilized in the model, as well 

as cost data from industry.  It was found that processing costs are the main drivers in a nylon 

6 recycling network, while a nylon 6,6 network is sensitive to cost changes in any reverse 

activity.  Quantified results show that either recycling technologies must become more 

efficient or virgin nylon prices must increase for recycled nylon to be competitive with virgin 

polymers.                    
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1 Introduction  

As consumer concerns increase over the amount of textile products going into 

landfills, manufacturers are devising methods to divert these waste streams into other 

products or raw materials.  Manufacturers that adopt efficient recycling programs are able to 

capture the lost value in discarded materials, reduce raw material and waste disposal costs, 

and increase customer goodwill through environmental stewardship (Hawley, 2006).  Even 

with these advantages, large-scale textile recycling programs have been slow to develop.  

Most companies have only created small programs to support their objectives or rely on 

small, family-owned recycling firms (Secondary Materials and Recycled Textiles 

Association).  These companies want to appear ñgreenò for a combination of marketing and 

environmental reasons.  Looking at the value created by recycled materials in their supply 

chains is only a minor consideration.  The major issue is the lack of collaborative logistical 

networks to support collection and reverse engineering.   

1.1 Background 

In 2007, the United States generated 508.2 billion pounds of municipal solid wastes, 

with 338.0 billion pounds being landfilled (United States Environmental Protection Agency, 

2007).  At this rate of disposal, the United States Environmental Protection Agency estimates 

that twenty-nine states have ten or more years of landfill space left, fifteen states with five to 

ten years, and six states have fewer than five years before there is no space for wastes 

(Pochampally, Nukala, & Gupta, 2009).  Of the total discards in 2007, 23.8 billion pounds 

were textile wastes.  Only 3.8 billion pounds, or 16%, was recovered for recycling, energy 

generation, or composting (United States Environmental Protection Agency, 2007).  Even 
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though textiles represent only 4.7% of the total solid waste generated, it is a waste stream that 

is 93% recyclable (Secondary Materials and Recycled Textiles Association).  Using the 2005 

national tipping fee average of 1.7 cents per pound ($34.29 per ton), it cost approximately 

$342.9 million to dispose of the textile wastes that were not recovered in 2007 (Repa, 2005).  

Compounding these disposal costs are negative environmental impacts and a loss of raw 

materials.  The cost of disposal is only a fraction of the lost opportunity value of the 

landfilled material (Realff, Ammons, & Newton, Carpet Recycling: Determining the Reverse 

Production System Design, 1999).   

In terms of environmental effects, textile wastes represent threats to land, water, and 

air.  Decomposing textiles generate greenhouse gases that escape into the air, as well as 

harmful chemicals that leach into the ground, contaminating water sources.  Textile wastes 

also require space, creating the need for larger landfills.  Landfilled textile wastes represent 

lost value that could be placed back into the textile supply chain complex as raw material or 

component inputs.  When recycled materials are not available, more virgin materials are 

required to meet manufacturersô needs, which require more energy to be consumed.  Textile 

wastes made from petroleum-based fibers are a good example.  As the crude oil supply 

decreases and demand increases, costs will increase.  All products produced from crude oil 

will continually increase in cost, including the resins required to produce synthetic fibers.  In 

terms of opportunity costs, recovered textile products can: 

 ñSave natural resources, 

 Save energy, 

 Save clean air and water, 

 Save landfill space, and 

 Save money (Pochampally, Nukala, & Gupta, 2009).ò 
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1.2 Specific Research Objectives 

The primary objective of this research is to develop methodologies for the design of 

an efficient reverse logistical network specifically aimed at recycling textile wastes.  To 

accomplish this goal, the research will utilize a location allocation model to determine site 

placement for optimal transportation costs.  These costs will then be used in a static cost 

model to determine whether recycled materials can be cost competitive with virgin materials.  

This model will also be used to determine the breakeven points for cost terms that can 

fluctuate.  

The specific research objectives (RO) are: 

 RO1: To utilize the existing collection centers in the Carpet America 

Recovery Effort (CARE) Reclamation Network and a location allocation 

model to determine the optimum location for a single recycling site located in 

North Carolina, South Carolina, or Georgia.  The discarded materials at each 

collection site will be a population-based fraction of the total waste stream 

reported in the 2007 CARE Annual Report.  

 RO2: To determine the placement of five additional recycling sites based on 

the findings from RO1. 

 RO3: To determine the placement of collection and recycling sites when the 

locations of the collection centers are not fixed.  Population and carpet sales 

data will be utilized to estimate the waste stream. 

 RO4: To create a carpet cost model that can be used to determine the cost of 

recycled materials.  The model will incorporate network costs such as 

material, handling, labor, energy, and equipment costs.  Transportation costs 

will be derived from the location allocation model. 

 RO5: To use the cost models in cost/benefit analyses for recycled materials 

versus virgin materials. 

 

The methodologies developed by this research will allow the textile industry to 

reduce their dependence on virgin raw materials, decrease production costs, and reduce their 

impact on the environment.  The goal is to use known costs at collection sites to estimate 
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recycling costs so that the cost of recycled polymers can be compared with that of virgin 

polymers. 

1.3 Research Outline 

 In order to achieve the stated research objectives, chapter two of the thesis will first 

present an overview of reverse logistics and closed loop supply chains.  It will then detail the 

current reverse supply chains and technology used for carpet and apparel recycling.  Chapter 

three will discuss the location and allocation modeling of the current post-consumer carpet 

(PCC) collection network and a proposed national collection network.  Transportation and 

site opening costs will be investigated as network morphologies change.  In the national 

network, processing costs with economies of scale will be included to study how 

transportation costs and processing costs interact to affect location and allocation of recycling 

sites.   

Chapter four will present a model to analyze the costs of the PCC recycling supply 

chain.  The goal is to use known costs at collection sites to estimate recycling costs so that 

recycled polymers can be economically competitive with virgin polymers.  Chapter five will 

detail the conclusion.  Chapter six will discuss areas of future research including introducing 

a model for a proposed garment collection network.  The model will use known laundry 

locations and annual uniform discards to locate regional collection centers that minimize 

transportation costs. 
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2 Literature Review 

From the previous chapter, benefits associated with textile recycling and using 

recycled content have manufacturers eager to enter these operations.  The problem is that 

supply chains for recycling do not follow the traditional forward consumer-oriented 

activities.  A network designed for textile recycling can best be modeled as a reverse supply 

chain.  This review will first focus on reverse logistics and the relevance of the field.  Next, 

reverse supply chains will be discussed and how they can be integrated with forward supply 

chains.  The final discussion on reverse logistics and supply chains will detail why they are 

difficult to implements. 

The remaining review will focus on existing textile reverse supply chains.  First, 

apparel collections and recycling will be discussed, and then carpet.  Carpet construction and 

recycling history will be examined, followed by discussions on the recycling network.  This 

consists of PCC disposal, collection, sortation, mechanical and chemical recycling, recycled 

products, and previous reverse logistics models. 

2.1 History of Reverse Logistics 

The concept of reverse logistics is thousands of years old, with the idea being 

referenced in the Book of Genesis in the Bible (de Brito & Dekker, 2004).    In the Middle 

Ages, scrap metal was collected and recast into new parts.  Other industries also realized the 

economic value in putting used materials back into their production processes (Steven, 2004).  

However, scientific definitions were not formulated until the 1970ôs.  These early definitions 

only related to recycling, however.  In the 1980ôs, definitions began to appear that described 

material movement that was ñgoing the wrong way.ò  It was not until the early 1990ôs that 
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emphasis was placed on the recovery aspects and management principles of reverse logistics.  

In the late 1990ôs the European Working Group on Reverse Logistics (REVLOG) was 

formed, which formulated a definition which encompasses the current principles of reverse 

logistics: 

ñThe process of planning, implementing and controlling backward flows of raw 

materials, in process inventory, packaging and finished goods, from a 

manufacturing, distribution or use point, to a point of recovery or point of proper 

disposal(de Brito & Dekker, 2004).ò      

The introduction of reverse logistics to industrial problems did not take place until the 

1960ôs and 1970ôs.  Studies were narrowly focused on problems associated with computer 

technology, advanced office automation, and military and weapon systems logistics support 

(Blumberg, 2005).  Life cycle analysis of these systems found that the major costs of these 

systems were not the initial investments, but maintenance and replacement parts costs.  Many 

systems were equipped with one-of-a-kind components that made pull-and-replace 

operations impossible.  This lead to the modular design of components that could easily be 

replaced in the field and the old assembly refurbished at some central location.  

Manufacturers found that there was real value in products after they left the traditional 

forward supply chain.  The modern principles behind reverse logistics grew out of the 

realization that processes designed to handle returns from the field could greatly reduce life 

cycle support costs and contribute to the bottom line.  Once refurbished, there was value in 

the products that were being returned from the field (Blumberg, 2005). 

Similarly the principles of reverse logistics were independently discovered by the 

consumer goods sector.  However, there was a different focus due to the different needs of 
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the industry.  While large system suppliers were concerned with small numbers of expensive 

items coming from the field, consumer goods manufacturers had much larger volumes of 

goods returning that may not be defective at all (Blumberg, 2005).  

2.2  Modern Principles of Reverse Logistics 

The definitions and principles of reverse logistics have changed over time due to 

needs of the industry and scholarly research.  However, the spirit of reverse logistics still lies 

in material flows that are opposite those in a forward supply chain.  The next sections detail 

the concepts of reverse logistics and its importance to manufacturers, suppliers, and 

consumers. 

2.2.1  Why Reverse Logistics Matters  

In the 1990ôs consumers, legislators, and manufacturers began to realize that 

something must be done to curb the large number of products being discarded.  Consumerism 

was causing unwanted, defective, or obsolescent items to enter landfills due to a lack of other 

disposal channels.  The electronics industry was one of the first consumer goods sectors to 

realize that they had responsibility for their products after the consumerôs use.  This was 

largely a result of many harmful materials used in the manufacture of electronics.  It is 

estimated that electronic waste (E-waste) is responsible for 70% of the heavy metals found in 

landfills.  These heavy metals can seep into the ground and contaminate fresh water supplies 

(Dhanda & Peters, 2008).  The current practice of reverse logistics has evolved due to three 

main driving forces: 

 Economics (direct and indirect), 

 Legislation, and 

 Corporate citizenship (de Brito & Dekker, 2004). 
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In terms of economics, companies implement reverse logistics programs in order to 

save money or avoid costs.  These are direct savings or avoidances which go to the bottom 

line.  Companies use cheaper recycled content or components which reduces raw materials 

and/or manufacturing costs.  Companies also recover materials to avoid disposal costs.  

Indirect economic gains can be realized by avoiding costly environmental and end-of-life 

product legislation (reduction of CO2 footprint), gaining market advantages, providing a 

green image to consumers, and improving relations between customers and suppliers (de 

Brito & Dekker, 2004).   

Due to the complex natures of reverse supply chains, many business opportunities 

have been created through reverse logistics.  These opportunities can range from scrap metal 

dealers to third-party logistics companies that manage reverse supply chains for multi-billion 

dollar corporations.  There are many examples of revenue creation by the implementation of 

successful reverse logistics systems.  One example is a strategy used by Genco Distribution 

System, which increased its reverse logistics revenue from $300,000 in 1991 to over $40 

million in 1994.  Another example is the savings of $90 million by AT&T between March 

1993 and October 1994, which was implemented by Burnhamôs Tel Trans Division with a 

staff of only seven people.  Both of these strategies allowed the business to explore new 

markets and improve the companyôs bottom line (Blumberg, 2005).   

In many countries, legislators are being pushed by their constituents to pass laws 

forcing companies to recover their products or accept them back.  Companies began to adopt 

reverse logistics as a means to comply with laws backed by environmentally-conscience 

consumers.  European countries have been on the forefront of this type of legislation.  In 
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1991 the German government passed the Avoidance of Packaging Waste Ordinance.  It 

required industry to take back, reuse, and/or recycle packaging material (Fishbein, 1994).  

This brought about the idea of extended producer responsibility (EPR) which is based on the 

ñpolluter-paysò principle.  This principle gives shared responsibility of discarded products to 

everyone in the supply chain.  This shifted the burden of sole funding of municipal solid 

waste from consumers to consumers and manufacturers.  Legislators reasoned that this would 

provide incentive for manufacturers to find creative ways to minimize or eliminate their 

packaging (Dhanda & Peters, 2008).    

In 2003 the European Union (EU) outlined a Waste, Electrical, and Electronic 

Equipment (WEEE) Directive.  The WEEE Directive states that the manufacturer has 

ultimate responsibility for the disposition of all electrical and electronic products and 

technologies (Blumberg, 2005).  It sets criteria for the reverse logistics activities and 

manufacturers must bear all costs for collection and recycling of electrical components.  This 

directive places no financial responsibility on the consumer (Kulwiec, 2008).  Manufacturers 

in the Netherlands are responsible for the collection, processing, and recycling of used white 

and brown goods (Kulwiec, 2008).  White goods are defined as products that contain a large 

metal content and have several major, dismantlable parts.  Examples are large home 

appliances such as washers, dryers, and refrigerators.  Brown goods, oppositely, have low 

metal contents but contain many complex parts and hazardous materials.  Examples are 

electronics such as televisions and computers (Lambert, Life-Cycle Chain Analysis, 

Including Recycling, 2001).  In Asia, Japan has enacted legislation requiring manufacturers 

to recycle scrap cars (Fleischmann & Minner, 2004).  Also in Japan, legislation has been 
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passed which states that any government-purchased products must contain a specific recycled 

content (Kulwiec, 2008). 

Consumers have also pushed legislators to pass laws requiring suppliers or 

manufacturers to take back merchandise that the customer wishes to return.  The legislation 

was first intended to address returning goods to physical store locations; however these laws 

have become increasingly important with the advent of online shopping and e-stores.  

Consumers wanted protection so that they could return products that had been ordered online 

(de Brito & Dekker, 2004).  This type of legislation drives suppliers and manufacturers to 

implement reverse logistics solutions for the return of unwanted goods.       

Corporate citizenship is a set of values or principles which compels a company to 

become involved in reverse logistics.  For many companies this started as company-wide 

recycling initiatives aimed at keeping waste out of the landfill.  Over time corporate 

citizenship has grown to include both environmental and societal aspects (de Brito & Dekker, 

2004).  Manufacturers are now looking at reverse logistics as a means to provide for a 

healthier society and workforce.  Reusing products allows companies to minimize their 

environmental footprint, which creates cleaner land, air, and water.  Reverse logistics allows 

companies to act altruistically by minimizing the depletion of natural resources.  By using 

what is already available more efficiently, companies are ensuring that future generations 

will have the resources that they need to survive.   

Some companies even build the idea of corporate citizenship into their products.  Paul 

Farrow, founder of Walden Paddlers, Inc., realized that reverse logistics could be a used to 

act responsibly and created a 100% recyclable kayak (de Brito & Dekker, 2004).  In 1959 the 
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Coors Brewing Company introduced an initiative to use aluminum cans and support 

aluminum can recycling activities.  In the years since, Coors has endeavored to make 

environmental responsibility part of their business plan.  Their plan, signed by the company 

President and CEO, states: 

ñWe believe that good business practices embrace environmental stewardship.  

We are committed to protecting the environment by reducing the environmental 

impacts of our day-to-day operations at every stage of our product life cycle 

(Kulwiec, 2008).ò 

When considering reverse logistics networks, a hierarchy exists in the activities of 

value retrieval.  Figure 2-1 shows a modified activity hierarchy based on that by Dhanda and 

Peters (2008).  When considering the design or implementation of a reverse logistics 

network, resource reduction should be the primary goal.  From top to bottom, the hierarchy 

represents activities that increase resource usage, energy usage, and waste.  Even the proper 

incineration of materials is better than landfill disposal because energy can be recovered.  

   Figure 2-1: Reverse Logistics Hierarchy 

(modified from Dhanda and Peters, 2008) 

Resource 

Reduction 

Reuse 

Refurbish 

Recycle 

Energy Conversion 

Disposal in Landfill 
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2.2.2 How Reverse Logistics Works 

Reverse logistics principles were first applied to manufacturing to solve the problems 

of large systems repair and reduction of waste in landfills.  The principles were expanded 

when the consumer goods industry began to be inundated by product returns.  Reverse 

logistics can be applied throughout the three main stages of the forward supply chain: 

 The manufacturing phase, 

 The distribution phase, and 

 The customer phase. 

 

Since the advent of manufacturing, companies have used reverse logistics during 

product assembly processes.  They may not have used the current terminology, but any return 

of raw materials due to surpluses or reworking of products because poor quality is a reverse 

logistics problems.  Reworking components or putting them into other products decreases 

production and disposal costs.  Distribution returns are associated with manufacturer-to-

supplier issues.  These issues can include product recalls, unsold products, damaged 

deliveries, or supplier stock adjustments.  Regardless of the issue, products flow from the 

supplier back to the manufacturer.  The final reverse logistical problems arise during the 

customer phase.  The customer phase represents the time between the product purchase and 

its disposal.  Issues include warranty returns, reimbursement guarantees, service returns, end-

of-use returns, and end-of-life returns.  During this phase, all goods flow backwards from the 

customer to the supplier, manufacturer, or third-party collector (de Brito & Dekker, 2004).    
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During any of the three main stages of the forward supply chain in which returns 

occur, value can be recovered through four main activities: 

 Collection, 

 Inspection/selection/sortation, 

 Recovery (direct or involving reprocessing), and 

 Redistribution. 

 

The activities of collection, inspection/selection/sortation, and redistribution are similar in 

most reverse logistics networks.  Products may vary, but these activities are fairly standard.  

However, the product recovery process is product-dependant and really establishes the 

reverse logistics network type.  The recovery phase can be decomposed into two main 

product groupings.  Products that are destined for remanufacturing or reuse, and those 

destined for recycling.  In the remanufacturing case products may be disassembled and have 

parts replaced, but they are not degraded to the point where they cannot be put back into 

working order.  Additionally, products may be reused directly in a second-hand market.  

Products destined for recycling, however, are so degraded that they must be put back into a 

commodity state.  This is the primary difference during the recovery phase; remanufacturing 

allows a product to retain its original identity and functionality.  Recycling destroys a 

productôs original identity (Vachon, Klassen, & Johnson, 2001).  Table 2-1 gives an 

overview of the different options available during product recovery (Biehl, Prater, & Realff, 

2007). 
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Table 2-1: Overview of RL Network Types 

 Bulk recycling Remanufacturing Reuse 

Structure  Centralized 

 Flat 

 Open loop 

 Branch-wide 

cooperation 

 Decentralized 

 Multi -level 

 Closed loop 

 No branch 

cooperation 

 Decentralized 

 Flat 

 Closed loop 

 No branch 

cooperation 

Generation New reverse networks Extension of forward 

networks 

Extension of forward 

networks 

Ownership Third parties, material 

suppliers, OEMs 

Mostly OEMs OEMs, third parties 

 

Figure 2-2, developed by de Brito and Dekker (2004), shows a network diagram of 

the processes involved in reverse logistics.  It demonstrates how the four main activities can 

apply to any of the three main stages in the forward supply chain.  After a product is 

collected and goes through the inspection/selection/sortation process, it may enter the market 

through two different classifications.  The first classification is made up of products that are 

undamaged or in a condition suitable for direct or second-hand sale.  The second 

classification is comprised of products that vary in deterioration levels, cannot enter the 

market directly, and require varying levels of reprocessing (de Brito & Dekker, 2004). 
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Figure 2-2: Reverse Logistics Processes 

In terms of the evolution of a reverse logistics system, companies tend to follow an 

ordered set of phases.  Phase one is mainly in response to external forces such as government 

and customer requirements.  During this phase, a company will start to deal with their own 

generated waste materials.  In phase two, companies begin to branch out and develop formal 

recycling programs and work with legislators to establishing new guidelines and regulations.  

Phase three is when companies become competent in their reverse logistics systems and gain 

a competitive advantage.  Phases two and three are mainly driven by top management 

because they realize the value of environmental management (Martin, 2001). 

2.3 Forward and Reverse Supply Chains 

For many years, companies worked hard to build up and optimize their forward 

supply chains without giving much thought to what happened to products after their useful 

lives.  Forward supply chains are composed of linear activities and logistics systems that are 

integrated to manufacture a raw material into a finished product and then distribute that 
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product to an end-consumer.  These unidirectional supply chains are called open loop supply 

chains (Realff, Ammons, & Newton, Robust Reverse Production System Design for Carpet 

Recycling, 2004).  The typical open loop supply chain moves materials from supplier to 

manufacturer and then to wholesalers, retailers, and the final customer (Fleischmann & 

Minner, 2004).  A forward supply chain is not concerned with what happens to the product 

after its disposal. 

Analogously, reverse supply chains are composed of the reverse logistics systems and 

activities necessary for product recovery (Vachon, Klassen, & Johnson, 2001).  Due to the 

three main driving forces of reverse logistics mentioned earlier, businesses have realized that 

reverse supply chains, utilizing reverse logistics principles and product recovery activities, 

are becoming increasingly important to stay competitive.  Figure 2-3 shows the materials 

flowing through a reverse supply chain (Pochampally, Nukala, & Gupta, 2009).   

Figure 2-3: Generic Reverse Supply Chain 

This is prompting companies to depart from the traditional, linear supply chain model 

into a cyclical, complex network model with feedback mechanisms (Fleischmann & Minner, 

2004).  These complex webs of interlinking forward and reverse supply chains are called 

closed loop supply chains (Realff, Ammons, & Newton, Robust Reverse Production System 

Design for Carpet Recycling, 2004).  Figure 2-4, a modification of an established material 

flows diagram, shows the interconnectedness in a closed loop supply chain (Realff, Ammons, 
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& Newton, Strategic Design of Reverse Production Systems, 2000).  Recycled products can 

reenter the forward chain through many different paths. 

Figure 2-4: Generic Closed Loop Supply Chain 

2.3.1 Feedback Mechanisms in Reverse Supply Chains 

As supply chains are becoming more sophisticated, forward and reverse supply chains 

are becoming integrated into complex networks.  Companies have discovered the value that 

can be gained by setting up systems designed to deliver inputs back into the manufacturing 

process or provide customers with a higher level of service.  When companies choose to 

integrate reverse supply chains into their total supply chains, they must make a choice in their 

design.  Reverse supply chains can be divided into two different categories based on 

feedback mechanism.  These are open loop or closed loop systems.  Both are important for 

good product stewardship and material value recovery (Vachon, Klassen, & Johnson, 2001).   
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Open loop and closed loop systems can be defined in two distinct ways, but both 

systems can ultimately be differentiated based on two different aspects of the product 

recovery phase.  The first definition is concerned with who is active during the recovery 

phase, while the second definition focuses on where the recovered products end up after 

recycling.  By the first definition, open loop systems are those set up by product 

manufacturers that are not directly involved in the recovery process and remanufacturing of 

their products.  These manufacturers may design their products for easy recycling, but a 

secondary market must exist to recover and convert these products into new ones.  This is the 

type of system utilized by Apple Computers in the United States and Canada before 2001 

(Apple, Inc., 2009).  They did not take back their used computers directly, but encouraged 

other companies to make use of the used components (Vachon, Klassen, & Johnson, 2001).   

Open loop systems are those that create products which will eventually be 

downcycled to the point that they must be disposed of through incineration or landfilling.  

Downcycling occurs when the recycling process severely reduces the quality of the new 

product (Lambert, Industrial Metabolism: Roots and Basic Principles, 2008).  An industrial 

example of this definition is the use of used tires as an input for asphalt production (Vachon, 

Klassen, & Johnson, 2001).  Another example is the use of recycled post-consumer carpet 

(PCC) resins in automotive bumper beams (Muzzy, 2006).  The two plastics, nylon and 

polypropylene, that comprise the resin are immiscible, which creates reduced mechanical 

properties (Wang, Carpet Recycling Technologies, 2006).  Additionally, the two plastics 

cannot be separated and will continue to be degraded through recycling processes until they 
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can only be incinerated or landfilled.  In this way, the value of the original materials become 

smaller and smaller until the value is completely lost.      

In a closed loop system, using the first definition for the distinction between systems 

established earlier, the product manufacturer is directly involved in recovering its own goods 

for product or component life extension (Vachon, Klassen, & Johnson, 2001).   This means 

that the same company is responsible for the distribution and recovery phases of their 

productsô life cycles (Blumberg, 2005).  An example of this definition is the recovery of 

Mercedes-Benz engines.  In 1997 Mercedes-Benz offered a program through their 

dealerships where customers could choose to have a remanufactured engine installed in any 

vehicle model where the original engine could not be repaired or if the customer made a 

specific request.  When the original engine was removed and replaced with a refurbished 

engine, the original engine was sent to a central refurbishment facility.  After being 

refurbished, the engine was warehoused until requested by a dealership (Driesch, van Oyen, 

& Flapper, 2005).     

The second definition for closed loop systems, which is based on product recycling, 

can be used to describe two different product life cycles.  In the first use of the term, the 

recycled product must meet the requirements of the original application (i.e. after the product 

is recycled, it can be manufactured into the same product) (Sassi, 2008).  This closed loop 

system seeks to obtain the most economic value from the discarded products.  The meaning 

can be explained by tracing the activities found in the reverse portion of the closed loop 

supply chain (see Figure 2-4).  As the materials are recycled further towards a raw material-

like state, they lose the value created in the forward supply chain (Realff, Ammons, & 
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Newton, Carpet Recycling: Determining the Reverse Production System Design, 1999).  One 

example would be the recycling of used PET bottles to make new PET bottles (Kiliaris, 

Papasphyrides, & Pfaendner, 2007).   

The second use of closed loop systems is most often associated with 

environmentalists and green thinkers.  They have coined the phrase ñcradle-to-cradleò to 

indicate the cyclical nature of a closed loop system.  They see recycling as a method to reuse 

resources infinitely to limit resource depletion.  Their view is that a closed loop system exists 

as long as recycled products are reused forever without being landfilled.  However, the 

product does not necessarily have to be recycled and manufactured into the same product 

(Langenwalter, 2008).  The result of the closed loop system is a loss of value because the 

product may be recycled into a lower form, but not a form that cannot be recycled later.  An 

example of this takes place in the automotive recycling industry.  A directive by the 

European Union stipulates increasing recycling rates for end-of-life vehicles (Kumar & 

Putnam, 2008).  Steel recovered from these discarded cars can enter an infinite loop and may 

never enter a landfill, but steel may be manufactured into lower-valued product packaging.  

Many industries are adopting this form of a closed loop system to meet the requirements of 

product disposal legislation (Kumar & Putnam, 2008). 
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2.3.2  Business Models 

Even though different definitions exist for reverse logistics and closed loop supply 

chains, the central theme of product return leads to four main business models, which are 

defined below. 

 Basic reverse logistics model 

 Closed loop supply chain model for high tech products 

 Closed loop supply chain model for low tech products 

 Closed loop supply chain model that is consumer-oriented 

 

The oldest and simplest of the four models, the basic reverse logistics model, is designed to 

return unwanted goods for processing and disposal.  This model focuses on the economical 

disposal of wastes through landfilling or recycling.  In the model, the manufacturers of the 

discarded products have no affiliation with the organization responsible for collection and 

disposal.  Many companies profit from this business model including junk dealers, service 

organizations, and municipal waste collectors and recyclers (Blumberg, 2005). 

 The second business model, which is unique, integrates forward and reverse logistics 

to service high tech products because the original equipment manufacturer (OEM) has 

complete control of all forward and reverse activities.  The OEM is responsible for servicing 

its products in the field.  Any components that are replaced during service are refurbished 

and then placed back into the forward supply chain or sold into secondary markets 

(Blumberg, 2005).  This business model was introduced as depot repair in the 1960s and 

1970s.  Studies of military weapon systems and computer electronic products found that 

lifetime service could easily cost more than the initial equipment investment.  Further studies 

found that malfunctioning components still had value, which meant that once they were 
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replaced, they could be refurbished and placed back into the supply chain (Blumberg, 2005).  

This business model is used to decrease the life cycle cost of very expensive products. 

 The third business model is similar to the second, but the OEM is not responsible for 

the entire closed loop supply chain; the forward and reverse supply chains are independent of 

each other.  Generally the purchaser has more responsibility for the reverse supply chain.  

They may utilize third party logistics companies or their own resources for product recovery.  

In this business model, the purchaser is usually a large company with smaller dealers as 

distributors (Blumberg, 2005). 

The fourth business model focuses on the consumer market.  The responsibility of 

this closed loop supply chain is shared between the retailer and the OEM, and is unique in 

that two reverse logistic processes are designed to convey products from the OEM to the end 

user and back.  Channels exist to return malfunctioning or unwanted products from the end 

user to the retailer, while another channel returns these same products from the retailer to the 

OEM.  Likewise, products that expire or do not sell can be returned from the retailer to the 

OEM.  This business model is utilized to link end users, retailers, and OEMs into a closed 

loop supply chain so that value can be recovered from failed, expired, or unwanted products 

(Blumberg, 2005). 

2.3.3 What Makes Closed Loop Supply Chains Difficult  

For years supply chain managers have relied on systems that utilize forecasting and 

order fulfillment to drive their supply chains.  Supply chain managers are confident in their 

systems because they are linear and controllable.  However, reverse supply chains represent a 

new set of challenges that are foreign to many companies due to the inherent uncertainty that 
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is present.  The six major challenges that exist in the inventory control and production 

planning of a reverse supply chain are: 

1. ñProbabilistic recovery rate of parts from used products, which implies a high 

degree of uncertainty in material planning, 

2. Unknown conditions of recovered parts until inspected, thus leading to 

stochastic routing and lead times, 

3. Part-matching problem during the assembly process, 

4. Added complexity of a remanufacturing shop structure, 

5. Uncertainty in supply rate of used products, and 

6. Problem of imperfect correlation between supply of used products and 

demand for reprocessed goods (Pochampally, Nukala, & Gupta, 2009).ò 

 

Therefore, traditional production planning and scheduling methods for reverse supply chains 

have limited applicability.  There is ongoing research to solve these problems, but either new 

methodologies must be created or classical methods revised (Pochampally, Nukala, & Gupta, 

2009). 

Another problem that arises is with the reverse portion of the closed loop supply 

chain.  A company must decide to implement their own product recovery network or partner 

with companies that specialize in certain stages of the network.  Putting together an entire 

collection and processing network can be very costly for a company, which encourages them 

to partner.  However, problems arise with the successful collaboration of all players through 

the entire reverse network.  Often information systems do not exist over the entire reverse 

supply chain and companies may be unwilling to share information with each other 

(Dyckhoff, Souren, & Keilen, 2004). 

The final problem that occurs in the reverse supply chain is the breakdown and 

separation of product components.  Many products are a complex mixture of materials that 

cannot fully be separated because the recycling technologies do not exist.  To solve this 
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problem, manufacturers need to design their products with recovery in mind.  They should 

focus on decreasing materials and material mixtures (Dyckhoff, Souren, & Keilen, 2004).     

2.4 Recycling of Textile Materials 

The previous section discussed four business models used in reverse supply chains.  

Currently, systems for the recovery of post-consumer textile materials utilize the first 

business model, which is the basic reverse logistics model.  Collectors and recyclers do not 

have a direct link back to the manufacturer.  Textile recycling supply chains have been 

developed primarily by entrepreneurs who have realized that they can profit from these 

reverse activities.  Two reverse systems have emerged to recycle textile materials.  Apparel 

recycling developed as a means to deal with castoffs created by continually-changing 

Western fashion (Hawley, 2006), while carpet recycling developed as a result of 

sustainability issues (Peoples, 2006). 

2.4.1 Apparel Reverse Networks 

Waste generated by the apparel industry enters the reverse network in two different 

forms.  The first form is pre-consumer waste, which is generated in the agricultural fields and 

manufacturing facilities of the forward supply chain.  This waste, depending on where it 

occurs in the supply chain, can either be fed into open loop or closed loop manufacturing 

processes or discarded through landfilling or incineration.  The second type of waste is 

generated post-consumer.  Apparel is discarded by the user because it is worn out, damaged, 

outgrown, or out of fashion.  After post-consumer disposal, apparel can be collected to enter 

a reverse network or be disposed of through landfilling or incineration.    
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The open loop reverse supply chain to recycle post-consumer apparel consists of 

consumers, policy makers, solid-waste managers, not-for-profit agencies, and for-profit retail 

businesses (Hawley, 2006).  Apparel entering the reverse supply chain is primarily collected 

by charitable organizations such as Goodwill or the Salvation Army.  In some instances, 

apparel may be sold to a second-hand shop or textile sorter.  Whether the organization is 

charitable or for-profit, the apparel enters the first sortation phase.  Charitable organizations 

and second-hand shops sort through the apparel to recover items to sell on their sales floors.  

Any apparel that does not sell or is discarded during the initial sortation is sold to textile 

sorting companies by the pound (Hawley, 2006).  Prices often range from five to seven cents 

per pound (Rivoli, 2006). 

Textile sorting companies, or ñrag gradersò, are primarily composed of small, family-

owned businesses that are in their third or fourth generation of operation.  When the 

discarded apparel first enters these facilities, a rough sort is initiated which is aimed at 

separating heavy items and is performed by the least trained, newest employees (Hawley, 

2006).  Further sortation becomes more refined and is performed by graders with years of 

hands-on experience.  These sorted items are then sold into specific markets.  A large rag 

grading operation may have over four hundred distinct grades.  For example, T-shirts alone 

can have over thirty separate categories (Rivoli, 2006).  

The goal of the sortation process is to find the proper market where the highest price 

can be charged for a particular apparel item.  The items that are the most profitable for a 

textile sorter are called ñdiamondsò.  These items account for only one percent of the total 

volume being sorted (Hawley, 2006).  The values of these items are also regionally-
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dependent across the globe.  Levi or Nike ñdiamondsò sold in Tokyo can bring textile sorters 

thousands of dollars in profit.  Apparel that is deemed ñvintageò can be sold by the piece and 

generates the largest profit.    All other saleable apparel is consolidated into bales ranging in 

size from 500 to 1,000 pounds for export to foreign countries.  For the nations of Sub-Sahara 

Africa, used clothing is a major American export.  African customers can purchase T-shirts 

for twenty to twenty-five cents apiece (Rivoli, 2006).  

Apparel that cannot be used as clothing enters several different channels.  Depending 

on condition and fiber type, unwearable apparel may be transformed into wiping cloths, 

converted to value added products, or disposed of through landfilling or incineration 

(Hawley, 2006).  Cotton T-shirts are the primary source of wiping and polishing cloths.  This 

is due to the soft and absorbent nature of cotton.  The T-shirts, though not able to be worn, 

must contain fifteen square inches of material that is exclusive of tears, heavy stains, prints, 

or paint.  Wiping cloths manufactures pay textile sorters about five cents per pound for this 

grade of apparel (Rivoli, 2006).  For a small amount of the remaining apparel a niche market 

exists.  These items can be converted into new apparel by designers and sold in trendy 

boutiques, which is popular in youth-oriented markets (Hawley, 2006). 

Apparel that is destined to be converted into other products is first broken down into a 

state known as shoddy or mungo.  Shoddy comes from the mechanical breakdown of knitted 

apparel, while mungo is generated from woven materials.  The apparel is demanufactured 

from fabric into fiber by cutting, shredding, and carding.  The fiber can then be used for 

stuffing, automotive components, carpet underlays, building materials and low-end blankets.  

In some instances, the fiber may be re-spun into yarn for new woven or knitted products, or 
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manufactured into non-woven products.  Examples of these products are garment linings, 

household and furniture items, insulation and sound absorbers, automobile carpeting, and 

toys.  Expensive wool and cashmere fibers can be reclaimed and remanufactured into high-

end blankets (Hawley, 2006).  High quality cotton shoddy can be turned into lower-grade 

yarns for inexpensive clothing.  Cotton shoddy can range in price from one to two cents per 

pound (Rivoli, 2006).  Table 2-2, based on a table by Hawley (2006), shows the breakdown 

of the total volume of apparel after sortation, along with price.  

Table 2-2: Volume to Value Estimation of Used Textile Product 

Category 

*Estimated Total 

Used Textile 

Goods by Volume 

*Estimated Value 

Used Clothing Markets (Export) ~48% $0.50-$0.75 per pound. 

Conversion to Value Added 

Markets 

29% Value varies widely depending 

on product.  Sold by weight. 

Wiping and Polishing Cloths 17% $0.80-$1.10 per pound 

Landfill and Incineration < 7% Varies by location and/or 

rural/urban.  Costs are by weight. 

ñDiamondsò 1-2% High value per item 

*Values and volume vary over time depending on current markets. 
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Figure 2-5: Pyramid Model for Textile Recycling Categories by Quantity 

Apparel recycling has been forced into a downcycling reverse supply chain for two 

main reasons, both a result of the advent of synthetic fibers.  Due to increased fiber strength, 

it is difficult to re-open yarns without damaging fiber length.  Also, it is difficult to separate 

re-opened fibers by type, especially when they are blends of natural and synthetic fibers 

(Hawley, 2006).  Until new recycling technologies emerge, sorted apparel volume by 

category will be inversely proportional to the value, as seen in Figure 2-5 which is based on a 

figure by Hawley (2006).  Each tier of the pyramid represents the proportion of the total 

collected apparel volume by category.   

2.4.2 Carpet Primer 

Unlike apparel, carpeting is actually a complex system comprised of separate layers 

of functional elements.  The majority of carpet (90%) is tufted, with two layers of backing.  

The face yarn, or pile, of the carpet is tufted into a woven, polypropylene (PP) primary 

backing.  A thermosetting, calcium carbonate-filled (CaCO3) styrene-butadiene latex rubber 

(SBR) is then applied to join a woven, polypropylene secondary backing to the primary 

ñDiamondsò 

Landfill and Incineration 

Wiping and polishing cloths 

Conversion to new products 

Used clothing markets 
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backing (Wang, Carpet Recycling Technologies, 2006).  These two layers hold the tufted 

face yarns in place and add dimensional stability to the carpet system (Hilton, Construction 

and Fibers: Construction Basics, 2008).   

Figure 2-6: Typical Carpet Construction 

Figure 2-6 and Figure 2-7, from Wang, ñCarpet Recycling Technologiesò (2006), show the 

typical construction of a tufted carpet and the mass/area for the components in a typical 

tufted carpet, respectively.  The total mass/area is 2,224 g/m
2
.  Table 2-3, based on the 

information from Wang, ñCarpet Recycling Technologiesò (2006), shows the mass 

percentages for the components of a typical carpet. 

Figure 2-7: Component Mass/Area for a Typical Carpet (g/m
2
) 

Carpet is typically classified by the type of fiber that makes up the pile.  Currently, 

more than 99% of carpet pile is made up of synthetic fibers.  The most prevalent face fibers 

used are nylon 6 and nylon 6,6 owing to the excellent performance characteristics of nylon.  
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Nylon is a strong polymer with good abrasion and crush properties, making it ideal for high 

traffic areas (Hilton, Construction and Fibers: Carpet Fibers, 2008). 

Table 2-3: Component Mass Percentages for a Typical Carpet 

Carpet Component Masses and Percentages 

Component Mass (g) % of Total Mass 

Face Yarn 1018 45.77% 

CaCO3 781 35.12% 

Backing 221 9.94% 

SBR 204 9.17% 

 

Carpet sales are generally broken down into commercial and residential markets.  

Most carpet sold today in both markets is broadloom carpet construction which is typically 

sold by the square foot or meter, and comes in roll form.  An important segment in the 

commercial market is carpet tile where construction is manufactured in flat squares that are 

typically nylon 6,6 (Realff, 2006).  Table 2-4, by Realff (2006), shows the percentage of 

carpet sales in the United States by face fiber and markets.    

Table 2-4: Approximate Distribution of Carpet Fiber by Face Type 

in the Commercial and Residential Sectors in the USA 

Carpet Type by 

Face Fiber 

% of Commercial 

Carpet 

% of Residential 

Carpet 

 Broadloom carpets 

Nylon 6,6 60 35 

Nylon 6 30 25 

Polyester 10 15 

PP 0 10 

Other 0 5 

 Tile (30% of commercial sales) 

Nylon 100 0 
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2.4.3 Carpet Recycling History 

In terms of post-consumer volumes and raw material recovery, carpeting represents a 

significant portion of the textile waste stream.  The volume of carpet entering landfills has 

caused it to be the target of sustainability efforts.  Early recycling efforts in the 1990s were 

the result of fiber producers realizing that real economic values were being lost as a result of 

landfilling carpet.  In 1996, Dutch State Mines (DSM), Enichem, and the Organization of 

European Carpet Manufacturers, along with other partners, began a project known as the 

RECcling of CArpet Materials (RECAM).  The projectôs purpose was to design a European 

carpet waste recycling network (Louwers, Kip, Peters, Souren, & Flapper, 1999).  In 1999, 

Honeywell and DSM opened a full-scale, post-consumer nylon 6 carpet processing plant in 

Augusta, Georgia (Peoples, 2006).  The $85 million Evergreen Nylon Recycling facility was 

designed to recycle 200 million pounds of carpet into 100 million pounds of near-virgin 

caprolactam, the monomer that comprises nylon 6 (Canadian Textile Journal, 1999). 

Around the same time period that the Evergreen Nylon Recycling facility was being 

constructed, a separate carpet recycling site was under construction in Premnitz, Germany.  

The $200 million facility, known as Polyamid 2000, was designed to collect post-consumer 

nylon 6 and nylon 6,6 carpet from around Europe.  The nylon 6 would be depolymerized to 

caprolactam while the nylon 6,6 would be mechanically separated for low grade molding 

resins.  The polypropylene would also be converted into resin for resale.  The major 

difference between the American and European projects was that Polyamid 2000 used the 

remaining recycling waste stream to generate power and steam from an on-site waste-to-

energy facility.  Evergreen Nylon Recycling ceased operations in August 2001, while 
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Polyamid 2000 filed for bankruptcy in June 2003.  Both facilities were closed partly as a 

result of inefficient post-consumer carpet (PCC) collection networks in the United States and 

Europe (Peoples, 2006). 

In 2001 an association of three states, Minnesota, Iowa, and Wisconsin, began 

discussions on diverting carpet from landfills.  In 2002 a Memorandum of Understanding 

(MOU) was signed for the purpose of setting target dates and diversion rates of PCC from 

landfills.  It also created a non-profit, third party organization, known as the Carpet America 

Recovery Effort (CARE), to oversee the ten year project.  The MOU was a voluntary 

agreement between signatory states, the United States Environmental Protection Agency, and 

non-governmental organizations to allow the project to be industry-led(Peoples, 2006).   

CAREôs national goal is to increase the recycling and reuse amount of PCC to 40% 

by the year 2012.  This means that 40% of all PCC disposed of annually will be diverted 

from the landfill (Carpet America Recovery Effort, 2006).  CAREôs mission is to help 

facilitate the creation of a new industry in the United States without government regulations 

or subsidies.  CARE is dedicated to building a group of interested individuals who can 

perform the reverse activities necessary in forming a PCC recycling network (Peoples, 2006).  

The economic feasibility of recycling PCC is dependent on the collection network and its 

ability to recover sufficient volumes of material.  The major hurdle is that significant 

investments must be made before a viable infrastructure can be established.  Processing 

centers must be strategically located to collect the maximum amount of carpet without 

incurring large transportation costs.  Sortation activities must also be efficient so that low-
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value material shipments are avoided (Realff, Ammons, & Newton, Carpet Recycling: 

Determining the Reverse Production System Design, 1999).    

2.4.4 Carpet Reverse Network 

A post-consumer carpet (PCC) recycling network is comprised of the same elements 

as a basic reverse logistics model which contains: 

 Sites, 

 Recycling tasks, and 

 Transportation tasks (Realff, Ammons, & Newton, Carpet Recycling: 

Determining the Reverse Production System Design, 1999). 

 

Sites represent the geographic locations where tasks are carried out.  Knowing the locations 

of sites is important in the calculation of distances and methods of travel between sites.  

Recycling tasks are the reverse production processes that are performed at the sites.  These 

include collection, sortation, separation, and mechanical/chemical recycling.  The importance 

of this element is that all material enters unitarily and is broken down into fractions.  All 

fractions of materials exiting a site in different streams must sum to one and match the 

incoming amount.  Recycling tasks are assigned a cost which is dependent on the material 

flow per unit time. 

Transportation tasks link sites together with material handling activities.  

Transportation type and site connections define the tasks.  Basic shipping costs can be 

calculated as functions of the materials shipped along certain routes (Realff, Ammons, & 

Newton, Carpet Recycling: Determining the Reverse Production System Design, 1999).  

Figure 2-8, from Realff, Ammons and Newton, ñCarpet Recycling: Determining the Reverse 
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Production System Designò (1999), shows the three basic elements formed into a network for 

recycling PCC.  

Figure 2-8: Task Network for Carpet Recycling 

2.4.4.1 Carpet Waste Forecasts and Collections 

Basic estimations for annual PCC volumes are calculated from new carpet sales data 

and empirically-established national replacement rates, and is defined by the following 

formula: 

 

Equation 2-1: Annual National Discarded Carpet Volume 

In Equation 2-1, a simplified version of the equation defined by Realff (2006), V represents 

the national expected PCC volume, R represents the national replacement rate, and F 

represents the annual national carpet sales volume in square feet.  Published sales data can be 

found in issues of Floor Covering Weekly, which is a news publication for the floor covering 

industry (Realff, 2006).  Alternate data is published by the Department of Commerce (DOC) 
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and the United States Census Bureau.  These government agencies publish figures for annual 

shipments of carpets and rugs (United States Census Bureau, Manufacturing and 

Construction Division, 2008).  A more rigorous form of Equation 2-1 has been derived by 

Realff  (2006) to account for regional differences in customer buying behavior and thus, 

discarded carpet volumes. 

 

Equation 2-2: Annual Regional Discarded Carpet Volume 

In Equation 2-2, VR represents the estimated discarded carpet volume by region, while PM 

and PS represent the population of the region and state, respectively.  The variables SS and S 

represent the annual floor covering sales volume for the region and nation in dollars, 

respectively while variable R represents the national replacement rate and F represents the 

annual national carpet sales volume in square feet (Realff, 2006).  After calculating the 

national estimated discarded volume, the total weight of PCC can be calculated through an 

average weight per square yard multiplier.  Average estimates assume that a square yard of 

carpet weights sixty-four ounces, or four pounds (Realff, 2006). The information in Figure 

2-9 and Table 2-5 shows the calculation of annual estimated discarded carpet weight from 

DOC/US Census data (United States Census Bureau, Manufacturing and Construction 

Division, 2008) and how they compare to weight estimates from CARE (Carpet America 

Recovery Effort, 2006). 
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Figure 2-9: Annual Estimated Carpet Discard Weight 

Table 2-5: Annual Carpet Shipments and Discarded Weight Estimates 

 

Current PCC collection schemes include: 

 Retailer-based aggregation, 

 Sorting from general trash, 

 Commercial carpet removal (Realff, Systems Planning for Carpet Recycling, 

2006, p. 51), and 

 Residential pick-up and drop-off (Lave, Conway-Schempf, Harvey, Hart, Bee, 

& MacCracken, 1998). 

 

Year

DOC/US Census 

Bureau Carpet 

Shipments

(sq yds)

DOC/US Census 

Bureau Carpet 

Shipments (lbs)

DOC/US Census 

Bureau Discarded 

Weight Estimate 

(lbs)

CARE Discarded 

Weight Estimate 

(lbs)

2002 1,953,685,000 7,814,740,000 5,470,318,000 4,678,000,000

2003 2,118,386,000 8,473,544,000 5,931,480,800 4,828,000,000

2004 2,023,886,000 8,095,544,000 5,666,880,800 4,537,000,000

2005 2,074,015,000 8,296,060,000 5,807,242,000 5,038,000,000

2006 1,771,012,000 7,084,048,000 4,958,833,600 5,261,000,000

2007 1,608,627,000 6,434,508,000 4,504,155,600 5,590,000,000
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Retailer-based aggregation occurs when carpet installers return old carpet to retail locations.  

The retailer charges the installer a fee to dispose of the old carpet at their locations rather 

than in landfills.  The installer passes this disposal fee plus a markup cost to the customer in 

the form of a built-in charge for the new carpet.  This encourages installers to return the PCC 

to a central location for consolidation.  The problem with this scheme is that the retailer must 

have sufficient space to place a covered receptacle near their location where the receptacle 

can then be hauled for a reduced tip fee to a larger collection center. 

 Sorting from general trash is the least desirable scheme because carpet must be 

collected from a waste transfer station or from the landfill itself.  An infrastructure must also 

exist at both types of facilities so that carpet can be sorted from general trash and kept 

uncontaminated.  Carpet often becomes wet or contaminated, thus unusable, en route to or at 

the facilities.  The carpet removal collection scheme is an attractive option because large 

quantity of used carpet becomes available when replacements occur in large buildings or 

multi-family dwellings.  Shipping large amounts is a cheaper alternative to transporting small 

amounts, and the PCC can be delivered directly to the collection site or point of end-use.  

Additionally, the old carpet is handled less often between consolidation points so handling 

costs are minimized (Realff, 2006).        

    The most expensive PCC collection scheme is residential pick-up.  This is due to 

the large amount of handling and increased transportation costs.  Residential discard routes 

generally pick up only small amounts of carpet per truckload, with an average of only 200 

pounds.  Residential PCC is only likely to be dropped off if the transportation and tipping 

fees (disposal charges) of a landfill are more than the transportation and collection fees of a 
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carpet collection site.  The advantage of collecting residential carpet is that it has more face 

fiber than commercial carpet, resulting in a higher material value per pound of discarded 

material (Lave, Conway-Schempf, Harvey, Hart, Bee, & MacCracken, 1998). 

Even though these four collection schemes have been described individually, most 

collectors engage in a combination of different schemes.  It is up to the collector to decide 

which combination will be most profitable for the given geographic location.  They must also 

take into account the tipping fees of their region so that the economics of discarding PCC at 

collection sites is comparable to landfilling for their customers.  Table 2-6, derived from 

Repa (2005), shows the landfill tip fees by region.  If transportation costs are comparable 

between collection sites and landfills, collectors can charge disposal fees up to the tip fee 

amount.  If transportation cost discrepancies exist between the two disposal options, then the 

collector will have to charge accordingly.  Regardless of the schemes, PCC collections can 

only be economically viable if collectors charge customers a disposal fee for incoming carpet 

(Lave, Conway-Schempf, Harvey, Hart, Bee, & MacCracken, 1998).    

Table 2-6: 2004 Landfill Tip Fee by Region 

2004 Landfill Tip Fees 

Region $/ton $/lb 

Northeast (CT, ME, MA, NH, NY, RI, VT) 70.53 0.0353 

Mid-Atlantic (DE, MD, NJ, PA, VA, WV) 46.29 0.0231 

South (AL, FL, GA, KY, MS, NC, SC, TN) 30.97 0.0155 

Midwest (IL, IN, IA, MI, MN, MO, OH, WI) 34.96 0.0175 

South Central (AZ, AR, LA, NM, OK, TX) 24.06 0.0120 

West Central (CO, KS, MT, NE, ND, SD, UT, WY) 24.13 0.0121 

West (AK, CA, HI, ID, NV, OR, WA) 37.74 0.0189 

National 34.29 0.0171 
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In an attempt to reach their PCC landfill diversion rates, CARE encourages the 

growth of their market-driven reclamation network.  Figure 2-10 shows the CARE 

Reclamation Network and the geographic locations of the collectors (Carpet America 

Recovery Effort).  Company names and contact information for the reclamation centers 

found in Figure 2-10 can be found in Table 8-1 in Appendix A.  CAREôs Annual Report 

outlines the progress made towards fulfilling the MOU goals established in 2002.  To gather 

PCC diversion data, confidential surveys are sent to a portion of the CARE sponsor 

companies that represent active players in carpet recycling.  These companies represent the 

activities of collection, sortation, processing, manufacturing, or a combination of activities.  

Figure 2-11, from the 2007 Carpet America Recovery Effort Annual Report (2008), shows 

the breakdown of PCC diversion by company type. 
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Figure 2-10: CARE Collection Center Locations 

Figure 2-11: Breakdown of Diversion by Types of Companies 

One of the key metrics tracked by CARE is the annual PCC diversion weights since 

the establishment of the program.  Survey respondents from the 2007 Annual Report 

indicated that 296 million pounds of PCC carpet was diverted from landfills in that year.  

Figure 2-12, based on the 2007 Carpet America Recovery Effort Annual Report (2008), 
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shows the progress of CARE in diverting PCC from landfills since its creation in 2002.  As a 

result of CAREôs efforts to expand the collection of PCC, Shaw Industries re-started 

operations at the Evergreen Nylon Recycling facility in February 2007.  From the 2007 

Carpet America Recovery Effort Annual Report (2008), it is estimated that this one facility 

diverts up to 250 million pounds of PCC from landfills annually. 

Figure 2-12: CARE Annual Landfill Diversion Weights 

2.4.4.2 Carpet Collection Sites 

As you can see from the previous section, carpet recycling has great potential, owing 

to the volumes being discarded.  Therefore, collection sites have to be able to handle this 

volume.  The major recycling tasks performed at PCC collection sites are: 

 Fiber identification, 

 Sortation, and 

 Shipping Preparation. 
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Fiber identification and sortation separate PCC into categories based on face fiber type.  

These activities are carried out either at the point of pick-up or at the collection site.  

Portable, low-cost, near infrared spectrometers allow carpet to be sorted quickly by hand 

(Wang, Carpet Recycling Technologies, 2006).  However, the task is very labor-intensive, 

especially when coupled with the fact that the identified PCC must then be moved to a 

segregated area of the collection site.  Semi-automated and automated sortation equipment 

has been developed, but the economics of the collection site do not favor these options 

(Realff, 2006).  Figure 2-13, from the 2007 Carpet America Recovery Effort Annual Report 

(2008), shows the distribution of PCC face fiber type handled by the CARE network in 2007.  

Figure 2-13: Distribution of Carpet Fiber Handled  

In terms of shipping preparation and transportation, two options exist.  PCC can be 

shipped to recyclers baled or not baled.  The baling process, while incurring cost, enables 

more material to be loaded onto a truck.  Baling PCC favors lowered transportation costs.  

There are two basic types of baling equipment, vertical and horizontal.  Vertical balers are 

used as a low-capacity option, but they are inexpensive.  Horizontal balers are high speed, 

but require large input volumes of material to make them economical.  One estimate shows 
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that the capital expenditure for a horizontal baler can be thirty times that of a vertical baler 

(Realff, 2006).      

2.4.4.3 Carpet Recycling Sites 

Once the carpet has been collected and sorted, it moves next to a recycling process.  

Currently, many different recycling options for PCC exist.  While there are a few closed loop 

options, the majority are open loop reverse systems.  The major recycling tasks performed at 

non-waste-to-energy PCC recycling sites are: 

 Material breakdown and size reduction, 

 Component separation, and 

 Mechanical and chemical recycling. 

 

A single or combination of tasks may be performed at a given recycling site, but the tasks are 

dependent on the final product.  At most recycling sites, a size reduction process is utilized to 

grind or shred carpet into smaller pieces.  Many forms of commercial equipment exist to 

perform this operation, but the primary process utilizes a blade that rotates against a feeding 

bed.  Low blade speeds are used so that the PCC is not melted during the process (Wang, 

Carpet Recycling Technologies, 2006). 

 After size reduction, the PCC must be separated into its constituent components 

before individual materials can be extracted for various recycling streams.  Mechanical 

methods are used to break down the shredded PCC until there is a dry mix of materials which 

is then washed to separate the different components by their densities in water.  Therefore, 

near-pure streams of components can be recovered.  Another separation process employs the 

use of a centrifuge system.  Materials are rotated in a large drum while liquids of different 

densities are added separates the mix into near-pure components.  Other separation 
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techniques have involved clipping face fibers and mechanically peeling component layers 

apart, shearing with water jets, or freezing and fracturing with dry ice (Wang, Carpet 

Recycling Technologies, 2006). 

 Most mechanical recycling involves melt processing of either separated or mixtures 

of PCC components.  The materials are fed into a screw extruder, where the thermoplastic 

materials melt and are forced through dies to form polymer strands.  These strands are then 

cut into pellets when they are cooled (Wang, Carpet Recycling Technologies, 2006).  The 

two main approaches to PCC chemical recycling are solvent extraction and 

depolymerization.  During one method of solvent extraction, different alcohols, phenols, or 

acids are used to dissolve nylon into solution, while the other solid components are filtered 

out.  The dissolved nylon is then precipitated into solid form.  The drawback to this method 

of solvent extraction is that some solvents cannot be recycled and form their own waste 

streams.  The other method of solvent extraction utilizes a supercritical fluid (SCF) to 

dissolve the polymers in PCC.  Another SCF is then used as an anti-solvent to precipitate the 

nylon out of solution.  The problem with the recovery method is that it requires high 

temperatures and pressures (Wang, Carpet Recycling Technologies, 2006). 

 Another method, depolymerization, is the process where polymers are broken down 

into their monomeric units and then purified to remove by-products of the process which 

yields a very pure polymer stream that is comparable to virgin materials.  Depolymerization 

of PCC is aimed at recovering the highest value materials, namely nylon face fibers.  A 

closed loop depolymerization process has been developed to process nylon 6 PCC into new 

nylon 6 carpet yarn.  In the Evergreen Nylon Recycling facility, steam and pressure convert 
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nylon 6 into caprolactam.  The caprolactam can then be distilled and reacted to form 

polymers (Realff, Ammons, & Newton, Modeling and Decision-making for Reverse 

Production System Design for Carpet Recycling, 2001).   

The depolymerization of nylon 6,6 has not been commercialized owing to its 

complexity since it is manufactured from two monomers, adipic acid and hexamethylene 

diamine (Wang, Carpet Recycling Technologies, 2006).  Several processes have been 

developed to recycle the polymer, but low yields and harsh process conditions have made 

scaling up the depolymerization process economically infeasible.  Currently nylon 6,6 PCC is 

separated and the polymers melt extruded to form low grade resins (Realff, Ammons, & 

Newton, Modeling and Decision-making for Reverse Production System Design for Carpet 

Recycling, 2001).   

2.4.4.4 Reclaimed Carpet Materials 

The previous section discussed the recycling process to recover the virgin materials.  

Recycled PCC materials are incorporated into a wide variety of different materials or end-

uses, but have four main destinations in the reverse stream: 

 Whole carpet recovery, 

 Fiber recovery, 

 Monomer recovery, and 

 Energy recovery (Realff, Ammons, & Newton, Modeling and Decision-

making for Reverse Production System Design for Carpet Recycling, 2001). 

 

Whole carpets are recovered by Milliken and Collins & Aikman.  Milliken then utilizes 

processes to refinish and redye the carpet tiles.  Collins & Aikman recovers their PVC 

backed carpet for use in the backing of newly-produced carpets (Realff, Ammons, & 

Newton, Modeling and Decision-making for Reverse Production System Design for Carpet 
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Recycling, 2001).  Processes have been developed to produce polypropylene nonwoven mats 

from PCC reclaimed fibers (Gulich, 2006) .  PCC fibers can also be found in carpet cushions 

and geotextiles.  

Reclaimed nylon fibers, while impure, can be compounded with virgin nylon to be sold as 

commercial nylon injection molding resins.  These resins can be used in car parts or other 

molded plastics applications (Realff, Ammons, & Newton, Modeling and Decision-making 

for Reverse Production System Design for Carpet Recycling, 2001).  Similarly, processes 

have been designed to produce mixed plastic resins from all components in PCC.  After the 

carpet is shredded and cleaned, the components are melted with compatabilizers to improve 

performance properties.  These resins have decreased performance when compared to virgin 

resins, but they are cheaper to produce (Lave, Conway-Schempf, Harvey, Hart, Bee, & 

MacCracken, 1998). 

 Another major use for PCC is in composites.  PCC fibers are used to reinforce 

concrete and soil.  Fibers added to concrete improve toughness and act to resist crack 

propagation.  Fibers in soil increase tensile strength, cohesion and load-carrying capability 

(Wang, Utilization of Recycled Carpet Waste Fibers for Reinforcement of Concrete and Soil, 

2006).  Also, structural lumber can be produced from glass fiber reinforced nylon 6 PCC.  

Automotive bumper beams and shipping pallets are being produced from in-line molded 

PCC.  These parts have been shown to have good performance characteristics and reduced 

costs.  Glass reinforced PCC carpet waste has been demonstrated to have properties 

comparable to those of some commercial plastics (Muzzy, 2006). 
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The final option for PCC diversion, and the least desirable, is waste-to-energy 

conversion.  PCC is an excellent fuel source because of its derivation from crude oil.  The net 

energy released by burning is about 9,500 Btus per pound.  The challenge of this diversion 

method is to reduce emissions since carbon monoxide emissions can be high if PCC is fed 

into the incinerator in large chunks.  One advantage of burning PCC is in the form of raw 

material recovery, if it is incinerated in cement kilns.  Once the calcium carbonate-rich 

rubber binder has been burned away, the calcium carbonate can be recovered directly for use 

as a feedstock in the production of concrete (Realff, Ammons, & Newton, Modeling and 

Decision-making for Reverse Production System Design for Carpet Recycling, 2001).   

2.4.4.5 Previous Carpet Recycling Mathematical Models 

Several models for studying the reverse production system associated with PCC have 

been developed.  In ñCarpet Recycling: Determining the Reverse Production System 

Design," Realff, Ammons, and Newton (1999) develop a mixed-integer programming model 

to investigate four case studies based on a national recycling network.  The case study 

contained three different recycling technologies with economies of scale.  The network was 

comprised of collection sites, processing sites, and finished goods shipping sites.  Three case 

studies were researched to determine the scale, morphology, and growth pattern of the 

network.  The final case study explored the end uses of the materials in the network. 

In ñAssessing Performance and Uncertainty in Developing Carpet Reverse Logistics 

Systems,ò Biehl, Prater, and Realff (2007) developa network simulation model containing 

two or six collection centers, one processing center, and one manufacturing center.  

Simulations were run following a design of experiments, with forty-eight scenarios total.  In 
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this way, system variables were tested for their significance, along with any system 

interactions.  Uncertainties in inventory levels, shipments, and processing rates were also 

examined.  

In ñA Facility Location Allocation Model for Reusing Carpet Materials,ò Louwers, 

Kip, Peters, Souren, and Flapper (1999) develop a network simulation model that allows for 

a free choice of collection center locations.  The model also takes into account depriciation 

costs for capital investments.  The model minimizes network costs to find the ideal number 

and locations of collection sites. 

2.5 Proceeding Research     

This purpose of this literature review has been to explore the nature of current reverse 

logistics systems and their development, and how they are being applied to textile recycling 

programs.  A brief overview of an apparel recycling network was given, with an in-depth 

review of a carpet recycling network following.  This review highlighted each activity in the 

reverse supply chain.  The understanding of reverse logistics and how the field is being 

applied to textile recycling programs is paramount to the following research.  The following 

chapter will develop location allocation models for the placement of PCC recycling sites in 

order to minimize costs.  A model based upon the CARE network will first be developed, 

followed by a national network model that includes economies of scale in the processing 

costs.  The next chapter will develop a model to estimate costs in a PCC reverse supply 

chain.  Real collection site data has been given by a collector, which will be deemed 

Collection Site A.  Transportation costs from the preceding chapter will also be utilized in the 
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cost model.  Finally, the methodologies developed in the carpet recycling research will be 

applied to a proposed garment recycling network.               
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3 Carpet Reverse Networks 

Post-consumer carpet (PCC) offers a grand opportunity to develop closed loop 

systems and reverse logistics.  To meet the research objectives that pertain to discarded 

carpet, hypothetical recycling centers must be located that utilize the existing collection 

network or some proposed network.  Therefore, costs associated with the reverse logistics 

system, as well as site locations can be investigated as the network morphology changes.  

Before any optimization models can be established to solve this problem, the closed loop 

supply chain must first be investigated to establish the order of activities. 

3.1 Carpet Network Flow Diagram 

A carpet network flow diagram can be used to understand the different routes 

products can take throughout a closed loop supply chain.  It shows the activities within the 

network and the transportation activities that connect these activities.  Figure 3-1 shows the 

flow of materials and connections of activity nodes in a carpet closed loop supply chain.   
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Figure 3-1: Carpet Network Flow Diagram 

Virgin components first enter the supply chain where they are manufactured into 

finished carpet.  Post-industrial wastes, those created during the manufacturing process, can 

either be collected for recycling and remanufacturing, or disposed of in landfills or 

incinerators.  The finished carpet is sold to consumers and installed for use.  When the 

customer discards the end-of-use materials, they become PCC.  PCC can either be collected 

for reuse, recycling, or discarded in landfills or incinerators.  For a true closed loop recycling 

system, the goal is to reuse and recycling everything while sending no wastes to landfills. 

The first activity in the reverse supply chain after customer disposal is collection of 

the PCC.  After collection the PCC is identified, sorted, consolidated and shipped to a 

recycler or refurbished for second-hand use.  In 2007 the Carpet America Recovery Effort 

(CARE) network reported that only 300.0 million of the estimated 5.6 billion pounds of 
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discarded PCC was collected for recycling, representing a landfill diversion rate of only 5.4% 

(see Chapter 2.4.4.1).  After the carpet components are recycled, they can either reenter the 

forward supply chain to be manufactured into new carpet or used to produce other products.  

To adhere to the strictest definition of a closed loop system (see Chapter 2.3.1), the recycled 

carpet components would be remade into carpet.  A looser interpretation of the definition 

allows the carpet materials to be manufactured into other products, as long as those products 

arenôt landfilled or incinerated after their disposal.  The idea behind a closed loop supply 

chain is that once materials enter the system, they continually cycle through forward and 

reverse activities without leaving the system, which should be true for every activity within 

the closed loop system.            

3.2 Carpet Recycling Site Location Allocation Models 

The goal of the project is to determine the location of a series of recycling processing 

sites that minimize costs.  It is impossible to solve this location and allocation problem 

optimally using traditional mathematical programming models due to the complexity of the 

required algorithms.  Therefore, heuristics have been used to solve the problem with a trial-

and-error methodology.  A meta-heuristic model has been developed to determine the 

location and allocation of PCC recycling sites.  Two separate collection networks have been 

studied, the current CARE network (see Figure 2-10) and a hypothetical national network 

consisting of the 400 most populous three-digit zip codes of the continental United States.  

The aim of this research is to investigate how network costs and recycling site locations are 

affected by changing network morphologies.   
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One hypothesis is that as more recycling sites are added to the CARE collection 

network, transportation costs will be reduced as a result of collection-site assignment.  

However, the penalty of opening more recycling sites is an increase in fixed costs.  A 

separate hypothesis is formed about the national network as a result of the inclusion of 

economies of scale, which is the idea of reduced unit processing costs as a result of larger-

scale operations.  Similarly in this model, more recycling sites will reduce transportation 

costs but this will now be balanced against unit processing costs.  More recycling sites will 

reduce the total shipments to each site, possibly increasing the unit cost.  Locations of 

recycling sites and allocation of collection sites in the national model will be the result of a 

balance between transportation costs and processing costs.  As a result, the economies of 

scale models will have optimal solutions that favor fewer recycling sites but sites with higher 

capacities.    

3.2.1 Model Description 

In previous carpet recycling research (see Chapter 2.4.4.5), mathematical models 

were used to determine the morphology of the network.  However, these mixed-integer 

programs were only applied to small, case study networks.  These models cannot be applied 

to the large-scale networks that are necessary for PCC recycling.  This motivated the 

investigation of a recycling network using heuristics.  The meta-heuristics model, developed 

in Bucci (2009), utilizes a constructive add procedure combined with an alternate location 

allocation procedure.  To determine the distances between collection and recycling sites, 

great circle distances were multiplied by a circuity factor of 1.2 (Kay & Warsing, 2008).  

This circuity factor is a magnifier to account for discrepancies between straight-line, great 
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circle distances and actual road network distances.  The model places recycling sites and 

allocates collection sites in an attempt to produce the lowest total network cost.  The model 

objective function and constraints can be found in Bucci (2009).  In the CARE network, the 

total cost is comprised of site opening costs and transportation costs.  However, in the 

national network (i.e. 400 most populous three-digit zip codes), recycling plants with 

economies of scale have been examined.  The total cost of this network is made up of site 

opening costs, processing costs, and transportation costs.  Processing costs were not 

considered in the CARE models because the network cannot annually collect enough PCC to 

sustain recycling sites with economies of scale.  Therefore processing costs are a fixed unit 

cost and only transportation costs will  influence the geographic placement of recycling sites.  

The model is programmed to add a specified number of recycling sites.  To 

accomplish this, the algorithm works serially in its placement of sites.  The first site in the 

network is placed to produce the lowest total cost.  Collection sites are then allocated to this 

location. Keeping the first site location fixed, the next recycling site is then placed to 

minimize the total transportation cost for the network.  The iterative location-allocation 

subroutine is then used.  The location step attempts to relocate the recycling sites to reduce 

the transportation cost, while the allocation step attempts to assign the collection sites to the 

closest recycling sites in order to reduce the transportation cost.  In the national network 

model, the steps of reallocation and relocation involve an increased number of iterations due 

to the addition of economies of scale in processing costs.  In the CARE network model only 

site-to-site distances were minimized, resulting in fewer trial-and-error sequences before the 

optimal solution was found.  However, the national network model optimizes the tradeoff 
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between longer distances between sites, and the decreased unit processing cost associated 

with larger recycling sites.  All remaining recycling sites are added in this manner.  Figure 

3-2, from Bucci (2009), demonstrates the sequential logic involved in the placement of 

recycling sites.      

Figure 3-2: Model Logic Flow Diagram 

3.2.2 Calculation of Annual PCC Truckloads 

One of the model inputs is the total number of truckloads shipped per year.  This 

number was calculated by dividing the annual volume of PCC by the trailer capacity.  This is 

expressed by Equation 3-1. 

 

Equation 3-1: Annual Truckloads of PCC 
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The first step in solving this equation was the determination of trailer capacity and whether 

the trailer would weight-out or cube-out.  In other words, would the trailer weight or volume 

capacity be reached first.  The United States Department of Transportation has legislated that 

the maximum gross vehicle weight for standard freight trailers cannot surpass 80,000 pounds 

(United States Department of Transportation, 1995).  Freight trailer capacity is determined by 

the number of PCC bales a trailer will hold multiplied by the average bale weight.  This is 

expressed by Equation 3-2. 

 

Equation 3-2: Trailer Weight of PCC 

A standard freight trailer with a length of forty-eight feet was assumed to be the 

method of shipment from collection site to recycling site.  From the standard configuration 

types given, a forty-eight feet freight trailer with the interior dimensions of 570 x 98.5 x 108 

inches was selected (World Trade Press, 2008).  Realff  (2006) determines typical PCC bales 

from collection sites to be 60 x 32 x 48 inches in dimension and weigh between 1,100 and 

1,200 lbs.  A CARE network PCC collector defines their typical bales to be 62 x 30 x 45 

inches in dimension and weigh between 1,000 and 1,200 pounds (Quicksilver Recycling 

Services, 2007).  When the freight trailer loading is optimized, it has a capacity of fifty-four 

bales.  The loading scheme shown in Figure 3-3 allows both bale sizes to be accommodated, 

with space left in every dimension. 
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Figure 3-3: Optimized Freight Trail er Loading 

The trailer capacity can now be determined through the use of Equation 3-2.  Due to 

the weight ranges of both bale sizes, an average weight was determined to be 1,100 lbs.  

Multiplying this average bale weight by the bale capacity yields an average PCC trailer 

weight of 59,400 pounds.  This indicates that the trailer will cube-out (meet volume capacity) 

because the weight capacity has not been reached.   

For the CARE collection network, the 2007 PCC collection volume of 296 million 

pounds was used.  Utilizing Equation 3-1, the total annual number of truckloads in the 

network was 4,983.  In the CARE network models, the number was rounded to 5,000 

truckloads (297 million pounds).  The same methodology was used to calculate the number 

of annual PCC truckloads in the national network model.  The number of truckloads was not 

rounded in the national network model and can be found in Table 3-1.  The annual collection 

570.0"

98.5"

108.0"

45.0" 30.0"

62.0"



  58 

weights used in Table 3-1 represent a doubling of collected PCC pounds from the annual 

300,000 pounds, except for the one case of 1,800 million pounds.  There were two reasons 

for this, the first being that doubling the collection weight would have the greatest effect on 

the solution.  The second reason was for the purpose of determining if a doubling of annual 

collection weight would correlate into a doubling of collection sites.  One of the main 

assumptions of this research is that the proposed recycling sites will process all PCC face 

fiber types and not the ones currently collected by the CARE sites. 

Table 3-1: Number of Annual PCC Truckloads in National Network 

National Network Annual Number of Truckloads 

Annual Collection Weight (lbs) Annual Number of Truckloads 

300,000,000 5,051 

600,000,000 10,101 

1,200,000,000 20,202 

1,800,000,000 30,303 

2,400,000,000 40,404 

 

3.2.3 Assignment of Annual PCC Weight Percentages to Collection Sites 

Before the model could locate recycling sites, percentages of the annual number of 

PCC truckloads have to be assigned to all CARE collection sites found in Figure 2-10, as 

well as to the national network with collection sites in 400 of the most populous three-digit 

zip codes.  According to Realff (2006), PCC disposal rates are correlated to building and 

occupancy densities.  Since this data could not be found, United States census data was 

substituted.  For the CARE network, population figures for five-digit zip codes were utilized.  

Each CARE collection site is assumed to be located in the center of the zip code.  For the 

national network, three-digit zip code populations were used.  The geographical locations of 
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these 400 collection sites were the population centroids of their three-digit zip codes (Bucci, 

2009). 

To distribute the annual PCC truckloads to the CARE network collection sites, a 

collection radius was calculated around each site.  The populations of all five-digit zip codes 

whose center fell within this radius were assigned to the collection site.  The population for 

each collection site was then divided by the total population of all collection sites to 

determine the population fraction by site.  This population fraction was then multiplied by 

the number of annual truckloads to determine the proportion of truckloads shipped from each 

collection site, which is expressed by Equation 3-3. 

 

Equation 3-3: Number of Annual Truckloads per Site 

Figure 3-4 shows a generic PCC recycling network and how zip code populations would be 

assigned to collection sites.  In this reverse network, six collection sites (C) are assigned to 

the one recycling site (R). 
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Figure 3-4: Collection Network Diagram 

The collection radii were calculated using the national and regional tip fees from 

Table 2-6.  The collection radius is calculated using Equation 3-4. 

 

Equation 3-4: Collection Radius 

The rates in Table 3-2 were used in determining the distances of the collection radius.  A 

truck capacity of 10,000 pounds represents a thirty-yard roll off dumpster (Cherry Hill 

Construction Company Inc., 2008).  To encourage PCC drop-off at collection sites instead of 

at landfills, it must be economically advantageous to the disposer.  A processing cost of 

$0.01 per pound, charged by collectors, is less than any regional tip fee (see Table 2-6) and is 

close to the cost suggested in the research ñRecycling Postconsumer Nylon Carpetò (Lave, 

Conway-Schempf, Harvey, Hart, Bee, & MacCracken, 1998).  The standard cost for a 



  61 

truckload by freight trailer is $2.00 per mile (Kay & Warsing, 2008).  Due to the reduced 

capacity per load and short hauling distances in the collection radius, an increased rate of 

$3.00 per mile was assumed.  A tip fee of $0.017 per pound was used because this represents 

the national average (see Table 2-6).   

Table 3-2: Collection Site Values 

PCC-to-Collection Site Values 

Pick-up Cost ($/mi) Disposal Cost ($/lb) Truck Capacity (lbs) 

$3.00 $0.01 10,000 

 

Using Equation 3-4 and the values from Table 3-2, the calculated collection distance 

is 23.82 miles ( ).  This calculation is reasonable 

when compared to the fifty-mile round trip distance suggested to be the maximum 

economically-feasible collection radius (Lave, Conway-Schempf, Harvey, Hart, Bee, & 

MacCracken, 1998).  Table 3-3 shows the collection radii by site if the regional tip fee is 

substituted for the national tip fee.  Larger tip fees make larger collection distances more 

economically feasible.  In the research, collection sites 6, 33, and 37 were not included 

because exact zip codes could not be identified, reclamation activities were not performed, or 

sites were not located within the continental United States. 
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Table 3-3: CARE Reclamation Center Zip Codes and Collection Radii 

Code Company City State
5 Digit Zip 

Code

Distance to Match 

National Tip Fee 

(mi)

Distance to Match 

Regional Tip Fee 

(mi)

1 Los Angeles Fibers Company Los Angeles, CA CA 90058 23.82 29.57

2 Green Planet Recycling Albuquerque, NM NM 87107 23.82 6.77

3 Antron® Reclamation Center Calhoun, GA GA 30701 23.82 18.28

4 Balcones Resources TX San Antonio, TX TX 78702 23.82 6.77

5 Balcones Resources AR Little Rock, AR AR 72206 23.82 6.77

6 Kruse Chicago Chicago, IL IL

7 C&A Floorcovering (Tandus) Dalton, GA GA 30722 23.82 18.28

8 CarpetCycle Elizabeth, NJ NJ 07206 23.82 43.82

9 Conigliaro Industries Boston, MA MA 01702 23.82 84.22

10 Chamlian Fresno, CA CA 93725 23.82 29.57

11 Champion Polymer Lexington, KY KY 40381 23.82 18.28

12 Columbia Recycling Dalton, GA GA 30720 23.82 18.28

13 Dalton-Whitfield SWMA Dalton, GA GA 30721 23.82 18.28

14 East County Recycling Portland, OR OR 97230 23.82 29.57

15 Allegheny ContractFlooring Boston, MA MA 01890 23.82 84.22

16 Evergreen Nylon Recycling (Shaw)Augusta, GA GA 30901 23.82 18.28

17 Georgia Recycling (1) Atlanta, GA GA 30315 23.82 18.28

18 Interface Americas LaGrange, GA GA 30241 23.82 18.28

19 Kruse Carpet Recycling Indianapolis, IN IN 46268 23.82 24.93

20 RM Brokerage DC, Baltimore DC 22304 23.82 43.82

21 SF Carpet Recycling San Francisco, CA CA 94124 23.82 29.57

22 Recovery 1, Inc. Tacoma, WA WA 98421 23.82 29.57

23 Quicksilver Recycling Tampa, FL FL 34695 23.82 18.28

24 Carpet Again Recycling Dallas, TX TX 75202 23.82 6.77

25 Southeastern Plastic Recovery Inc.Charleston, SC SC 29464 23.82 18.28

26 Blue Ridge Recycling Charlotte, NC NC 28112 23.82 18.28

27 Atlanta Foam Recycle Atlanta, GA GA 30084 23.82 18.28

28 A1 Planet Recycle Phoenix, AR AR 85003 23.82 6.77

29 Southeastern Recycling Nashville, TN TN 37210 23.82 18.28

30 Atlanta Foam Recycle Greenville, SC SC 29607 23.82 18.28

31 Exceed Flooring Chicago, IL IL 60014 23.82 24.93

32 Natural Transitions Houston, TX TX 77055 23.82 6.77

33 Foam Recycle Center DC, Baltimore DC

34 WNY Professional Flooring Buffalo, NY NY 14227 23.82 84.22

35 Bro-Tex Co. St. Paul, MN MN 55114 23.82 24.93

36 Sergenians Floorcoverings Madison,WI WI 53713 23.82 24.93

37 Nylene Canada Inc Ottawa, Canada K7S 3P2

38 Foam Recycle Center Baltimore, MD MD 21227 23.82 43.82

39 Foam Recycle Center Forestville, MD MD 20747 23.82 43.82

40 Foam Recycle Center Alexandria, VA VA 22304 23.82 43.82

41 Foam Recycle Center Raleigh, NC NC 27606 23.82 18.28

42 Foam Recycle Center Durham, NC NC 27703 23.82 18.28

43 Foam Recycle Center Savannah, GA GA 31401 23.82 18.28

44 Foam Recycle Center Jacksonville, FL FL 32217 23.82 18.28

45 Foam Recycle Center Delray Beach, FL FL 33444 23.82 18.28

46 Foam Recycle Center Houston, TX TX 77587 23.82 6.77

47 Foam Recycle Center Philadelphia, PA PA 19007 23.82 43.82

48 Carpet Recycling, Inc. Orlando, FL FL 32837 23.82 18.28

49 Reclamation LTD Columbus, OH OH 43204 23.82 24.93

50 Texas Carpet Recycling Grapevine, TX TX 76051 23.82 6.77

51 Mezquite Carpets Dallas, TX TX 75220 23.82 6.77

52 Paved Recycling, INC. Tallahassee, FL FL 32310 23.82 18.28

53 Carpet Recovery International, Inc.Houston, TX TX 77041 23.82 6.77

54 Mohawk's Greenworks Eton, GA GA 30724 23.82 18.28

55 Design Source Interiors Lenexa, KS KS 66214 23.82 6.77

56 Great Lakes Recycling Roseville, MI MI 48066 23.82 24.93

57 Steinberger Flooring Heidelberg, PA PA 15106 23.82 43.82

58 ERCS North Reading, MA MA 01864 23.82 84.22

CARE Reclamation Centers
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In the national network model, like in the CARE model, annual truckloads were 

assigned to each collection site by population.  The assumption was made that not all 877 

three-digit zip codes with non-zero populations would have a collection site due to the low 

amount of PCC carpet being discarded.  Therefore the 400 most populous three-digit zip 

codes of the continental United States were used for the locations of collection sites.  Figure 

3-5 shows these collection site locations.  Adhering to the methodology used in the CARE 

network, the populations of the three-digit zip codes were divided by the total population of 

all three-digit zip codes to produce an assignment fraction by site.  This fraction was then 

multiplied by each of the annual truckloads in Table 3-1 to calculate the number of 

truckloads shipped from each collection site. 

Figure 3-5: National Collection Network 
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3.2.4 CARE PCC Reverse Network Models 

In the CARE PCC network models, the only costs investigated were for 

transportation and recycling site openings.  A $1 million site opening cost was charged for 

each recycling site.  This annualized cost, depreciated over seven years, was given in a PCC 

recycling case study by Realff, Ammons, and Newton (Carpet Recycling: Determining the 

Reverse Production System Design, 1999).  Additionally, transportation costs were 

calculated with the assumption that PCC would be shipped from collection sites to recycling 

sites for $2.00 per mile (Kay & Warsing, 2008).  In the CARE network, recycling sites were 

only restricted to locations in the continental United States that had five-digit zip codes with 

non-zero populations.  With these restrictions, there were 31,569 possible zip codes where 

sites could be located.  The initial models allowed the network to have overlapping collection 

radii which may produce results with double counting.  This double counting will be 

addressed in Section 3.2.4.2. 

3.2.4.1 Overlapping Collection Radii 

Two different scenarios were run.  The first scenario allowed the initial recycling site 

to be placed optimally anywhere in the continental United States based on costs.  The second 

scenario restricted the first site placement to North Carolina, South Carolina, and Georgia.  

The assumption was that the company opening the first recycling site would place it near the 

United States carpet manufacturing industry located in Dalton, Georgia.  Using the collection 

radius of 23.82 miles, the model produced the results in seen Table 3-4 and Table 3-5.  The 

gray cells in all cost tables of this chapter indicate the lowest cost solutions in terms of the 

number of recycling sites.  Three recycling sites is the best number of sites in this model for 
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both scenarios because placing more sites decreases transportation distances and, thus, 

transportation costs. 

Table 3-4: CARE Network Costs - 23.82 mi. Over lapping Collection Radii 

 

Table 3-5: CARE Recycling Sites - 23.82 mi. Overlapping Collection Radii 

 

The model produces results demonstrating that restricting the first recycling site, even 

when there are multiple sites in the network, creates a sub-optimal solution.  This is reflected 

by the transportation cost difference between fixed first site scenarios and optimal first site 

scenarios.  Not placing the first site optimally leads to higher transportation costs.  The total 

cost difference is less than 10% which may be more economical when the distance to 

manufacturing sites are taken into account.  Table 3-5 shows that the first site optimal 

First Site 

Optimal

First Site in NC, 

SC, or GA

First Site 

Optimal

First Site in NC, 

SC, or GA

First Site 

Optimal

First Site in NC, 

SC, or GA

Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,000

Transportation Cost $9,493,199 $9,738,558 $5,900,693 $6,257,137 $3,470,912 $4,092,742

Total Cost $10,493,199 $10,738,558 $7,900,693 $8,257,137 $6,470,912 $7,092,742

CARE Network - 23.82 mi. Overlapping Collection Radii

1 Recycling Site 2 Recycling Sites 3 Recycling Sites

Geographical Location
Allocation of 

Truckloads
PCC at Site (lbs)

1 Location 1st Site 6.91 mi W of Winchester, KY 100.00% 297,000,000

1st Site 8.60 mi SW of Womelsdorf (Coalton), WV 82.46% 244,906,200

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 17.54% 52,093,800

1st Site Washington, DC 60.30% 179,091,000

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 16.99% 50,460,300

3rd Site Highland Park, TX 22.71% 67,448,700

1 Location 1st Site 4.26 mi E of Murphy, NC 100.00% 297,000,000

1st Site 4.26 mi E of Murphy, NC 82.46% 244,906,200

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 17.54% 52,093,800

1st Site 4.26 mi E of Murphy, NC 43.15% 128,155,500

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 17.54% 52,093,800

3rd Site Elizabeth, NJ 39.31% 116,750,700

CARE Network - 23.82 mi. Overlapping Collection Radii

2 Locations

3 Locations

First Site Optimal

First Site in NC, SC, or GA

2 Locations

3 Locations
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scenario always locates the first recycling site further north than the scenario where the first 

site is restricted to North Carolina, South Carolina, and Georgia.  This is due to the large 

amount of PCC that is assigned to collection sites in the northeastern United States.  Even in 

the scenario where the first recycling site is fixed, the site is always located in North 

Carolina, which is the northernmost of the three allowable states.  Another observation is that 

in both scenarios, the second recycling site is always located in California.  This is because 

the model optimizes the solution by minimizing the long distances and high costs of shipping 

PCC from West Coast collection sites to East Coast recycling sites.   

When looking at the placement of the third recycling site in both scenarios, its 

location is dependent on the first site.  In the first site optimal scenario, the third site is 

located in Texas, while the first is in Washington, DC (see Figure 3-10).  In the restricted 

first site scenario, the third site is placed in New Jersey, while the first is in North Carolina 

(see Figure 3-11).  The first site optimal scenario doesnôt restrict site locations, so the 

recycling sites are placed according to areas of high PCC collections, namely in the 

Northeast, South, and West.  The restricted first site scenario must locate sites sub-optimally, 

so the first site is allocated PCC collections from the South.  However, the Northeastern third 

site is allocated fewer shipments than the Northeastern first site of the first site optimal 

scenario (see Table 3-5).  This creates longer transportation routes and, thus, the larger 

transportation costs in Table 3-4.    

Figure 3-6 and Figure 3-7 show the geographical differences between placing the first 

site optimally and restricting it to North Carolina, South Carolina, and Georgia.  Figure 3-6, 

Figure 3-8, and Figure 3-10 show the differences in transportation distances between 
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collection and recycling sites when additional recycling sites are added.  The decreased 

distances between sites confirm the lower transportation costs shown in Table 3-4. 

Figure 3-6: 1 Site - First  Site Optimal 

(23.82 mi. Overlapping Radii) 

Figure 3-7: 1 Site - First  Site NC/SC/GA 

(23.82 mi. Overlapping Radii) 

Figure 3-8: 2 Sites - First Site Optimal 

(23.82 mi. Overlapping Radii) 

Figure 3-9: 2 Sites - First Site NC/SC/GA 

(23.82 mi. Overlapping Radii) 
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Figure 3-10: 3 Sites - First Site Optimal 

(23.82 mi. Overlapping Radii) 

Figure 3-11: 3 Sites - First Site NC/SC/GA 

(23.82 mi. Overlapping Radii) 

 

The CARE network model was also run to see how regional tip fees would impact the 

collection radii versus using the national average tip fee (see Table 2-6).  Table 3-3 lists the 

collection radii for each collection site based on regional tip fees.  The same two scenarios 

were run and the model produced the solutions seen in Table 3-6 and Table 3-7.  The largest 

tip fees are charged in states located in the Northeast which increases the size of the 

collection site radii and ultimately the number of truckloads collected in this region.  The 

model responds by locating more recycling sites closer to the Northeast owing to population 

densities as shown in Figure 3-18 (United States Census Bureau).   

Populations in the Northeast are highly concentrated compared to other regions.  The 

larger collection radius increases the population assigned to a collection site which increases 

its weighting in the network.  Since more truckloads will be shipped from the Northeast, the 

model responds by placing more recycling sites closer to the region.  This has the effect of 

reducing transportation costs, which are shown in Table 3-6.  These two scenarios produce 

site placements congruent with to those of a 23.82 mile collection radius, except the optimum 



  69 

number of sites in the first site optimal scenario is two (see Table 3-6).  All of the first 

facilities in the first site optimal scenario are located in the Northeast due to the high PCC 

collections in this region, while the first sites are in North Carolina for the scenario where the 

first facility is fixed (see Figure 3-12 to Figure 3-17).  The differences in the two scenarios 

are similar to those found in the scenarios with a 23.82 mile collection radius.     

Table 3-6: CARE Network Costs - 

Regional Tip Fee Equivalent Over lapping Collection Radii 

 

Table 3-7: CARE Recycling Sites - 

Regional Tip Fee Equivalent Over lapping Collection Radii 

 

Geographical Location
Allocation of 

Truckloads
PCC at Site (lbs)

1 Location 1st Site Spring Grove, PA 100.00% 297,000,000

1st Site Evansburg, PA 82.62% 245,381,400

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 17.38% 51,618,600

1st Site South Bound Brook, NJ 64.64% 191,980,800

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 16.02% 47,579,400

3rd Site Norcross, GA 19.34% 57,439,800

1 Location 1st Site Durham, NC 100.00% 297,000,000

1st Site Durham, NC 83.98% 249,420,600

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 16.02% 47,579,400

1st Site Durham, NC 29.34% 87,139,800

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 16.02% 47,579,400

3rd Site Elizabeth, NJ 64.64% 191,980,800

2 Locations

3 Locations

First Site Optimal

2 Locations

3 Locations

First Site in NC, SC, or GA

CARE Network - Regional Tip Fee Equivalent Overlapping Collection Radii

First Site 

Optimal

First Site in NC, 

SC, or GA

First Site 

Optimal

First Site in NC, 

SC, or GA

First Site 

Optimal

First Site in NC, 

SC, or GA

Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,000

Transportation Cost $7,628,091 $8,893,333 $3,653,500 $5,086,478 $2,755,573 $3,069,131

Total Cost $8,628,091 $9,893,333 $5,653,500 $7,086,478 $5,755,573 $6,069,131

CARE Network - Regional Tip Fee Equivalent Overlapping Collection Radii

1 Recycling Site 2 Recycling Sites 3 Recycling Sites
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Figure 3-12: 1 Site - First Site Optimal 

(Regional Tip Fee Overlapping Radii) 

Figure 3-13: 1 Site - First Site NC/SC/GA 

(Regional Tip Fee Overlapping Radii) 

Figure 3-14: 2 Sites - First Site Optimal 

(Regional Tip Fee Overlapping Radii) 

Figure 3-15: 2 Sites - First Site NC/SC/GA 

(Regional Tip Fee Overlapping Radii) 

Figure 3-16: 3 Sites - First Site Optimal 

(Regional Tip Fee Overlapping Radii) 

Figure 3-17: 3 Sites - First Site NC/SC/GA 

(Regional Tip Fee Overlapping Radii) 
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Figure 3-18: United States Population Density Map 

3.2.4.2 Non-Overlapping Collection Radii 

After running the first scenarios, the possibility of overlapping collection radii was 

discovered which created the potential for double counting of zip code populations.  Double 

counting would result in higher site weights, yielding an overestimated number of truckloads 

at sites where radii overlapped.  Essentially, an area with a high number of collection sites 

within close proximity to each other could cause the model to inaccurately place a recycling 

site closer to the grouping because the population assigned to the collection sites is based on 

a radius.  Therefore, several close collection sites would have overlapping regions (i.e. radius 

overlap) as seen in Figure 3-4.  The model was reprogrammed to minimize the effects of 

double counting.  The model first generated a list of all five-digit zip codes that had 
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geographical centers located within the specified distance around the site.  The new logic 

then grouped all repeating zip codes so that they could be counted.  The corresponding 

population of the zip code was then divided by this count.  The fractions of zip code 

populations were then assigned to the corresponding collection sites.  With this method, all 

collection sites that shared a zip code received an equal portion of the population.  For 

example if three collection sites shared a five-digit zip code with a population of 18,000 then 

each site would be assigned 6,000 people. 

To investigate the effects of double counting, the overlapping and non-overlapping 

models were run with collection radii of 11.91, 23.82, and 47.64 miles to determine the site 

weights.  The 23.82 mile collection radius was calculated in Section 3.2.3 while the 11.91 

and 47.64 mile radii represent half and double the distances of the 23.82 mile radius, 

respectively.  Equation 3-5 was used to calculate the percent changes between overlapping 

and non-overlapping models.  Table 3-8 shows the percentages of the total annual truckloads 

assigned to each collection site for the overlapping and non-overlapping models, as well as 

the percent changes in the weights.  Figure 3-19 shows the percent change from the 

overlapping to the non-overlapping models for the three different collection radii visually.  

The three-digit zip codes of the collection sites were sorted in ascending order.  This grouped 

the sites that are in close proximity to each other across the country to determine overlapping. 

   

 

Equation 3-5: Percent Change in Site Weights 
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Table 3-8: Collection Site Overlapping and Non-Overlapping Weights   

 

Code Company City

11.91 mi. 

Overlapping 

Radii 

Weight (%)

11.91 mi. 

Non-

Overlapping 

Radii 

Weight (%)

*% Change 

Overlapping 

to Non-

Overlapping 

Radii

(11.91 mi.)

23.82 mi. 

Overlapping 

Radii 

Weight (%)

23.82 mi. 

Non-

Overlapping 

Radii 

Weight (%)

*% Change 

Overlapping 

to Non-

Overlapping 

Radii

(23.82 mi.)

47.64 mi. 

Overlapping 

Radii 

Weight (%)

47.64 mi. 

Non-

Overlapping 

Radii 

Weight (%)

*% Change 

Overlapping 

to Non-

Overlapping 

Radii

(47.64 mi.)

1 Los Angeles Fibers Company Los Angeles, CA 9.1 10.6 -0.2 8.2 10.9 -0.3 7.0 10.2 -0.5

2 Green Planet Recycling Albuquerque, NM 1.2 1.4 -0.2 0.6 0.7 -0.3 0.4 0.6 -0.5

3 Antron® Reclamation Center Calhoun, GA 0.1 0.1 -0.1 0.3 0.2 0.2 0.9 0.4 0.6

4 Balcones Resources TX San Antonio, TX 1.4 1.6 -0.2 0.9 1.2 -0.3 0.7 1.0 -0.5

5 Balcones Resources AR Little Rock, AR 0.6 0.7 -0.2 0.4 0.6 -0.3 0.4 0.6 -0.5

6 Kruse Chicago Chicago, IL

7 C&A Floorcovering (Tandus) Dalton, GA 0.2 0.1 0.6 0.3 0.1 0.6 0.5 0.2 0.7

8 CarpetCycle Elizabeth, NJ 6.9 8.0 -0.2 10.5 14.0 -0.3 9.0 12.2 -0.4

9 Conigliaro Industries Boston, MA 1.0 1.1 0.0 2.7 1.9 0.3 3.3 2.0 0.4

10 Chamlian Fresno, CA 0.9 1.0 -0.2 0.7 0.9 -0.3 0.7 1.0 -0.5

11 Champion Polymer Lexington, KY 0.4 0.5 -0.2 0.4 0.6 -0.3 0.4 0.6 -0.5

12 Columbia Recycling Dalton, GA 0.2 0.1 0.6 0.3 0.1 0.6 0.6 0.2 0.7

13 Dalton-Whitfield SWMA Dalton, GA 0.2 0.1 0.6 0.3 0.1 0.6 0.5 0.2 0.7

14 East County Recycling Portland, OR 2.0 2.4 -0.2 1.5 2.0 -0.3 1.1 1.6 -0.5

15 Allegheny ContractFlooring Boston, MA 3.5 3.2 0.1 2.9 1.6 0.4 3.1 1.6 0.5

16 Evergreen Nylon Recycling (Shaw)Augusta, GA 0.7 0.8 -0.2 0.4 0.5 -0.3 0.3 0.5 -0.5

17 Georgia Recycling (1) Atlanta, GA 2.1 1.8 0.1 2.4 1.8 0.3 2.1 1.4 0.3

18 Interface Americas LaGrange, GA 0.1 0.1 -0.2 0.1 0.2 -0.3 0.5 0.6 -0.1

19 Kruse Carpet Recycling Indianapolis, IN 1.4 1.6 -0.2 1.1 1.5 -0.3 1.0 1.5 -0.5

20 RM Brokerage DC, Baltimore 3.6 1.8 0.5 3.3 1.6 0.5 3.3 1.3 0.6

21 SF Carpet Recycling San Francisco, CA 3.2 3.7 -0.2 2.7 3.7 -0.3 3.2 4.7 -0.5

22 Recovery 1, Inc. Tacoma, WA 1.6 1.8 -0.2 1.4 1.9 -0.3 1.7 2.5 -0.5

23 Quicksilver Recycling Tampa, FL 1.6 1.8 -0.2 1.6 2.1 -0.3 1.5 2.1 -0.4

24 Carpet Again Recycling Dallas, TX 3.0 2.2 0.3 3.0 1.6 0.5 2.6 1.3 0.5

25 Southeastern Plastic Recovery Inc.Charleston, SC 0.6 0.6 -0.2 0.4 0.6 -0.3 0.3 0.4 -0.5

26 Blue Ridge Recycling Charlotte, NC 0.2 0.2 -0.2 0.5 0.6 -0.3 0.9 1.3 -0.5

27 Atlanta Foam Recycle Atlanta, GA 2.4 2.2 0.1 2.5 1.9 0.2 2.2 1.5 0.3

28 A1 Planet Recycle Phoenix, AR 2.8 3.2 -0.2 2.5 3.4 -0.3 1.6 2.4 -0.5

29 Southeastern Recycling Nashville, TN 1.1 1.3 -0.2 0.8 1.1 -0.3 0.8 1.1 -0.5

30 Atlanta Foam Recycle Greenville, SC 0.7 0.8 -0.2 0.6 0.8 -0.3 0.7 1.1 -0.5

31 Exceed Flooring Chicago, IL 0.7 0.8 -0.2 1.4 1.9 -0.3 3.9 5.7 -0.5

32 Natural Transitions Houston, TX 3.7 2.6 0.3 3.0 1.6 0.5 2.3 1.2 0.5

33 Foam Recycle Center DC, Baltimore

34 WNY Professional Flooring Buffalo, NY 1.7 2.0 -0.2 1.0 1.3 -0.3 0.7 1.1 -0.5

35 Bro-Tex Co. St. Paul, MN 3.0 3.4 -0.2 2.2 3.0 -0.3 1.6 2.3 -0.5

36 Sergenians Floorcoverings Madison,WI 0.7 0.8 -0.2 0.4 0.5 -0.3 0.5 0.7 -0.4

37 Nylene Canada Inc Ottawa, Canada

38 Foam Recycle Center Baltimore, MD 2.9 3.4 -0.2 2.4 2.5 -0.1 3.4 1.7 0.5

39 Foam Recycle Center Forestville, MD 3.0 2.1 0.3 3.1 1.4 0.5 3.5 1.4 0.6

40 Foam Recycle Center Alexandria, VA 3.6 1.8 0.5 3.3 1.6 0.5 3.3 1.3 0.6

41 Foam Recycle Center Raleigh, NC 1.0 1.2 -0.2 0.8 0.6 0.2 0.9 0.8 0.1

42 Foam Recycle Center Durham, NC 0.6 0.7 -0.2 0.8 0.7 0.2 0.8 0.7 0.2

43 Foam Recycle Center Savannah, GA 0.5 0.5 -0.2 0.3 0.4 -0.3 0.3 0.4 -0.5

44 Foam Recycle Center Jacksonville, FL 1.4 1.7 -0.2 0.8 1.1 -0.3 0.6 0.9 -0.5

45 Foam Recycle Center Delray Beach, FL 1.3 1.5 -0.2 1.5 2.1 -0.3 2.0 2.9 -0.5

46 Foam Recycle Center Houston, TX 2.1 2.2 0.0 2.6 1.6 0.4 2.3 1.2 0.5

47 Foam Recycle Center Philadelphia, PA 2.1 2.4 -0.2 3.2 4.2 -0.3 4.4 5.4 -0.2

48 Carpet Recycling, Inc. Orlando, FL 1.0 1.2 -0.2 1.2 1.7 -0.3 1.3 1.8 -0.4

49 Reclamation LTD Columbus, OH 1.8 2.1 -0.2 1.1 1.5 -0.3 1.1 1.6 -0.5

50 Texas Carpet Recycling Grapevine, TX 1.7 1.5 0.1 2.9 1.8 0.4 2.6 1.3 0.5

51 Mezquite Carpets Dallas, TX 3.1 2.1 0.3 3.2 1.7 0.5 2.6 1.3 0.5

52 Paved Recycling, INC. Tallahassee, FL 0.4 0.5 -0.2 0.3 0.3 -0.3 0.2 0.3 -0.5

53 Carpet Recovery International, Inc.Houston, TX 2.8 1.9 0.3 2.7 1.5 0.5 2.3 1.1 0.5

54 Mohawk's Greenworks Eton, GA 0.2 0.1 0.6 0.2 0.1 0.4 0.6 0.2 0.6

55 Design Source Interiors Lenexa, KS 1.5 1.8 -0.2 1.3 1.7 -0.3 1.0 1.5 -0.5

56 Great Lakes Recycling Roseville, MI 2.6 3.1 -0.2 2.7 3.6 -0.3 2.4 3.6 -0.5

57 Steinberger Flooring Heidelberg, PA 2.0 2.3 -0.2 1.5 2.0 -0.3 1.5 2.1 -0.5

58 ERCS North Reading, MA 2.0 1.6 0.2 2.7 1.6 0.4 2.8 1.5 0.5

CARE Reclamation Centers

*Negative numbers indicate that collection site weights increased from the overlapping radii model to the non-overlapping model.  Positive numbers indicate the opposite.
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Figure 3-19: % Change of Weights from Overlapping to Non-Overlapping Radii 

A positive percent change means that the number of truckloads was reduced in the 

non-overlapping model, while a negative percent changes represents an increase in the 

number of truckloads.  The trend reveals that the weights of collection sites in close 

proximity to each other decreased from the overlapping model to the non-overlapping model.  

This means that the model did not include the entire population of any shared five-digit zip 

code more than once.  Any zip code that was shared had its population divided by the number 

of times it was shared.  Any double-counted weights were then distributed among all other 

sites, increasing their weights slightly.  With this realization, research with the non-

overlapping model was not continued. 

After verifying that the effects of double counting had been minimized, the data from 

the non-overlapping model was used determine the effects of increasing and decreasing the 

collection radii.  When the weights from the three different collection distances were plotted 
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on the same axis, the annual truckload assignments for most sites show little change as seen 

in Figure 3-20. 

Figure 3-20: Weights for Collection Sites with Varying Radii 

Even though the weight changes in Figure 3-20 are mostly small, the effects on 

location and allocation of recycling sites were still investigated.  Each of the three collection 

radii scenarios were run with the first site located optimally as well as a scenario where the 

first site was located in North Carolina, South Carolina, or Georgia.  Additionally, up to six 

recycling sites were located in each model to determine how many could be opened to 

minimize the total cost and to examine collection site allocations.  As seen in Table 3-9 and 

Table 3-10, most of the transportation costs and total costs vary little as the collection radii 

are increased between networks that have the same number of recycling sites.  This is true 

whether the first site is located optimally or restricted to North Carolina, South Carolina, or 

Georgia.  Table 8-3, Table 8-4, and Table 8-5, in Appendix C, show site opening costs, 

transportation costs, and total costs for both scenarios with the three collection radii.      
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Table 3-9: CARE Network Transportation Costs and Percent Changes 

 

Table 3-10: CARE Network Total Costs and Percent Changes 

 

Another observation is that as more recycling sites were added, transportation costs 

decreased resulting in six sites creating the lowest transportation costs (see Table 3-9, lowest 

costs are shown in gray cells).  However, when site opening costs were added, the number of 

sites that created the best solutions decreased (see Table 3-10, lowest costs are shown in gray 

cells).  Figure 3-21 shows that the transportation cost advantages gained by locating more 

recycling sites decreases with the addition of more sites.  As more sites are placed, these cost 

advantages cannot offset the site opening costs, resulting in increasing total network costs.  

Transport. 

Cost ($)

% 

Change 

from 

11.91 mi. 

Radius

Transport. 

Cost ($)

% 

Change 

from 

11.91 mi. 

Radius

Transport. 

Cost ($)

% 

Change 

from 

11.91 mi. 

Radius

Transport. 

Cost ($)

% 

Change 

from 

11.91 mi. 

Radius

Transport. 

Cost ($)

% 

Change 

from 

11.91 mi. 

Radius

Transport. 

Cost ($)

% 

Change 

from 

11.91 mi. 

Radius

Radii (mi.)

11.91 $11,889,570 0.00% $6,569,640 0.00% $4,511,496 0.00% $3,565,645 0.00% $2,960,405 0.00% $2,481,311 0.00%

23.82 $11,819,318 0.59% $6,261,429 4.69% $4,483,061 0.63% $3,340,099 6.33% $2,692,047 9.06% $2,250,390 9.31%

47.64 $11,588,296 2.53% $6,166,309 6.14% $4,851,709 -7.54% $3,636,927 -2.00% $2,704,570 8.64% $2,225,792 10.30%

11.91 $12,297,266 0.00% $7,049,749 0.00% $4,807,996 0.00% $3,565,645 0.00% $2,960,405 0.00% $2,481,311 0.00%

23.82 $12,279,709 0.14% $6,884,826 2.34% $4,424,161 7.98% $3,364,094 5.65% $2,816,807 4.85% $2,375,150 4.28%

47.64 $12,121,208 1.43% $6,786,899 3.73% $4,464,367 7.15% $3,634,685 -1.94% $2,848,447 3.78% $2,369,669 4.50%

6 Recycling Sites

First Site Optimal

First Site in NC, SC, or GA

CARE Network - Non-Overlapping Collection Radii Transportation Costs

1 Recycling Site 2 Recycling Sites 3 Recycling Sites 4 Recycling Sites 5 Recycling Sites

Total Cost ($)

% 

Change 

from 

11.91 mi. 

Radius

Total Cost ($)

% 

Change 

from 

11.91 mi. 

Radius

Total Cost ($)

% 

Change 

from 

11.91 mi. 

Radius

Total Cost ($)

% 

Change 

from 

11.91 mi. 

Radius

Total Cost ($)

% 

Change 

from 

11.91 mi. 

Radius

Total Cost ($)

% 

Change 

from 

11.91 mi. 

Radius

Radii (mi.)

11.91 $12,889,570 0.00% $8,569,640 0.00% $7,511,496 0.00% $7,565,645 0.00% $7,960,405 0.00% $8,481,311 0.00%

23.82 $12,819,318 0.55% $8,261,429 3.60% $7,483,061 0.38% $7,340,099 2.98% $7,692,047 3.37% $8,250,390 2.72%

47.64 $12,588,296 2.34% $8,166,309 4.71% $7,851,709 -4.53% $7,636,927 -0.94% $7,704,570 3.21% $8,225,792 3.01%

11.91 $13,297,266 0.00% $9,049,749 0.00% $7,807,996 0.00% $7,614,450 0.00% $8,106,691 0.00% $8,627,597 0.00%

23.82 $13,279,709 0.13% $8,884,826 1.82% $7,424,161 4.92% $7,364,094 3.29% $7,816,807 3.58% $8,375,150 2.93%

47.64 $13,121,208 1.32% $8,786,899 2.90% $7,464,367 4.40% $7,634,685 -0.27% $7,848,447 3.19% $8,369,669 2.99%

First Site Optimal

First Site in NC, SC, or GA

CARE Network - Non-Overlapping Collection Radii Total Costs

1 Recycling Site 2 Recycling Sites 3 Recycling Sites 4 Recycling Sites 5 Recycling Sites 6 Recycling Sites
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Figure 8-1, in Appendix C, shows the percent changes in transportation costs as the number 

of recycling sites is increased.  It shows a trend similar to that of Figure 3-21 in decreasing 

transportation costs. 

Figure 3-21: CARE Network Transportation Costs 

Another result of the small weighting differences was that recycling sites were 

located similarly when scenarios and number of sites were the same.  The geographical 

locations in Table 3-11 (23.82 mile collection radius) vary little compared with those in 

Table 8-6 and Table 8-7 (11.91 and 47.64 mile collection radii, respectively), in Appendix C.  

For example, in the scenario where the first site is fixed in North Carolina, South Carolina, or 

Georgia, the first recycling site is located in Tunnel Hill, GA for a 11.91 mile collection 

radius and Murphy, NC for a 23.82 mile collection radius.  These two locations are only 

approximately 100 miles apart.  When the recycling site placements are different between the 

three radii, the locations are either in the same state or in adjoining states.  The geographical 
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locations for six recycling sites are visually compared in Figure 3-22 to Figure 3-27.  The 

other location figures for one to five recycling sites are shown in Appendix C. 
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Table 3-11: CARE Recycling Sites - 23.82 mi. Non-Overlapping Collection Radii 

Geographical Location
Allocation of 

Truckloads

PCC at Site 

(lbs)

1 Site 1st Site Visalia, KY 100.00%297,000,000

1st Site 5.00 mi SE of Petersburg, WV 76.57%227,412,900

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 23.43% 69,587,100

1st Site Woodlawn, MD 60.07%178,407,900

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.70% 67,419,000

3rd Site Highland Park, TX 17.23% 51,173,100

1st Site South Bound Brook, NJ 37.34%110,899,800

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.70% 67,419,000

3rd Site Highland Park, TX 16.89% 50,163,300

4th Site Norcross, GA 23.08% 68,547,600

1st Site Elizabeth, NJ 33.76%100,267,200

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.70% 67,419,000

3rd Site Highland Park, TX 12.21% 36,263,700

4th Site Metter, GA 17.09% 50,757,300

5th Site Evanston, IL 14.25% 42,322,500

1st Site Elizabeth, NJ 33.76%100,267,200

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 18.83% 55,925,100

3rd Site Highland Park, TX 12.21% 36,263,700

4th Site Metter, GA 17.09% 50,757,300

5th Site Evanston, IL 14.25% 42,322,500

6th Site Cherry Grove, WA 3.87% 11,493,900

1 Site 1st Site 4.26 mi E of Murphy, NC 100.00%297,000,000

1st Site 4.26 mi E of Murphy, NC 76.57%227,412,900

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 23.43% 69,587,100

1st Site 4.26 mi E of Murphy, NC 39.23%116,513,100

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 23.43% 69,587,100

3rd Site Elizabeth, NJ 37.34%110,899,800

1st Site 4.26 mi E of Murphy, NC 26.05% 77,368,500

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.70% 67,419,000

3rd Site Elizabeth, NJ 37.34%110,899,800

4th Site Highland Park, TX 13.92% 41,342,400

1st Site 4.26 mi E of Murphy, NC 17.64% 52,390,800

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.70% 67,419,000

3rd Site Elizabeth, NJ 30.43% 90,377,100

4th Site Highland Park, TX 13.92% 41,342,400

5th Site Wayne, MI 15.31% 45,470,700

1st Site 4.26 mi E of Murphy, NC 17.64% 52,390,800

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 18.83% 55,925,100

3rd Site Elizabeth, NJ 30.43% 90,377,100

4th Site Highland Park, TX 13.92% 41,342,400

5th Site Wayne, MI 15.31% 45,470,700

6th Site Cherry Grove, WA 3.87% 11,493,900

First Site Optimal

First Site in NC, SC, or GA

CARE Network - 23.82 mi. Non-Overlapping Collection Radii

2 Sites

3 Sites

2 Sites

3 Sites

4 Sites

5 Sites

6 Sites

4 Sites

5 Sites

6 Sites
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Figure 3-22: 6 Sites - First Site Optimal 

(11.91 mi. Non-Overlapping Radii) 

Figure 3-23: 6 Sites - First Site NC/SC/GA 

(11.91 mi. Non-Overlapping Radii) 

Figure 3-24: 6 Sites - First Site Optimal 

(23.82 mi. Non-Overlapping Radii) 

Figure 3-25: 6 Sites - First Site NC/SC/GA 

(23.82 mi. Non-Overlapping Radii) 

Figure 3-26: 6 Sites - First Site Optimal 

(47.64 mi. Non-Overlapping Radii) 

Figure 3-27: 6 Sites - First Site NC/SC/GA 

(47.64 mi. Non-Overlapping Radii) 
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The data supports the conclusion that it makes little difference in actual location and 

allocation of recycling sites when collection distances are between 11.91 and 47.64 miles.  

The implications of these findings are that they clarify any of the collection schemes 

discussed in section 2.4.4.1.  The typical collection site will utilize several of the collection 

schemes.  The willingness of PCC disposers to deliver materials decreases with distance.  A 

distance of 11.91 miles may represent this type of maximum collection radius.  The radius of 

23.82 miles represents a pick-up route by the collector while 47.64 miles may represent the 

distance of a post-consumer commercial carpet delivery.  Regardless of the mix of schemes, 

collection radii between the specified distances have been shown to have little effect on the 

network morphology.  Therefore the solutions are robust to the collection radii.     

The model did show, however, that fixing the first site in NC, SC, or GA does make a 

difference in the solutions of all three collection distances.  As the number of recycling sites 

is increased, the locations and allocations of the two models start to converge.  The model 

starts to minimize the effect of fixing the first site by taking advantage of the CARE 

collection sites located in the Southeast.  

3.2.5 National PCC Reverse Models with Economies of Scale 

After developing the CARE model, a network model was developed to study a 

nationwide collection infrastructure in order to handle the demand needed to sustain 

recycling.  The collection sites for this model would be located in the 400 most populous (out 

of 877 three-digit zip codes with non-zero populations) three-digit zip codes of the 

continental United States.  Additionally, the recycling site locations would be restricted to 
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these same 400 three-digit zip codes.  These assumptions reduced model run time and located 

sites near sources of significant annually-discarded PCC.   

In this model, like in the CARE network model, a site opening cost of $1 million was 

used from the case study by Realff, Ammons, and Newton (Carpet Recycling: Determining 

the Reverse Production System Design, 1999).  Recognizing that the shipping rate used in the 

CARE network model was five years old, the rate of $2.00 per loaded-truck-mile (2004 rate) 

was compared to a current estimated shipping rate.  A methodology for estimating truckload 

shipping rates has been developed by Kay and Warsing (2008) using the Truckload Producer 

Price Index (TL PPI) created by the United States Bureau of Labor Statistics.    The TL PPI 

value is the index for ñGeneral Freight Trucking, Long-Distance, Truckloadò (United States 

Department of Labor, 2009).  Equation 3-6, derived from Kay and Warsing (2008), was used 

to adjust the estimated 2004 shipping rate to a current estimated rate.  The annual TL PPI 

values are shown in Table 3-12 and the n year variable in the equation represents the adjusted 

year from 2004.     

 

Equation 3-6: Annual Shipping Rate Adjustment  

The current estimated shipping rate was found by adjusting the 2004 estimated rate of 

$2.00 per loaded-truck-mile, calculated in Kay and Warsing (2008), by a ratio of the TL PPI 

data.  This ratio was the annual 2008 index value (135.1) divided by the annual 2004 index 

value (117.0) (United States Department of Labor, 2009).  When this ratio was multiplied by 

$2.00 per loaded-truck-mile, the resulting shipping rate was $2.31 per loaded-truck-mile 
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(
- - - -

).  This rate was used in the national network model 

because it was representative of current shipping rates. 

Table 3-12:  Truckload Producer Price Index 

 

In addition to determining the current estimated shipping rate that was used in the 

model, the differences in shipping rates between 1999 and 2008 were investigated as well.  

The estimated shipping rates in Table 3-13 were calculated by substituting the index values 

from Table 3-12 into Equation 3-6.  From 1999 to 2008 annual shipping rates increased by 

28.3%, and from 2004 to 2008 rates increased by 15.5%.  

Table 3-13: Estimated Shipping Rates 

 

Series Id:  PCU4841214841212

Industry:   General freight trucking, long-distance, TL

Product:    General freight trucking, long-distance, truckload

Base Date:  199206

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

1999 105.1 105.2 105.2 105.2 105.4 105.5 105.5 105.6 105.8 105.6 105.5 105.7 105.4

2000 106.1 106.4 107.0 107.5 107.9 108.0 108.1 108.4 109.2 109.5 109.8 109.8 108.1

2001 110.0 109.6 109.4 109.7 109.9 109.9 110.3 110.2 110.4 110.0 109.7 109.3 109.9

2002 108.9 108.8 108.7 109.3 109.3 109.5 109.5 109.8 109.9 110.2 110.4 110.3 109.5

2003 110.4 110.8 111.4 111.6 111.8 111.4 112.4 112.8 113.0 113.3 113.4 113.9 112.2

2004 114.2 115.1 115.2 115.6 116.0 116.7 116.7 117.3 118.3 119.2 120.0 119.4 117.0

2005 120.1 120.9 121.7 122.5 123.3 123.3 123.3 123.6 125.2 126.7 127.3 126.4 123.7

2006 125.6 125.6 125.7 126.1 127.6 128.0 128.1 128.8 129.1 128.6 128.0 127.8 127.4

2007 128.5 128.0 127.7 128.3 128.5 128.2 128.3 128.7 129.0 129.3 130.4 131.3 128.9

2008 131.4 131.3 132.0 133.3 136.4 139.0 139.9 140.2 137.6 137.4 133.7(p) 129.1(p) 135.1(p)

2009 126.5(p) 126.3(p)

Producer Price Index Industry Data

(p): Preliminary. All indexes are subject to revision four months after original publication.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

1999 $1.80 $1.80 $1.80 $1.80 $1.80 $1.80 $1.80 $1.81 $1.81 $1.81 $1.80 $1.81 $1.80

2000 $1.81 $1.82 $1.83 $1.84 $1.84 $1.85 $1.85 $1.85 $1.87 $1.87 $1.88 $1.88 $1.85

2001 $1.88 $1.87 $1.87 $1.88 $1.88 $1.88 $1.89 $1.88 $1.89 $1.88 $1.88 $1.87 $1.88

2002 $1.86 $1.86 $1.86 $1.87 $1.87 $1.87 $1.87 $1.88 $1.88 $1.88 $1.89 $1.89 $1.87

2003 $1.89 $1.89 $1.90 $1.91 $1.91 $1.90 $1.92 $1.93 $1.93 $1.94 $1.94 $1.95 $1.92

2004 $1.95 $1.97 $1.97 $1.98 $1.98 $1.99 $1.99 $2.01 $2.02 $2.04 $2.05 $2.04 $2.00

2005 $2.05 $2.07 $2.08 $2.09 $2.11 $2.11 $2.11 $2.11 $2.14 $2.17 $2.18 $2.16 $2.11

2006 $2.15 $2.15 $2.15 $2.16 $2.18 $2.19 $2.19 $2.20 $2.21 $2.20 $2.19 $2.18 $2.18

2007 $2.20 $2.19 $2.18 $2.19 $2.20 $2.19 $2.19 $2.20 $2.21 $2.21 $2.23 $2.24 $2.20

2008 $2.25 $2.24 $2.26 $2.28 $2.33 $2.38 $2.39 $2.40 $2.35 $2.35 $2.29 $2.21 $2.31

2009 $2.16 $2.16

Estimated Shipping Rates ($/loaded-truck-mile)
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After determining the estimated shipping rates in Table 3-13, the influence of diesel 

fuel costs was studied.  The Department of Energy (2009) provides weekly national average 

retail costs of number two diesel fuel dating from 1994.  These weekly costs were averaged 

by month for 1999 through 2008, and are shown in Table 3-14.  In order to directly compare 

diesel fuel costs and estimated shipping rates, the fuel costs were transformed into rates using 

Equation 3-7.  The 4.5 miles per gallon rate was given in a study by Goodyear as the average 

fuel mileage of a fully loaded truck. 

Table 3-14: Average Cost of No. 2 Diesel Fuel 

 

 

Equation 3-7: No. 2 Diesel Fuel Rate 

The calculated fuel rates can be found in Table 8-8 in Appendix D.  The monthly 

values for estimated shipping rate, diesel fuel cost, and diesel fuel rate have been plotted in 

Figure 3-28.  The two rates have been plotted on the left-hand axis, while the fuel cost is 

shown on the right-hand axis.  The figure shows that the shipping and fuel rates follow the 

same trending pattern over time.  However, the shipping rates do not reflect the same amount 

of variability as the fuel rates.  An example is the sharp increase of fuel costs starting in 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

1999 $0.97 $0.96 $1.00 $1.08 $1.07 $1.07 $1.12 $1.17 $1.21 $1.23 $1.26 $1.29 $1.12

2000 $1.36 $1.46 $1.48 $1.42 $1.42 $1.42 $1.43 $1.47 $1.64 $1.64 $1.62 $1.56 $1.49

2001 $1.52 $1.49 $1.40 $1.42 $1.50 $1.48 $1.37 $1.39 $1.50 $1.35 $1.26 $1.17 $1.40

2002 $1.15 $1.15 $1.23 $1.31 $1.31 $1.29 $1.30 $1.33 $1.41 $1.46 $1.42 $1.43 $1.32

2003 $1.49 $1.65 $1.71 $1.53 $1.45 $1.42 $1.44 $1.49 $1.47 $1.48 $1.48 $1.49 $1.51

2004 $1.55 $1.58 $1.63 $1.69 $1.75 $1.71 $1.74 $1.83 $1.92 $2.13 $2.15 $2.01 $1.81

2005 $1.96 $2.03 $2.21 $2.29 $2.20 $2.29 $2.37 $2.50 $2.82 $3.10 $2.57 $2.44 $2.40

2006 $2.47 $2.48 $2.56 $2.73 $2.90 $2.90 $2.93 $3.05 $2.78 $2.52 $2.54 $2.61 $2.70

2007 $2.48 $2.49 $2.67 $2.83 $2.80 $2.81 $2.87 $2.87 $2.95 $3.07 $3.40 $3.34 $2.88

2008 $3.31 $3.38 $3.88 $4.08 $4.43 $4.68 $4.70 $4.30 $4.02 $3.58 $2.88 $2.45 $3.81

2009 $2.29 $2.20

Average Cost of No. 2 Diesel Fuel ($/gallon)



  85 

January 2008.  The rise in fuel rates is much more pronounced than that in shipping costs, 

meaning that transportation companies saw a decline in their margins because shipping rates 

could not keep pace with fuel rates.  This is shown in Figure 3-29, where the fuel rates are 

shown as a percentage of the estimated shipping costs.  The same sharp rise in fuel costs is 

reflected in the figure starting in January 2008.  The monthly percentages are also shown in 

Table 8-8 in Appendix D.    

Figure 3-28: Estimated Shipping Rates and Diesel Fuel Costs 
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Figure 3-29: Fuel Rate as a Percentage of the Estimated Shipping Rate 

3.2.5.1 Original and Adjusted Economies of Scale Curves 

In the previous CARE network models, the network morphology was influenced only 

by transportation costs.  In this model, processing costs economies of scale (EOS) were 

added to study their effects on recycling site location and allocation.  Economies of scale are 

the decreased unit processing costs created by building recycling sites with increased annual 

capacities.  Since actual processing costs were not available for recycling sites of varying 

capacities, data from a previous case study was substituted.  Table 3-15 shows these costs 

and capacities (Realff, Ammons, & Newton, Carpet Recycling: Determining the Reverse 

Production System Design, 1999). 
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Table 3-15: PCC Processing Costs 

PCC Processing Costs 

Annual Capacity (lbs) 
Annual Processing 

Setup Cost ($) 
Processing Cost ($/lb) 

100,000,000 $7,570,000 $0.0757 

200,000,000 $11,430,000 $0.0572 

400,000,000 $17,320,000 $0.0433 

 

Even though the case study listed the capacities and setup costs, it did not list the 

processing cost breakpoints.  Therefore the breakpoints that were chosen are given in Table 

3-16 which creates the stepped curve shown in Figure 3-30.  From an operations 

management perspective this stepped curve is not ideal.  For example, if companies 

designing a new recycling site knew that there were only 195 million pounds of PCC 

available annually, they would build the plant with a capacity of over 201 million pounds to 

take advantage of the EOS associated with the processing costs.  In order for the model to 

account for this fact, another curve was created with slopes that did not decrease so sharply 

between breakpoints where the adjusted EOS curve is shown in Figure 3-31. 

Table 3-16: Processing Cost Breakpoints 

PCC Processing Cost Breakpoints 

Annual Capacity Range (lbs) Processing Cost ($/lb) 

0 ï 200,000,000 $0.0757 

201,000,000 ï 400,000000 $0.0572 

401,000,000 + $0.0433 
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Figure 3-30: Economies of Scale Curve (Original)  

Figure 3-31: Economies of Scale Curve (Adjusted) 

After running scenarios with the original and adjusted EOS curves where one to six 

recycling sites are located, Table 3-17 shows that there is little difference in total costs 

between the two curves.  Since natural tendency of the model is to minimize processing costs 

and the total annual collection volume is 1,800 million pounds, the model will try to reach 
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the best EOS for processing costs at over 400 million pounds per recycling site.  Therefore, 

the best number of recycling sites was determined to be four.  However, when placing five 

and six recycling sites, the model is forced to open some sites that are smaller, which have 

higher per unit processing costs.  Additionally, at six recycling sites the largest difference in 

processing costs occurs between the two curves.   

Table 3-17: National Network Costs - Original and Adjusted Economies of Scale Curves 

(1,800 Million Lbs.)   

 

Table 3-18 shows that when five recycling sites are located, no collection sites 

transport PCC for processing to the fifth site for both scenarios.  This is because the 

processing advantages gained at the first four sites overcome any transportation cost 

advantages of shipping carpet to the fifth site.  When six recycling sites are located, the last 

two sites either process low or no PCC volumes.  Both scenarios open three sites, two, four, 

and five, that do not process at the lowest cost, which is greater than 401 million pounds 

annually.  The adjusted EOS curve causes the second site to become larger because of the 

linear decrease in cost from 300 to 400 million pounds.   

Original EOS 

Curve

Adjusted EOS 

Curve

Original EOS 

Curve

Adjusted EOS 

Curve

Original EOS 

Curve

Adjusted EOS 

Curve

Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,000

Transportation Cost $68,188,830 $68,188,830 $39,150,773 $39,150,773 $30,381,871 $30,381,871

Processing Cost $77,939,316 $77,939,316 $77,939,316 $77,939,316 $77,939,316 $77,939,316

Total Cost $147,128,146 $147,128,146 $119,090,089 $119,090,089 $111,321,187 $111,321,187

Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,000

Transportation Cost $24,307,072 $24,341,525 $24,307,072 $24,341,525 $22,122,227 $23,226,543

Processing Cost $77,939,316 $77,939,316 $77,939,316 $77,939,316 $84,757,916 $79,020,515

Total Cost $106,246,388 $106,280,841 $107,246,388 $107,280,841 $112,880,143 $108,247,058

4 Recycling Sites 5 Recycling Sites 6 Recycling Sites

National Network - 1,800 Millon Lbs. Annual PCC Collections

1 Recycling Site 2 Recycling Sites 3 Recycling Sites
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Unlike the original EOS curve, the adjusted curve allows the sites to take on larger 

capacities between steps to take advantage of the decreased processing costs.  Even though 

cost differences are produced as a result of the two EOS curves, they are not enough to create 

large variations in the geographical site locations shown in Figure 3-32 and Figure 3-33 (see 

Figure 8-32 to Figure 8-41 in Appendix E).  These two figures represent the best number of 

sites in terms of total costs from Table 3-17 for both EOS curves. 

Figure 3-32: 4 Sites - 1,800 Million Lbs. 

(Original Economies of Scale Curve) 

Figure 3-33: 4 Sites - 1,800 Million Lbs. 

(Adjusted Economies of Scale Curve) 
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Table 3-18: National Recycling Sites - Original and Economies of Scale Curves 

(1,800 Million Lbs.) 

Geographical Location
Allocation of 

Truckloads

PCC at Site 

(lbs)

1 Site 1st Site 8.51 mi SW of Bloomington, IN 100.00% 1,800,000,000

1st Site 7.19 mi S of Beaver, OH 76.16% 1,370,880,000

2nd Site 5.18 mi SE of Mojave, CA 23.84% 429,120,000

1st Site Greensburg, PA 48.51% 873,180,000

2nd Site 5.18 mi SE of Mojave, CA 23.69% 426,420,000

3rd Site Madison, MS 27.81% 500,580,000

1st Site South Bound Brook, NJ 27.57% 496,260,000

2nd Site 5.18 mi SE of Mojave, CA 23.69% 426,420,000

3rd Site Hattiesburg, MS 26.29% 473,220,000

4th Site Hobart, IN 22.46% 404,280,000

1st Site South Bound Brook, NJ 27.57% 496,260,000

2nd Site 5.18 mi SE of Mojave, CA 23.69% 426,420,000

3rd Site Hattiesburg, MS 26.29% 473,220,000

4th Site Hobart, IN 22.46% 404,280,000

5th Site Framingham, MA 0.00% 0

1st Site South Bound Brook, NJ 27.57% 496,260,000

2nd Site Pasadena, CA 18.57% 334,260,000

3rd Site Hattiesburg, MS 26.29% 473,220,000

4th Site Hobart, IN 23.77% 427,860,000

5th Site Framingham, MA 2.23% 40,140,000

6th Site Fircrest, WA 1.57% 28,260,000

1 Site 1st Site 8.51 mi SW of Bloomington, IN 100.00% 1,800,000,000

1st Site 7.19 mi S of Beaver, OH 76.13% 1,370,340,000

2nd Site 5.18 mi SE of Mojave, CA 23.87% 429,660,000

1st Site Greensburg, PA 48.45% 872,100,000

2nd Site 5.18 mi SE of Mojave, CA 23.71% 426,780,000

3rd Site Madison, MS 27.83% 500,940,000

1st Site Wakarusa, IN 23.80% 428,400,000

2nd Site 5.18 mi SE of Mojave, CA 23.71% 426,780,000

3rd Site Hattiesburg, MS 26.38% 474,840,000

4th Site Newark, NJ 26.11% 469,980,000

1st Site Wakarusa, IN 23.80% 428,400,000

2nd Site 5.18 mi SE of Mojave, CA 23.71% 426,780,000

3rd Site Hattiesburg, MS 26.38% 474,840,000

4th Site Newark, NJ 26.11% 469,980,000

5th Site Honeoye Falls, NY 0.00% 0

1st Site Wakarusa, IN 23.80% 428,400,000

2nd Site 5.18 mi SE of Mojave, CA 22.25% 400,500,000

3rd Site Hattiesburg, MS 25.99% 467,820,000

4th Site Newark, NJ 26.11% 469,980,000

5th Site Honeoye Falls, NY 0.00% 0

6th Site Seattle, WA 1.85% 33,300,000

4 Sites

5 Sites

6 Sites

Adjusted Economies of Scale Curve

National Network - 1,800 Millon Lbs. Annual PCC Collections

Original Economies of Scale Curve

2 Sites

3 Sites

2 Sites

3 Sites

4 Sites

5 Sites

6 Sites
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3.2.5.2 Adjusted Economies of Scale Curve 

Based on the findings of the two EOS curves, a model utilizing the adjusted EOS 

curve was investigated with the collection volumes given in Table 3-1.  Additionally, the 

results were compared to a model that included processing costs but no EOS in the costs.  

The processing cost for the model not including EOS was $0.0572 per pound.  This is the 

same processing cost used in the previous models calculated from the processing setup cost 

of a 200 million pound capacity recycling site (see Table 3-15).  Figure 3-34 shows the 

adjusted EOS and no EOS curves on the same graph.  

Figure 3-34: Adjusted Economies of Scale Curve and No Economies of Scale 

Table 3-19 shows the best number of recycling sites to minimize network costs for 

the two scenarios with increasing annual PCC collections.  When the annual PCC collections 

are doubled the number of recycling sites is not, except for the instance of 1,200 to 2,400 

million pounds in the adjusted EOS curve scenario.  Also, the number of sites in the EOS 

model is fewer compared to those when no EOS are used.  In the EOS model, the recycling 
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sites are assigned larger capacities to take advantage of the lower unit processing costs.  

When more sites are added, the capacities at each site are reduced, creating higher unit 

processing costs.  The higher unit processing costs cannot be offset by the transportation cost 

gains created by locating more sites.  In the model with no EOS, site capacities do not 

influence the unit processing costs, so more sites are located to reduce transportation costs.  

Another observation from Table 3-19 is that, at low annual PCC collections, EOS networks 

have higher total costs than non-EOS networks.  Annual collections must be significantly 

higher than site capacities that create the lowest unit processing costs. 

Table 3-19: National Network Best Number of Recycling Sites and Costs 

  

Summaries of national network costs for both scenarios are shown in Table 3-20, 

Table 3-21, and Table 3-22.  Table 3-22 shows the costs for the total network with increasing 

annual PCC collections, while Table 3-20 and Table 3-21 show transportation and processing 

costs, respectively.  Table 3-20 shows that when comparing scenarios with the same annual 

collections and number of recycling sites, transportation costs are higher for the EOS case 

than for the non-EOS case when the number of recycling sites becomes large.  Since the non-

EOS model optimizes only transportation costs while the EOS model must balance 

transportation and processing costs, the EOS model locates sites less ideally.  This balance is 

reflected in the total costs table (see Table 3-22) and the processing costs table (see Table 

Annual 

Collections (lbs)

Best No. 

of Sites

Site Opening 

Cost ($)

Transport. 

Cost ($)

Processing 

Cost ($)
Total Cost ($)

Best No. 

of Sites

Site Opening 

Cost ($)

Transport. 

Cost ($)

Processing 

Cost ($)
Total Cost ($)

300,000,000 2 $2,000,000 $6,603,046 $18,394,854 $26,997,900 3 $3,000,000 $5,112,594 $17,148,145 $25,260,739

600,000,000 2 $2,000,000 $13,255,703 $30,283,386 $45,539,089 5 $5,000,000 $6,592,952 $34,292,895 $45,885,847

1,200,000,000 3 $3,000,000 $20,218,867 $55,683,465 $78,902,332 8 $8,000,000 $9,677,429 $68,585,790 $86,263,219

1,800,000,000 4 $4,000,000 $24,341,525 $77,939,316 $106,280,841 9 $9,000,000 $12,957,263 $102,878,685 $124,835,948

2,400,000,000 6 $6,000,000 $25,374,075 $105,450,461 $136,824,536 12 $12,000,000 $15,160,530 $137,171,580 $164,332,110

Adjusted EOS Curve No EOS

National Network - Best Number of Recycling Sites and Costs
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3-21), where lower processing costs for the EOS scenarios create lower total costs for 

increasing annual collections and numbers of recycling sites.    

Figure 3-35 shows that transportation costs for EOS scenarios do not double as 

annual collections double, while Figure 3-36 shows that non-EOS scenarios do 

approximately double.  Additionally, the EOS scenarios have solutions that become more 

non-linear as the number of sites increase.  This is the result of processing costs driving the 

model so that transportation costs for the lowest annual collections are higher than in the 

non-EOS model (see Table 3-20).  Figure 3-37 and Figure 3-38 show that processing costs 

for the EOS scenarios are less than those of the non-EOS scenarios.  This is due to the EOS 

curve, which creates smaller unit processing costs for sites that process more than 300 

million pounds annually.  The EOS curve is also responsible for processing costs that do not 

double with annual collections, while the non-EOS scenario processing costs do double with 

annual collections.    

 Figure 3-39 and Figure 3-40 show that the total network costs for the non-EOS 

scenarios are higher than those of the EOS scenarios.  Additionally, for both scenarios at 

increasing annual collections, the total costs are decreased as the number of sites is increased.  

This is due to the advantages gained in transportation costs and the shorter shipping distances 

as more sites are located.  Also, due to the transportation and processing cost components, 

the total costs of non-EOS scenarios double, while EOS scenarios do not.  Figures are shown 

in Appendix F (Figure 8-42 to Figure 8-53), where unit costs and percent changes for 

transportation, recycling processing, and total costs are plotted.   
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Table 3-20: National Network Transportation Costs 

 

Table 3-21: National Network Recycling Processing Costs 

 

Table 3-22: National Network Total Costs 

1 Recycling Site 2 Recycling Sites 3 Recycling Sites 4 Recycling Sites 5 Recycling Sites 6 Recycling Sites

Recycling Processing 

Cost ($)

Recycling Processing 

Cost ($)

Recycling Processing 

Cost ($)

Recycling Processing 

Cost ($)

Recycling Processing 

Cost ($)

Recycling Processing 

Cost ($)

Annual Collections (lbs)

300,000,000 $17,148,145 $18,394,854 $18,394,854 $18,394,854 $18,476,559 $18,986,535

600,000,000 $25,979,772 $30,283,386 $30,283,386 $30,334,904 $30,590,127 $30,590,127

1,200,000,000 $51,959,544 $55,901,697 $55,683,465 $56,505,277 $56,530,824 $56,530,824

1,800,000,000 $77,939,316 $77,939,316 $77,939,316 $77,939,316 $77,939,316 $79,020,515

2,400,000,000 $103,919,088 $103,919,088 $103,919,088 $103,919,088 $103,919,088 $105,450,461

300,000,000 $17,148,145 $17,148,145 $17,148,145 $17,148,145 $17,148,145 $17,148,145

600,000,000 $34,292,895 $34,292,895 $34,293,484 $34,292,895 $34,292,895 $34,292,895

1,200,000,000 $68,585,790 $68,585,790 $68,585,790 $68,585,790 $68,585,790 $68,585,790

1,800,000,000 $102,878,685 $102,878,685 $102,878,685 $102,878,685 $102,878,685 $102,878,685

2,400,000,000 $137,171,580 $137,171,580 $137,171,580 $137,171,580 $137,171,580 $137,171,580

National Network - Recycling Processing Costs

Adjusted EOS Curve

No EOS

1 Recycling Site 2 Recycling Sites 3 Recycling Sites 4 Recycling Sites 5 Recycling Sites 6 Recycling Sites

Total Cost ($) Total Cost ($) Total Cost ($) Total Cost ($) Total Cost ($) Total Cost ($)

Annual Collections (lbs)

300,000,000 $29,514,075 $26,997,900 $27,592,327 $28,374,726 $29,188,750 $29,683,831

600,000,000 $49,709,382 $45,539,089 $45,727,631 $46,293,464 $47,040,957 $47,837,328

1,200,000,000 $98,418,764 $84,024,932 $78,902,332 $79,133,127 $80,030,737 $81,024,715

1,800,000,000 $147,128,146 $119,090,089 $111,321,187 $106,280,841 $107,280,841 $108,247,058

2,400,000,000 $195,837,527 $158,120,119 $147,428,250 $140,328,518 $137,391,968 $136,824,536

300,000,000 $29,514,075 $25,673,920 $25,260,739 $25,525,272 $25,443,262 $26,038,173

600,000,000 $58,022,505 $49,343,153 $48,263,149 $46,612,500 $45,885,847 $46,075,749

1,200,000,000 $115,045,010 $96,686,305 $92,039,034 $89,170,631 $87,914,332 $87,153,618

1,800,000,000 $172,067,515 $144,029,458 $136,260,556 $131,185,757 $127,709,757 $126,279,462

2,400,000,000 $229,090,019 $191,372,611 $180,680,742 $173,626,947 $169,332,254 $167,294,803

National Network - Total Costs

Adjusted EOS Curve

No EOS

1 Recycling Site 2 Recycling Sites 3 Recycling Sites 4 Recycling Sites 5 Recycling Sites 6 Recycling Sites

Transportation Cost 

($)

Transportation Cost 

($)

Transportation Cost 

($)

Transportation Cost 

($)

Transportation Cost 

($)

Transportation Cost 

($)

Annual Collections (lbs)

300,000,000 $11,365,930 $6,603,046 $6,197,473 $5,979,872 $5,712,192 $4,697,295

600,000,000 $22,729,610 $13,255,703 $12,444,244 $11,958,559 $11,450,831 $11,247,201

1,200,000,000 $45,459,220 $26,123,236 $20,218,867 $18,627,850 $18,499,913 $18,493,892

1,800,000,000 $68,188,830 $39,150,773 $30,381,871 $24,341,525 $24,341,525 $23,226,543

2,400,000,000 $90,918,439 $52,201,031 $40,509,162 $32,409,430 $28,472,880 $25,374,075

300,000,000 $11,365,930 $6,525,775 $5,112,594 $4,377,127 $3,295,117 $2,890,028

600,000,000 $22,729,610 $13,050,258 $10,969,665 $8,319,605 $6,592,952 $5,782,854

1,200,000,000 $45,459,220 $26,100,515 $20,453,244 $16,584,841 $14,328,542 $12,567,828

1,800,000,000 $68,188,830 $39,150,773 $30,381,871 $24,307,072 $19,831,072 $17,400,777

2,400,000,000 $90,918,439 $52,201,031 $40,509,162 $32,455,367 $27,160,674 $24,123,223

National Network - Transportation Costs

Adjusted EOS Curve

No EOS
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Figure 3-35: National Network Transportation Costs 

(Adjusted Economies of Scale Curve) 

Figure 3-36: National Network Transportation Costs  

(No Economies of Scale) 

Figure 3-37: National Network Recycling Processing Costs  

(Adjusted Economies of Scale Curve) 

Figure 3-38: National Network Recycling Processing Costs  

(No Economies of Scale) 
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Figure 3-39: National Network Total Costs 

(Adjusted Economies of Scale Curve) 

Figure 3-40: National Network Total Costs 

(No Economies of Scale) 
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Table 8-14 to Table 8-18 and Figure 8-54 to Figure 8-108, in Appendix F, shows the 

geographical locations and allocations of recycling sites for both scenarios of the national 

network.  For both scenarios where one and two sites are placed, locations are the same and 

allocations are very close for all annual PCC collections.  Figure 3-41 to Figure 3-50 show 

that the network morphology is greatly impacted by annual collection increases in the EOS 

scenarios.  However, increasing annual collections have little impact on site locations in the 

scenarios with no EOS.  The sites are placed in a different order with varying collections, but 

the geographical locations in the network are similar.  Additionally, the locations and 

allocations of recycling sites are very different in the two scenarios.  The EOS model 

allocates collections to sites in an attempt to take advantage of the lowest unit processing 

costs.  This creates some disproportionately large sites when collections are small.  These 

observations reinforce the conclusion that economies of scale in processing costs are the 

major factor in determining site locations and allocations.          
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Figure 3-41: 5 Sites - 300 Million  Lbs. 

(Adjusted Economies of Scale Curve) 

Figure 3-42: 5 Sites - 300 Million  Lbs. 

(No Economies of Scale) 

Figure 3-43: 5 Sites - 600 Million  Lbs. 

(Adjusted Economies of Scale Curve) 

Figure 3-44: 5 Sites - 600 Million  Lbs. 

(No Economies of Scale) 

Figure 3-45: 5 Sites - 1,200 Million  Lbs. 

(Adjusted Economies of Scale Curve) 

Figure 3-46: 5 Sites - 1,200 Million  Lbs. 

(No Economies of Scale) 
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Figure 3-47: 5 Sites - 1,800 Million  Lbs. 

(Adjusted Economies of Scale Curve) 

Figure 3-48: 5 Sites - 1,800 Million  Lbs. 

(No Economies of Scale) 

Figure 3-49: 5 Sites - 2,400 Million  Lbs. 

(Adjusted Economies of Scale Curve) 

Figure 3-50: 5 Sites - 2,400 Million  Lbs. 

(No Economies of Scale) 

 

This chapter utilized models developed in Bucci (2009) for the location and allocation 

of recycling sites within a carpet recycling network.  A description of how the model works 

was first given, followed by how the annual number of PCC truckloads was calculated.  The 

methodology for assigning a percentage of the annual truckloads to each collection site was 

created.  Two different PCC collection networks were analyzed.  The first network was run 

using existing CARE data to find the optimal geographical locations for recycling sites to 
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minimize transportation and site opening costs.  A second CARE network analysis was 

performed to minimize the effect of double counting of the demand if collection radii 

overlapped.  After analyzing the CARE network, the second scenario simulates a national 

network with economies of scale in unit processing costs.  The new model was run with 

increasing annual collection volumes to see the effect in increasing volumes had on locations 

and costs. 

The next chapter will compile industry data into a cost model to calculate costs in a 

PCC recycling network using the transportation costs found in the CARE network model.  

For direct comparisons to be made during each activity of the reverse supply chain, the cost 

will be computed in dollars per pound.    The goal of the cost model will be to discover 

whether recycled polymers can compete with virgin polymers and where the major costs in 

the supply chain are generated for a PCC reverse supply chain.    
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4 Carpet Reverse Supply Chain Cost Model 

The advantages of using recycled materials have been given in Chapter 1.1.  It 

should, therefore, be commonsense to never discard any materials in landfills.  However, 

except for a small segment of the population that is very environmentally-conscious, most 

consumers will only replace virgin materials with recycled content if quality and price are 

comparable (Thiry, 2009).  In the instance of nylon 6 post-consumer carpet (PCC), 

depolymerization technology can produce recycled polymers that are indistinguishable from 

virgin polymers.  This leaves only cost as the main factor in the decision to buy recycled or 

virgin polymers.  This chapter will discuss a model that has been developed to study the costs 

in a PCC reverse supply chain, especially recycling site costs.  The cost model has been built 

from collection site costs, transportation costs between collection and recycling sites, and 

recycling site costs.  The goal is to analyze best case, average case, and worst case scenarios.  

Costs resulting from each network activity were calculated in dollars per pound so that direct 

comparisons could be made.  

4.1 Collection Sites 

A monthly profit and loss statement from a Carpet America Recovery Effort (CARE) 

network collector was used to determine collection site costs in the reverse supply chain.  

This collector, which has been identified as Collector A, identifies, sorts, and consolidates 

PCC into bales for sale to recyclers.  Collection Site A accepts PCC from drop-off customers, 

as well as hauling or accepting containers from customer sites.  Once the PCC is identified 

and sorted according to face fiber type, approximately 15% of all collections must be 



  103 

discarded as waste.  Table 4-1 shows the material breakdown for Collection Site A, as well as 

the selling prices of the materials.   

Table 4-1: Collection Site A Monthly Material Breakdown and Prices 

Breakdown of Monthly PCC Collections 

Material Collected 
% of Total 

Collections 

Selling Price ($/lb) 

Nylon 6,6 36% $0.050 

Nylon 6 34% $0.070 

Polypropylene 8% $0.070 

Synthetic Felt Pad 3% $0.040 

Vinyl Back Tile 2% $0.050 

PET/Wool/Blended 13% $0.000 

Urethane Pad 5% $0.140 

        

In addition to the 15% waste that is mixed with the PCC, approximately 30,000 

pounds of polyester and blended carpet must be landfilled or incinerated monthly at waste-to-

energy facilities.  These disposal charges amount to $6,500 per month.  Other expenses at 

Collection Site A include container hauling, equipment, labor and facility costs.  Collector A 

subcontracts all container hauling operations and maintains equipment for identifying fiber 

types and material handling.  Labor at the collection site performs sorting and material 

consolidation tasks, general management operations, and administrative tasks.  Facility 

expenses are for rent, utilities, material containers, and insurance.  The monthly operational 

expenses for Collection Site A are shown in Table 4-2, which totals $90,500. 
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Table 4-2: Monthly Operational Expenses for Collector A 

Collection Site A Monthly Operational Expenses 

Operational Expense Monthly Cost ($) % of Total Operating Cost 

Equipment $8,500 9% 

Contracted Container Hauling $28,000 31% 

Labor $32,047 35% 

Facility $15,500 17% 

Waste Disposal $6,500 7% 

     

Collection Site A processes approximately 1 million pounds of carpet and padding 

per month.  The revenue from material sales is calculated by multiplying the monthly 

collection weight by the percentages of total collections and material selling prices found in 

Table 4-1.  Once calculated, the monthly revenue from material sales for Collection Site A 

totals approximately $60,500.  This creates a deficit of $30,000 between monthly operational 

expenses and material sales, and reinforces the collection research found in Chapter 2.4.4.1.  

Collection Site A sustains monthly operations by charging a disposal fee for all PCC that 

they process.  This disposal fee generates monthly revenues of approximately $63,000.  It is 

only through a combination of material sales and PCC disposal fees that Collection Site A 

can maintain an economical viable business.         

4.2 Transportation Costs 

Transportation costs within the PCC reverse network can be highly variable, 

depending on the distances between collection sites and recycling sites.  However, an 

average cost per pound was established so that this part of the supply chain could be 

estimated.  To accomplish this, the CARE network data was utilized, specifically the data for 

the 47.64 mile, non-overlapping collection radii model where the first site was restricted to 
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North Carolina, South Carolina, or Georgia.  The data from this model was used because the 

collection radius represents that found in the research from ñRecycling Postconsumer Nylon 

Carpetò (Lave, Conway-Schempf, Harvey, Hart, Bee, & MacCracken, 1998).  Also, the 

Evergreen Nylon Recycling facility is located in Augusta, Georgia, so the model with the 

restriction on first site placement best models the existing network.  In this model, an annual 

weight of 270 million pounds was shipped at $2.00 per loaded-truck-mile.  The total annual 

transportation costs from the model are given in Table 3-9. 

The average cost per pound to transport PCC from collection site to recycling site was 

calculated by dividing the annual transportation cost by the annual shipping weight.  The unit 

transportation cost range was that of a network consisting of one, two, and three recycling 

sites.  This range was identified as the low transportation costs. Chapter 3.2.5 describes a 

methodology for estimating a shipping cost based on the TL Producer Price Index.  This 

methodology adjusts the 2004 index cost of $2.00 per loaded-truck-mile to the 2008 

estimated cost of $2.31 per loaded-truck-mile.  For consistency with cost data used in the 

national network model, unit transportation costs were also calculated using $2.31 per 

loaded-truck-mile.  The transportation costs in Table 3-9 were scaled using the ratio of the 

higher shipping rate ($2.31 per loaded-truck-mile) to the lower shipping rate ($2.00 per 

loaded-truck-mile).  The resulting ratio, 116%, was multiplied by the annual transportation 

cost for the CARE network model consisting of one, two, and three sites.  The unit 

transportation costs were calculated by dividing these scaled costs by 270 million pounds.  

The resulting costs were identified as the high transportation costs because of the increased 

shipping rate.  The low and high transportation cost data is shown in Table 4-3.  
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Table 4-3: Transportation Costs from CARE Network Model 

Annual and Unit Transportation Costs from CARE Model 

 
*Low Annual 

Trans. Cost ($) 

**High Annual 

Trans. Cost ($) 

*Low Unit 

Trans. Cost 

($/lb) 

**High Unit 

Trans. Cost 

($/lb) 

1 Recycling Site $12,121,208 $14,060,601 $0.045 $0.052 

2 Recycling Sites $6,786,899 $7,872,803 $0.025 $0.029 

3 Recycling Sites $4,464,367 $5,178,666 $0.017 $0.019 

*Shipping rate used was $2.00 per loaded-truck-mile 

**Shipping rate used was $2.32 per loaded-truck-mile 

 

To verify the accuracy of these unit transportation costs, the route from Collection 

Site A to the Evergreen Nylon Recycling facility in Augusta, Georgia was studied.  The two 

sites are approximately 1,000 miles apart.  Rates of $2.00 and $2.31 per loaded-truck-mile 

were used as the low and high shipping rates, respectively, while a truckload capacity was 

calculated to be 59,400 pounds (see Chapter 3.3.2).  The transportation unit costs were 

calculated according to Equation 4-1.  The resulting low transportation cost is $0.034 per 

pound, while the high is $0.039 per pound.  Both of these costs fall within the transportation 

cost ranges calculated in Table 4-3.  

 

Equation 4-1: Unit Transportation Cost 

The best case scenario for the CARE network transportation costs used the lowest 

unit cost found in Table 4-3, while the lowest cost for Collector A is was the low 

transportation cost.  The average case transportation cost for the CARE network was 

calculated as the mean of all unit costs in Table 4-3 and the average case for Collector A was 

the mean of the low and high transportation costs.  The worst case scenario for the CARE 
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network transportation costs used the highest unit cost found in Table 4-3, while the highest 

cost for Collector A was the high transportation cost.  The transportation costs for the three 

scenarios are summarized in Table 4-4. 

Table 4-4: Unit Transportation Costs for Three Scenarios 

Unit Transportation Costs for CARE Network and Collector A 

 
CARE Network Trans. 

Cost ($/lb) 

Collector A Trans. 

Cost ($/lb) 

Best Case $0.017 $0.034 

Average Case $0.031 $0.036 

Worst Case $0.052 $0.039 

 

4.3 Recycling Sites 

Actual costs at PCC recycling sites could not be obtained, so one of the goals of this 

chapter, and the cost model, is to estimate recycling costs.  The methodology to accomplish 

this goal is to compile all other costs in the supply chain and subtract the total from a known 

post-consumer (PC) content nylon selling price.  Even though the cost to process PCC is not 

known, disposal costs for non-recyclable components can be estimated.  The first step was to 

determine the percentage of each PCC component that must be discarded after the recycling 

process.  The components in a typical carpet construction have been given in Table 2-3.  The 

recyclable nylon face yarn component represents 45.77% of the carpet weight, while calcium 

carbonate (CaCO3), styrene-butadiene latex rubber (SBR), and polypropylene backing 

represent the component weights of 35.12%, 9.17%, and 9.94%, respectively.  These waste 

components represent 0.5423 pounds that must be discarded if the recycling process can only 

reclaim the nylon face yarns.  Best, average, and worst case scenarios will be investigated for 

the entire supply chain, with disposal costs having the same relationships.  The best case for 
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the supply chain is for no waste to be generated during the recycling process, so there will be 

no disposal fees.  The average case will consider the CaCO3 and SBR as the only wastes, 

with the backing being sold for the cost of reclamation.  Finally the worst case will consist of 

all PCC components except the nylon face yarns as a waste stream.   

To determine the disposal cost for every pound of PCC that is recycled, low and high 

tip fees of $50 and $100 per ton were used, respectively.  These represent tip fees used by 

Collection Site A and are increases in the national average and maximum tip fees given in the 

National Solid Wastes Management Associationôs 2005 Tip Fee Survey (Repa).  When these 

tip fees are converted to cost per pound and multiplied by 0.5423 pounds, the results are the 

disposal costs for recycling one pound of carpet.  The calculations for low and high unit 

disposal costs are $0.014 and $0.027 per pound, respectively.  This disposal cost range 

represents disposal costs for the worst case scenario.  The same calculations have been 

performed to create the results for the best and average cases found in Table 4-5. 

Table 4-5: Disposal Costs for Three Cases 

Disposal Costs for Different Cases 

 
Discard Weight/ 

Lb. of PCC (lbs) 

*Low Disposal 

Cost ($/lb) 

**High Disposal 

Cost ($/lb) 

Best Case 0.0000 $0.000 $0.000 

Average Case 0.4429 $0.011 $0.022 

Worst Case 0.5423 $0.014 $0.027 

*Low tip fee used was $50 per ton ($0.025 per pound) 

** High tip fee used was $100 per ton ($0.050 per pound) 
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4.4 Reverse Supply Chain 

In the reverse supply chain for PCC, collection site costs, transportation costs, and 

recycling disposal costs have been discussed.  Table 4-6 gives an overview of the reverse 

supply chain costs without the recycling processing costs.  In order to estimate the recycling 

processing costs, the selling price of PC content nylon must be known.  A contact at Fiber 

Producer A indicated that a blend of 50% PC content and 50% virgin nylon 6 was currently 

selling for $1.50 per pound.  The contact also indicated that Fiber Producer A was purchasing 

virgin nylon 6 for $0.77 per pound and that recycled, densified nylon 6,6 was selling for 

$0.40 per pound.  The nylon 6 polymer containing the recycled material can be used to spin 

new yarn, but the PC nylon 6,6 is unsuitable for fiber applications. 

  Table 4-6: PCC Reverse Supply Chain Costs without Recycling Costs 

PCC Reverse Supply Chain Costs without Recycling Costs 

 
Collection Cost 

($/lb) 

Transportation 

Cost ($/lb) 

Recycling 

Disposal Cost 

($/lb) 

Total Cost 

($/lb) 

 Nylon 6 PCC with CARE Network Transportation Costs 

Best Case $0.070 $0.017 $0.000 $0.087 

Average Case $0.070 $0.031 $0.017 $0.118 

Worst Case $0.070 $0.052 $0.027 $0.149 

 Nylon 6,6 PCC with CARE Network Transportation Costs 

Best Case $0.050 $0.017 $0.000 $0.067 

Average Case $0.050 $0.031 $0.017 $0.098 

Worst Case $0.050 $0.052 $0.027 $0.129 

 Nylon 6 PCC with Collection Site A Transportation Costs 

Best Case $0.070 $0.034 $0.000 $0.104 

Average Case $0.070 $0.036 $0.017 $0.123 

Worst Case $0.070 $0.039 $0.027 $0.136 

 Nylon 6,6 PCC with Collection Site A Transportation Costs 

Best Case $0.050 $0.034 $0.000 $0.084 

Average Case $0.050 $0.036 $0.017 $0.103 

Worst Case $0.050 $0.039 $0.027 $0.116 
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In determining the cost for a pound of 100% recycled nylon 6, the virgin prices were 

estimated using low, average, and high selling prices.  The low price used was that of $0.77 

per pound from Fiber Producer A.  The average and high selling prices of $1.08 and $1.50 

per pound, respectively, were from a plastics pricing index.  This index, the ñStreet Plastic 

Prices Reportò (IDES, 2009), is created from polymer price data that is anonymously 

reported by plastic buyers on a daily basis.  The range used was that of buyers who purchase 

in quantities of 100,000 pounds or more.  The estimated 100% recycled nylon 6 polymer 

selling prices were calculated using Equation 4-2, with the results shown in Table 4-7.  

Results show that as the price of virgin nylon 6 increases, the PC nylon price decreases.    

 

Equation 4-2: 100% PC Nylon 6 Selling Price 

Table 4-7: Estimated Selling Prices of Virgin and 100% PC Nylon 6 Polymer  

Virgin Nylon 6 and Associated 100% PC Nylon 6 Selling Prices 

 
Virgin Nylon 6 

Selling Price ($/lb) 

100% PC Nylon 6 

Selling Price ($/lb) 

Best Case - Lowest 100% PC 

Nylon 6 Selling Price 
$1.50 $1.50 

Average Case - Average 100% PC 

Nylon 6 Selling Price 
$1.08 $1.88 

Worst Case - Highest 100% PC 

Nylon 6 Selling Price 
$0.77 $2.23 

 

In determining total reverse supply chain costs and the amount of nylon resulting 

from recycling, the ratio of face yarn component weight to total carpet weight is important.  

Table 2-3 shows that the nylon component comprises 45.77% of the carpet weight.  When 

the ratio of face yarn component weight to total carpet weight is calculated, 2.18 is the result.  

This means that 2.18 pounds of PCC must be collected, transported, and processed to yield 
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one pound of recycled nylon.  Table 4-8 shows the total costs from Table 4-6 after they have 

been multiplied by 2.18.  These values represent the reverse supply chain costs, without 

recycling costs, to produce one pound of PC nylon.    

Table 4-8:  PCC-to-Polymer Reverse Supply Chain Costs without Recycling Costs 

PCC Reverse Supply Chain Costs without  

Recycling Costs to Produce 1 Lb. of PC Nylon 

 
CARE Network 

Transportation Costs 

Collection Site A 

Transportation Costs 

 Best Case 

Nylon 6 PCC-to-Polymer 

Total Cost ($/lb) 
$0.189 $0.227 

Nylon 6,6 PCC to Polymer 

Total Cost ($/lb) 
$0.145 $0.183 

 Average Case 

Nylon 6 PCC-to-Polymer 

Total Cost ($/lb) 
$0.257 $0.269 

Nylon 6,6 PCC to Polymer 

Total Cost ($/lb) 
$0.214 $0.225 

 Worst Case 

Nylon 6 PCC-to-Polymer 

Total Cost ($/lb) 
$0.326 $0.298 

Nylon 6,6 PCC to Polymer 

Total Cost ($/lb) 
$0.282 $0.254 

 

With estimates for reverse supply chain costs and the selling prices of 100% PC nylon 

calculated, estimated recycling costs were determined.  The difference between the selling 

price of 100% PC nylon (see Table 4-7) and the reverse supply chain costs (see Table 4-8) 

result in the recycling costs plus product markup.  Table 4-9 shows the calculated combined 

recycling costs and profit margins to produce one pound of PC nylon polymer.  From the best 

to worst case scenarios, recycling costs increase for nylon 6.  This is largely due to the 

decreasing price of virgin nylon 6.  Recycled nylon, however, shows the opposite trend 
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because its selling price is fixed.  This means that from best to worst case, the rest of the 

reverse supply chain costs increase.  Since the recycled costs are calculated as the difference 

between the recycled nylon selling price and the reverse network costs, the recycling cost 

decreases.     

Table 4-9:  Recycling Costs for One Pound of PC Nylon 

Recycling Processing Costs per Pound of PC Nylon 

 
CARE Network 

Transportation Costs 

Collection Site A 

Transportation Costs 

 Best Case 

Nylon 6 PCC-to-Polymer 

Total Cost ($/lb) 
$1.311 $1.273 

Nylon 6,6 PCC-to-Polymer 

Total Cost ($/lb) 
$0.255 $0.217 

 Average Case 

Nylon 6 PCC-to-Polymer 

Total Cost ($/lb) 
$1.626 $1.615 

Nylon 6,6 PCC-to-Polymer 

Total Cost ($/lb) 
$0.186 $0.175 

 Worst Case 

Nylon 6 PCC-to-Polymer 

Total Cost ($/lb) 
$1.904 $1.932 

Nylon 6,6 PCC-to-Polymer 

Total Cost ($/lb) 
$0.118 $0.146 

 

The values in Table 4-9 represent the recycling costs to process enough PCC to 

recover one pound of nylon.  To compare the recycling costs to those of the reverse network, 

the values must be converted to a unit PCC processing cost.  This is done by dividing the 

costs in Table 4-9 by 2.18 (ratio of face yarn component weight to whole carpet weight).  

Table 4-10 shows the processing costs at the recycling site of one pound of PCC. 
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Table 4-10:  Recycling Costs for One Pound of PCC 

Recycling Processing Costs per Pound of PCC 

 
CARE Network 

Transportation Costs 

Collection Site A 

Transportation Costs 

 Best Case 

Nylon 6 PCC Total Cost ($/lb) $0.600 $0.583 

Nylon 6,6 PCC Total Cost ($/lb) $0.117 $0.099 

 Average Case 

Nylon 6 PCC Total Cost ($/lb) $0.744 $0.739 

Nylon 6,6 PCC Total Cost ($/lb) $0.085 $0.080 

 Worst Case 

Nylon 6 PCC Total Cost ($/lb) $0.871 $0.884 

Nylon 6,6 PCC Total Cost ($/lb) $0.054 $0.067 

 

The reverse supply chain costs for the best, average, and worst case scenarios have 

been summarized in Table 4-11.  When looking at the costs in the PCC reverse supply chain, 

recycling is always the most expensive activity.  However, it really drives the supply chain 

costs in nylon 6 recycling, but not in the nylon 6,6 supply chain.  For PC nylon 6 to compete 

with virgin nylon 6, more economical recycling methods must be introduced or virgin 

material prices must increase.  For nylon 6,6 recycled from PCC, the costs in each activity 

are important because there is not a specific cost driver.  A cost increase or decrease in any 

activity can affect the total reverse supply chain cost. 
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Table 4-11: PCC Reverse Supply Chain Costs 

PCC Reverse Supply Chain Costs 

 
Collection 

Cost ($/lb) 

Trans. Cost 

($/lb) 

Recycling 

Disposal 

Cost ($/lb) 

Recycling 

Processing 

Cost ($/lb) 

Total Cost 

($/lb) 

 Nylon 6 PCC with CARE Network Transportation Costs 

Best Case $0.070 $0.017 $0.000 $0.600 $0.687 

Average Case $0.070 $0.031 $0.017 $0.744 $0.862 

Worst Case $0.070 $0.052 $0.027 $0.871 $1.020 

 Nylon 6,6 PCC with CARE Network Transportation Costs 

Best Case $0.050 $0.017 $0.000 $0.117 $0.184 

Average Case $0.050 $0.031 $0.017 $0.085 $0.183 

Worst Case $0.050 $0.052 $0.027 $0.054 $0.183 

 Nylon 6 PCC with Collection Site A Transportation Costs 

Best Case $0.070 $0.034 $0.000 $0.583 $0.687 

Average Case $0.070 $0.036 $0.017 $0.739 $0.862 

Worst Case $0.070 $0.039 $0.027 $0.884 $1.020 

 Nylon 6,6 PCC with Collection Site A Transportation Costs 

Best Case $0.050 $0.034 $0.000 $0.099 $0.183 

Average Case $0.050 $0.036 $0.017 $0.080 $0.183 

Worst Case $0.050 $0.039 $0.027 $0.067 $0.183 

 

In this chapter, a discussion of the PCC reverse supply chain was presented, along 

with cost calculations.  By utilizing real industry data, the cost of each activity in the network 

was identified so that recycling processing costs could be estimated.  Additionally, best, 

average, and worst case scenarios for supply chain costs were given.  Table 8-19 to Table 

8-21, in Appendix G, show the cost model spreadsheets.  Some conclusions can be drawn 

from the activities of the supply chain, the first being that collectors must charge a disposal 

fee to customers because material sales alone are not financially viable.  Also, the nylon 6,6 

reverse supply chain cannot bear the costs of collection if disposal costs were not charged.  

The total supply chain cost is very sensitive to price increases and decreases in all activities.  

A small cost increase in any PCC reverse activity will affect the selling price and hurt its 
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competitive advantage with PC nylon 6,6 from other products.  Another observation is that 

nylon 6 processing costs drive the supply chain, so more efficient recycling technologies are 

needed.  If recycling costs are not reduced, PC nylon 6 will only be competitive with virgin 

nylon 6 when virgin polymer prices increase.       
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5 Conclusions 

To implement efficient and economically viable recycling systems, reverse logistics 

is required to sustain the recycling processes.  The most successful networks do not design 

the recycling system for the product but, instead, design the product for the recycling system.  

Additionally, the reverse logistics system should be designed concurrently with the product 

and recycling processes.  A cheap and efficient recycling processing operation must cease 

operations without an adequate flow of returns to sustain it.  These are problems for textile 

recycling systems.  Textiles are composed of many dissimilar materials, unlike plastic 

beverage bottles or cardboard shipping containers which are routinely recycled.  There are 

also no widespread collection systems, such as municipal recycling programs, to ensure a 

steady return of end-of-use and end-of-life textiles.  As a result, most textile recycling 

operations are performed by small, entrepreneurial companies or individuals that have found 

competitive advantages to keep them in business.  However, for large-scale textile recycling 

systems to grow out of these small networks, research on reverse logistics and supply chains 

is required. 

The purpose of this research was to address these reverse logistics issues and develop 

methodologies for the closed loop recycling of textile products.  In this research, post-

consumer carpet (PCC) networks were studied because they represent the most advanced 

form of current textile recycling systems.  To meet the research objectives established in 

Chapter 1.2, a location allocation model, based on heuristics, was developed to 

geographically place a specified number of recycling sites in order to reduce costs in the 

Carpet America Recovery Effort (CARE) network.  A methodology was established to 
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estimate the annual returns, in truckloads, to each collection site based upon the population 

surrounding the site.  The model was programmed to sum all of the five-digit zip code 

populations within a specified radius around the five-digit zip code of the collection site.  

This site population represented a percentage of the entire network population.  The 

percentage was used to calculate the truckloads shipped from each collection site in the 

network to the recycling site.  In this way, the recycling site could be geographically located 

to minimize transportation costs.   

Since this first model allowed for overlapping collection radii, it was modified to 

minimize the problem of double counting zip code populations.  The effect of varying this 

collection distance was also studied to determine the effects on network morphology.  Only 

minor differences were found in the transportation costs and recycling site locations when the 

collection radii were set at 11.91, 23.82, and 47.64 miles.  However, large transportation cost 

differences were observed when the number of recycling sites was increased.  This was a 

result of collection-to-recycling site distances becoming smaller as more recycling sites 

enabled them to be placed nearer to collection sites. 

After researching the CARE network, it was realized that the annual carpet 

collections could only be increased through a larger network.  Therefore a proposed national 

network model was created.  This model set the 400 most populous three-digit zip codes as 

collection sites and also restricted the placement of recycling sites to only these locations.  In 

addition to studying the effects of increasing annual collections, recycling processing costs 

were added with and without economies of scale (EOS).  Results of the model show that the 

locations and allocations of the EOS scenarios are driven by processing costs.  In an attempt 
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to minimize total network costs the model locates and allocates recycling sites, balancing 

transportation and processing costs.  As a result, the model locates sites so that site-to-site 

distances are increased when compared to scenarios without EOS, which creates higher 

transportation costs.  However, the model offsets these higher transportation costs by locating 

and allocating recycling sites to take advantage of lower unit processing costs.  Since 

processing costs drive the EOS model, the best network costs are created with lower numbers 

of recycling sites that have increased capacities.  In the non-EOS scenarios, the opposite case 

is true; network costs are minimized as the number of sites is increased.  This has the effect 

of decreasing shipping distances between collection and recycling sites. 

In addition to the location and allocation model, a cost model was created to 

investigate the costs of the activities that comprise a PCC reverse network.  Industry 

information was obtained from a collector in the CARE network and an analysis shows that 

PCC collection sites do not obtain enough revenue from material sales alone to remain 

economically viable, but must charge disposal fees as well.  Collectors can encourage PCC 

disposal at their sites instead of in landfills by charging customers a fee that is less than or 

equal to the tip fees of their region.  Network transportation costs in the model were derived 

from the 47.64 mile radius CARE model transportation costs and non-recyclable carpet 

component disposal costs were calculated.  The recycling processing cost was calculated for 

worst case, average case, and best case scenarios.  The cost model shows that the recycling 

cost is the driver in a nylon 6 PCC reverse supply chain.  To be competitive with virgin nylon 

6, either higher virgin polymer selling prices are required (approximately $1.50 per pound), 
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or the recycling technology must become more efficient.  Inversely, a nylon 6,6 PCC 

recycling network is sensitive to cost differences in any activity of the reverse supply chain. 

This research discussed current reverse logistics principles and how they have been 

applied to an established PCC recycling network.  Also, methods and models have been 

created to estimate product returns and recycling site placements that will minimize network 

costs.  Lastly, a methodology was discussed to determine unknown costs within the PCC 

recycling network.  The methodologies and models developed in this research on PCC 

reverse supply chains are important because they can be applied to other discarded textile 

products.  Many different textile products can be correlated to census data because areas of 

higher population densities will have larger numbers of product users and discarders.  This 

means that the PCC model can used for other textiles if annual collection volumes are 

calculated.  Additionally, the recycling network for these products can be modeled after the 

existing PCC reverse network because the activities and their corresponding sequences will 

be similar.  The narrow focus of this research on PCC has provided insights that are valuable 

in designing and implementing networks for the recycling of other textile products. 
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6 Recommendations for Future Work 

The previous research was focused on the location and allocation of sites for the 

recycling of post-consumer carpet (PCC).  Recycling sites in both the CARE network and a 

national network were geographically located to minimize costs.  In the CARE network, a 

scenario was created where only the first recycling site was fixed.  Future research should 

investigate the effects of locating and fixing sites serially.  Also, there is currently no 

restriction on how much PCC a recycling site can process annually.  Additional future work 

should include reprogramming the national network model to add capacity constraints on the 

recycling sites.  Other future work should focus on closed loop recycling networks for other 

textile products.  Methodologies learned from PCC recycling networks can be applied to 

apparel and other products.  

6.1 Fixed Sites in the Location Allocation Model 

CARE network scenarios were run where the first site was restricted to North 

Carolina, South Carolina, and Georgia because these states are close to the major North 

American carpet manufacturing center located in Georgia.  It was observed that fixing the 

first site led to higher transportation costs.  Future research should include programming the 

model to fix all recycling sites serially as they are located.  This will allow analysis to be 

performed on how well the model optimizes network costs in both the CARE and national 

network models. 

Another advantage of fixing sites is that operations research can be performed on 

current or proposed network morphologies.  One problem that companies face is the 

complications of impending legislation.  For example, if a company builds a recycling 
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network to handle 600 million pounds of PCC annually and new legislation mandates 

recycling, how much better would the solution have been if the network was designed for 

2,400 million pounds from the beginning?  With the ability to fix sites, a new network could 

be designed while utilizing the old network.  Additionally, the effects of upgrading recycling 

technologies to increase capacity and efficiency in existing sites could be studied.   

6.2 Capacitated PCC National Network Location Allocation Model 

When both the CARE network and national network models were programmed, a 

major assumption was that the recycling sites would be uncapacitated.  After analyzing the 

data from the national network, it was realized that some sites had very large capacities.  In 

order to capacitate the sites, the EOS curve was modified to include diseconomies of scale.  

A very high unit processing cost was selected for 410 million pounds (see Figure 6-1).  To 

minimize costs, the model would not allocate sites to have capacities over 410 million 

pounds.   
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Figure 6-1: Diseconomies of Scale Curve 

Table 6-1 shows the model results.  When compared to the results in Table 3-17, the 

optimal solution is to open two additional recycling sites and to restrict the amount of 

material being shipped to each site (see Table 6-2).  However, when examining Figure 6-2 to 

Figure 6-7, it can be seen that the collection sites have not been allocated optimally.  Some 

routes are very long and cross over each other.  The problem lies in the location allocation 

algorithm and the assumption that was made during programming.  The algorithm does not 

check the locations of the recycling sites in relation to the collection sites.  The solution to 

this problem is not within the scope of this research.  Future work includes programming 

some switching logic so that the model checks recycling and collection site locations.  After 

allocation, the model would check the distances between sites and switch any that would 

decrease the distance between them.    
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Table 6-1: National Network Costs - Diseconomies of Scale Curve 

(1,800 Million Lbs.)  

 

Table 6-2: National Recycling Sites: Diseconomies of Scale 

(1,800 Million Lbs.) 

 

 

 

1 Recycling Site2 Recycling Sites3 Recycling Sites4 Recycling Sites5 Recycling Sites6 Recycling Sites7 Recycling Sites

Site Opening Cost $1,000,000 $2,000,000 $3,000,000 $4,000,000 $5,000,000 $6,000,000 $7,000,000

Transportation Cost $68,188,830 $39,591,992 $35,567,305 $30,825,396 $22,207,075 $20,633,317 $20,985,964

Processing Cost $179,999,820 $156,836,051 $133,647,825 $110,455,592 $80,758,027 $80,801,942 $80,821,847

Total Cost $249,188,650 $198,428,043 $172,215,130 $145,280,989 $107,965,101 $107,435,259 $108,807,810

Diseconomies of Scale Curve

National Network - 1,800 Millon Lbs. Annual PCC Collections

Geographical Location
Allocation of 

Truckloads

PCC at Site 

(lbs)

1 Site 1st Site 8.51 mi SW of Bloomington, IN 100.00% 1,800,000,000

1st Site 7.19 mi S of Beaver, OH 77.30% 1,391,400,000

2nd Site 5.18 mi SE of Mojave, CA 22.70% 408,600,000

1st Site Greensburg, PA 54.58% 982,440,000

2nd Site 5.18 mi SE of Mojave, CA 22.72% 408,960,000

3rd Site Gravel Ridge, AR 22.70% 408,600,000

1st Site Austintown, OH 31.86% 573,480,000

2nd Site 5.18 mi SE of Mojave, CA 22.73% 409,140,000

3rd Site Gravel Ridge, AR 22.70% 408,600,000

4th Site Columbia, SC 22.72% 408,960,000

1st Site Huntertown, IN 22.27% 400,860,000

2nd Site 5.18 mi SE of Mojave, CA 22.19% 399,420,000

3rd Site Shreveport, LA 22.21% 399,780,000

4th Site 10.31 mi NE of Hernando, FL 11.09% 199,620,000

5th Site Jersey City, NJ 22.23% 400,140,000

1st Site Wakarusa, IN 22.29% 401,220,000

2nd Site 5.18 mi SE of Mojave, CA 22.11% 397,980,000

3rd Site Combine, TX 11.10% 199,800,000

4th Site Fruitville, FL 0.00% 0

5th Site Newark, NJ 22.27% 400,860,000

6th Site 7.35 mi W of Jeffersonville, GA 22.22% 399,960,000

4 Sites

5 Sites

6 Sites

National Network - 1,800 Millon Lbs. Annual PCC Collections

Disconomies of Scale Curve

2 Sites

3 Sites
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Figure 6-2: 1 Site - 1,800 Million  Lbs. 

(Diseconomies of Scale Curve) 

Figure 6-3: 2 Sites - 1,800 Million  Lbs. 

(Diseconomies of Scale Curve) 

Figure 6-4: 3 Sites - 1,800 Million  Lbs. 

(Diseconomies of Scale Curve) 

Figure 6-5: 4 Sites - 1,800 Million  Lbs. 

(Diseconomies of Scale Curve) 

Figure 6-6: 5 Sites - 1,800 Million  Lbs. 

(Diseconomies of Scale Curve) 

Figure 6-7: 6 Sites - 1,800 Million  Lbs. 

(Diseconomies of Scale Curve) 
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6.3 Apparel Reverse Networks 

Apparel reverse networks exist and have been discussed in Chapter 2.4.1.  However, 

these networks are not closed loop because of complex recycling processes that are required 

to turn apparel into new raw materials.  Fiber blends and fabric finishes make apparel very 

difficul t to recycle into new apparel.  As a result, a very complicated reverse network has 

been formed to reuse apparel products.  Figure 6-8 shows the network flow diagram for 

apparel. 

Figure 6-8: Apparel Network Flow Diagram 

Virgin materials first enter the network and are manufactured into apparel through spinning, 

fabric formation, dyeing and finishing, and cutting and sewing operations.  Finished goods 

are then sold to customers, who eventually discard the materials in landfills or incinerators, 
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or at collection sites.  After collection and sortation, the post-consumer (PC) apparel becomes 

second-hand clothing in domestic and foreign markets.  The material not suitable for reuse as 

apparel is graded and sold as wiping and polishing clothes, or recycled into other products.  

The major problem with the apparel network is that the garments havenôt been designed to be 

recycled.  This means that any recycling will eventually transform the materials into forms 

that cannot be reused and will have to be disposed of through landfilling or incineration. 

Two major problems that plague the apparel recycling industry are the use of 

dissimilar materials and the high degree of uncertainty in product return flows.  Therefore, 

interest has been shown by Garment Manufacturer A because they have the ability to 

minimize both problems.  The first problem can be solved by manufacturing a garment with 

recyclability in the product design.  An example would be to create a 100% polyester 

garment with zippers or buttons that are either of the same material, or are easy to separate 

from the garment.  This design minimizes the recycling problems created by using dissimilar 

materials.  The problem of uncertain product flows can be minimized by influencing 

Garment Manufacturer Aôs customers.  One such group is commercial laundries, which 

purchase uniforms for their own customers.  The commercial laundry retains ownership of 

the garments and rents them to their customers.  When the garments reach the end of their 

use, the commercial laundry can collect them.  Therefore, based upon sales data, Garment 

Manufacturer A has direct knowledge of what annual discards they can expect to recover.    
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6.3.1 Garment Network Flow Diagram 

Due to Garment Manufacturer Aôs ability to influence the uniform design and 

collection network, the reverse system becomes much less complicated than that in Figure 

6-8.  Additionally, the network can now become a closed loop system.  Figure 6-9 shows the 

flow diagram for the proposed garment recycling network.     

Figure 6-9: Garment Network Flow Diagram 

Virgin materials enter the system and are manufactured into finished uniforms, which are 

delivered to the customer.  When the garments reach the end of their useful lives, they are 

collected by the commercial laundries and consolidated for recycling.  Due to their design, 

the uniforms can be recycled efficiently into polymers, which are manufactured into new 

garments.  This closed loop, cyclical process can essentially sustain itself forever.    
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6.3.2 Garment Recycling Network 

After purchase and use, the uniforms need to be collected and consolidated for 

recycling.  Since Garment Manufacturer A knows how many garments were sold to the 

commercial laundries, they can estimate the material weights available for recovery at every 

facility.  Figure 6-10 shows the geographical locations of Garment Manufacturer Aôs 

customers, excluding those in Alaska and Hawaii.    

Figure 6-10: Continental United States Laundry Locations 

Since these locations represent post consumer disposal sites, regional collection sites 

can be located to minimize transportation costs.  The Bucci (2009) CARE network PCC 

model was modified to locate these regional collection sites.  First, however, the annual 

weight of discarded materials had to be calculated for each laundry site.  This was done by 
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using the 2008 sales information for Garment Manufacturer A and selecting an average 

uniform (65% polyester / 35% cotton).  The uniform weight was then multiplied by the total 

sales to convert the garment sales to an annual weight for each commercial laundry.  Table 

8-22 shows the discard weight in pounds for all commercial laundry facilities after grouping 

by five-digit zip code.  The total estimated annual weight of materials in the network was 

13,223,963 pounds. 

When the model was run with the garment weights in Table 8-22, it produced the 

results in Table 6-3 and Figure 6-11 to Figure 6-16.  Included in the data were laundry 

facilities in Alaska and Hawaii.  The routes show which collection sites these materials 

should be shipped to.  As more collection sites are added, the distance from PC to collection 

site is reduced.  This would result in reduced shipping costs.  Future work for this network 

should include researching low cost solutions to ship PC material from laundry facilities to 

collection centers.  Additionally, network costs should be analyzed and collection partners 

identified near the solutions of the model (see Table 6-3).  Finally, the model should be run 

once more on the collection sites and their associated annual material weights to 

geographically locate recycling sites to minimize transportation costs.  Recyclers who can 

transform the discarded garments into raw materials should be identified.  The sites closest to 

the optimal locations should be given preference, unless unit processing costs at these sites 

eliminate their advantages in transportation costs.   
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Table 6-3: Garment Collection Sites 

(13 Million Lbs.)  

 

 

Geographical Location

Allocation 

of 

Truckloads

PCC at Site 

(lbs)

1 Site 1st Site 4.58 mi NW of Newton, IL 100.00% 13,223,963

1st Site Visalia, KY 75.30% 9,958,054

2nd Site Crestline, CA 24.70% 3,265,909

1st Site 9.32 mi SW of Alfordsville, IN 56.18% 7,429,817

2nd Site Crestline, CA 24.36% 3,221,199

3rd Site Evansburg, PA 19.46% 2,572,947

1st Site Hobart, IN 35.21% 4,656,118

2nd Site Crestline, CA 24.45% 3,233,775

3rd Site Bethlehem, PA 16.80% 2,221,798

4th Site Atlanta, GA 23.54% 3,112,286

1st Site Hobart, IN 32.29% 4,269,555

2nd Site Charter Oak, CA 21.33% 2,820,698

3rd Site Bethlehem, PA 16.64% 2,200,362

4th Site Norcross, GA 18.56% 2,454,553

5th Site Forest Hill, TX 11.18% 1,478,796

1st Site Hobart, IN 32.27% 4,267,677

2nd Site Charter Oak, CA 16.98% 2,244,913

3rd Site Bethlehem, PA 16.64% 2,200,362

4th Site Norcross, GA 18.39% 2,432,323

5th Site Woodloch, TX 8.40% 1,110,244

6th Site Wellsville, UT 7.32% 968,444

5 Sites

6 Sites

Garment Network - 13 Million Lbs. Annual PCC Collections

2 Sites

3 Sites

4 Sites
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Figure 6-11: 1 Site - 13 Million  Lbs. Figure 6-12: 2 Sites - 13 Million Lbs.  

Figure 6-13: 3 Sites - 13 Million Lbs.  Figure 6-14: 4 Sites - 13 Million Lbs.  

Figure 6-15: 5 Sites ï 13 Million Lbs.  Figure 6-16: 6 Sites - 13 Million  Lbs. 
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8 Appendices



  139 

A CARE Reclamation Centers 

Table 8-1: CARE Reclamation Centers Contact Information
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B CARE Collection Site Distance Matrix 

Table 8-2: Great Circle Distances (mi) Between CARE Collection Sites

Code 9 58 15 8 34 57 47 39 38 40 20 41 42 26 25 30 27 18 17 3 12 13 7 54 16 43 44 52 48 45 23 29 11 49 19 56 36 35 31 55 5 24 51 50 53 32 46 4 28 2 1 10 21 14 22

9 0 26 18 182 374 467 233 371 346 383 383 592 590 706 797 781 905 976 919 906 896 893 895 884 836 882 1005 1088 1110 1197 1171 921 739 627 786 587 912 1100 862 1238 1238 1529 1528 1537 1589 1588 1582 1672 2275 1945 2571 2569 2673 2507 2477

58 26 0 9 208 388 488 259 397 371 408 408 619 616 732 824 807 931 1002 944 931 921 918 919 908 862 908 1031 1114 1137 1223 1197 944 762 647 805 602 925 1110 877 1255 1260 1551 1550 1559 1612 1611 1605 1695 2292 1963 2586 2582 2685 2514 2482

15 18 9 0 201 387 484 251 390 364 401 401 611 608 724 815 800 923 994 937 924 914 911 913 902 855 900 1023 1106 1128 1214 1189 938 757 643 802 600 924 1110 875 1252 1255 1546 1545 1554 1606 1606 1599 1690 2289 1960 2585 2581 2685 2515 2484

8 182 208 201 0 280 310 51 189 164 201 201 414 410 525 623 599 723 794 737 725 715 712 714 703 655 705 831 908 940 1036 998 746 569 470 635 469 797 1004 739 1092 1067 1359 1359 1368 1411 1410 1404 1498 2128 1797 2434 2443 2554 2421 2399

34 374 388 387 280 0 185 277 294 273 293 293 491 475 557 695 589 690 759 703 668 653 650 652 643 673 757 887 915 1012 1136 1050 630 444 302 438 214 537 732 489 874 920 1202 1201 1208 1293 1293 1290 1360 1908 1580 2199 2195 2299 2145 2121

57 467 488 484 310 185 0 276 201 198 193 193 329 311 378 522 404 506 576 519 487 472 470 472 462 490 578 707 731 833 963 869 465 279 161 326 207 512 734 445 782 773 1063 1062 1071 1135 1134 1130 1211 1818 1488 2126 2139 2253 2145 2132

47 233 259 251 51 277 276 0 139 114 150 150 363 359 473 573 548 672 743 686 675 666 663 665 653 604 655 780 857 891 989 947 701 526 435 601 450 776 988 714 1058 1023 1315 1315 1325 1364 1363 1356 1452 2093 1762 2402 2415 2528 2405 2386

39 371 397 390 189 294 201 139 0 29 13 13 233 226 337 447 410 534 605 548 538 529 526 528 516 468 525 652 721 768 876 820 571 405 339 503 404 712 935 643 956 897 1188 1189 1198 1229 1228 1221 1320 1984 1653 2301 2322 2441 2345 2332

38 346 371 364 164 273 198 114 29 0 38 38 262 255 365 476 436 559 631 573 561 552 549 551 540 496 554 681 749 797 904 849 590 420 344 510 397 710 931 643 965 914 1206 1206 1216 1251 1250 1242 1340 1995 1664 2310 2329 2446 2343 2329

40 383 408 401 201 293 193 150 13 38 0 0 226 218 328 439 399 522 593 536 525 517 514 515 504 458 516 644 711 761 870 812 558 392 328 492 397 703 927 633 944 884 1176 1176 1186 1217 1216 1208 1308 1972 1641 2289 2311 2429 2335 2323

20 383 408 401 201 293 193 150 13 38 0 0 226 218 328 439 399 522 593 536 525 517 514 515 504 458 516 644 711 761 870 812 558 392 328 492 397 703 927 633 944 884 1176 1176 1186 1217 1216 1208 1308 1972 1641 2289 2311 2429 2335 2323

41 592 619 611 414 491 329 363 233 262 226 226 0 21 122 214 219 343 408 356 367 365 362 363 351 248 292 419 497 535 649 587 454 350 377 502 518 761 992 684 908 772 1056 1057 1068 1063 1060 1051 1166 1898 1570 2230 2273 2402 2362 2362

42 590 616 608 410 475 311 359 226 255 218 218 21 0 118 224 210 336 402 349 356 353 350 351 340 247 299 427 498 546 662 595 438 329 356 481 498 740 970 663 889 758 1043 1044 1055 1053 1051 1042 1156 1882 1554 2213 2255 2384 2341 2341

26 706 732 724 525 557 378 473 337 365 328 328 122 118 0 149 102 223 287 235 252 252 250 250 239 131 201 330 384 455 586 495 358 299 374 463 538 733 961 655 829 665 943 945 957 943 940 930 1049 1797 1471 2133 2183 2316 2299 2305

25 797 824 815 623 695 522 573 447 476 439 439 214 224 149 0 197 261 298 268 313 323 321 321 312 129 90 208 313 322 441 375 453 436 522 601 687 873 1098 795 930 723 982 985 998 948 945 933 1065 1856 1537 2199 2261 2400 2410 2421

30 781 807 800 599 589 404 548 410 436 399 399 219 210 102 197 0 126 196 140 149 150 147 148 137 97 203 319 327 448 593 471 264 246 357 410 531 681 904 604 740 563 841 843 854 844 842 832 948 1696 1371 2034 2086 2221 2217 2226

27 905 931 923 723 690 506 672 534 559 522 522 343 336 223 261 126 0 72 14 60 77 76 75 74 132 219 292 239 412 567 414 213 288 426 432 601 692 903 619 681 463 729 732 744 720 718 708 827 1596 1276 1939 2000 2139 2163 2178

18 976 1002 994 794 759 576 743 605 631 593 593 408 402 287 298 196 72 0 58 101 119 120 119 124 177 236 276 186 385 541 373 236 347 489 479 663 730 932 660 679 433 685 688 700 661 658 647 772 1560 1244 1906 1974 2116 2158 2177

17 919 944 937 737 703 519 686 548 573 536 536 356 349 235 268 140 14 58 0 63 81 80 79 80 140 222 289 229 407 563 406 215 298 437 439 612 698 907 626 679 455 720 722 734 708 706 695 816 1588 1269 1932 1994 2134 2160 2177

3 906 931 924 725 668 487 675 538 561 525 525 367 356 252 313 149 60 101 63 0 19 20 18 25 184 278 352 285 470 625 467 152 246 391 379 563 636 844 564 622 417 692 694 705 699 697 688 800 1551 1229 1891 1949 2087 2104 2119

12 896 921 914 715 653 472 666 529 552 517 517 365 353 252 323 150 77 119 81 19 0 3 2 13 194 292 369 304 488 643 486 137 228 373 361 545 618 826 546 610 413 692 693 705 704 702 694 803 1547 1223 1886 1942 2079 2092 2106

13 893 918 911 712 650 470 663 526 549 514 514 362 350 250 321 147 76 120 80 20 3 0 2 11 193 290 368 304 488 643 486 138 227 372 360 544 618 827 546 612 416 694 696 707 707 705 697 806 1549 1226 1888 1944 2081 2093 2107

7 895 919 913 714 652 472 665 528 551 515 515 363 351 250 321 148 75 119 79 18 2 2 0 12 192 290 367 303 487 642 485 139 228 373 362 545 619 828 547 612 415 693 695 707 706 704 696 805 1549 1225 1888 1944 2081 2094 2108

54 884 908 902 703 643 462 653 516 540 504 504 351 340 239 312 137 74 124 80 25 13 11 12 0 185 284 365 306 486 641 486 144 223 366 359 539 619 829 546 619 426 705 707 718 717 716 707 816 1559 1235 1898 1953 2090 2100 2114

16 836 862 855 655 673 490 604 468 496 458 458 248 247 131 129 97 132 177 140 184 194 193 192 185 0 109 223 253 352 496 379 328 341 453 503 626 773 993 697 804 595 858 861 873 836 834 822 948 1728 1408 2071 2132 2271 2285 2298

43 882 908 900 705 757 578 655 525 554 516 516 292 299 201 90 203 219 236 222 278 292 290 290 284 109 0 130 224 255 392 296 428 450 556 612 727 882 1102 806 900 669 916 920 932 870 867 854 989 1795 1480 2142 2210 2352 2382 2397

44 1005 1031 1023 831 887 707 780 652 681 644 644 419 427 330 208 319 292 276 289 352 369 368 367 365 223 130 0 163 129 278 168 503 559 676 715 849 981 1194 907 955 692 910 914 927 834 830 815 959 1794 1488 2145 2225 2371 2431 2452

52 1088 1114 1106 908 915 731 857 721 749 711 711 497 498 384 313 327 239 186 229 285 304 304 303 306 253 224 163 0 225 376 193 420 527 664 664 839 915 1114 846 833 548 750 755 768 671 667 652 797 1634 1332 1986 2070 2218 2296 2322

48 1110 1137 1128 940 1012 833 891 768 797 761 761 535 546 455 322 448 412 385 407 470 488 488 487 486 352 255 129 225 0 156 82 619 686 805 841 978 1105 1314 1031 1055 772 963 968 981 860 855 839 989 1843 1548 2197 2287 2437 2521 2546

45 1197 1223 1214 1036 1136 963 989 876 904 870 870 649 662 586 441 593 567 541 563 625 643 643 642 641 496 392 278 376 156 0 193 775 836 948 993 1119 1259 1470 1184 1208 920 1093 1098 1112 971 966 949 1102 1966 1679 2321 2419 2571 2669 2697

23 1171 1197 1189 998 1050 869 947 820 849 812 812 587 595 495 375 471 414 373 406 467 486 486 485 486 379 296 168 193 82 193 0 609 698 826 845 1001 1103 1305 1031 1023 729 902 907 921 788 783 767 919 1778 1488 2132 2227 2379 2477 2507

29 921 944 938 746 630 465 701 571 590 558 558 454 438 358 453 264 213 236 215 152 137 138 139 144 328 428 503 420 619 775 609 0 187 330 261 484 496 696 429 477 326 618 618 628 670 669 664 752 1444 1117 1777 1825 1958 1958 1970

11 739 762 757 569 444 279 526 405 420 392 392 350 329 299 436 246 288 347 298 246 228 227 228 223 341 450 559 527 686 836 698 187 0 149 165 317 437 663 359 566 499 790 790 799 856 856 851 934 1582 1251 1904 1935 2061 2013 2014

49 627 647 643 470 302 161 435 339 344 328 328 377 356 374 522 357 426 489 437 391 373 372 373 366 453 556 676 664 805 948 826 330 149 0 166 176 389 619 315 623 621 908 907 915 991 991 988 1061 1658 1327 1968 1985 2102 2014 2006

19 786 805 802 635 438 326 601 503 510 492 492 502 481 463 601 410 432 479 439 379 361 360 362 359 503 612 715 664 841 993 845 261 165 166 0 248 272 498 195 457 489 766 764 770 871 872 871 928 1493 1162 1801 1819 1938 1864 1861

56 587 602 600 469 214 207 450 404 397 397 397 518 498 538 687 531 601 663 612 563 545 544 545 539 626 727 849 839 978 1119 1001 484 317 176 248 0 329 539 276 662 737 1010 1008 1014 1119 1120 1118 1175 1694 1367 1985 1983 2089 1955 1937

36 912 925 924 797 537 512 776 712 710 703 703 761 740 733 873 681 692 730 698 636 618 618 619 619 773 882 981 915 1105 1259 1103 496 437 389 272 329 0 231 78 395 596 814 810 813 972 974 978 994 1390 1070 1667 1657 1761 1633 1621

35 1100 1110 1110 1004 732 734 988 935 931 927 927 992 970 961 1098 904 903 932 907 844 826 827 828 829 993 1102 1194 1114 1314 1470 1305 696 663 619 498 539 231 0 308 422 711 863 858 856 1051 1054 1062 1044 1280 980 1524 1492 1583 1416 1398

31 862 877 875 739 489 445 714 643 643 633 633 684 663 655 795 604 619 660 626 564 546 546 547 546 697 806 907 846 1031 1184 1031 429 359 315 195 276 78 308 0 403 562 799 796 800 944 946 948 976 1423 1098 1710 1708 1816 1702 1692

55 1238 1255 1252 1092 874 782 1058 956 965 944 944 908 889 829 930 740 681 679 679 622 610 612 612 619 804 900 955 833 1055 1208 1023 477 566 623 457 662 395 422 403 0 324 442 437 437 630 634 643 624 1037 708 1345 1370 1495 1482 1498

5 1238 1260 1255 1067 920 773 1023 897 914 884 884 772 758 665 723 563 463 433 455 417 413 416 415 426 595 669 692 548 772 920 729 326 499 621 489 737 596 711 562 324 0 292 292 302 385 387 388 440 1134 814 1476 1541 1684 1749 1778

24 1529 1551 1546 1359 1202 1063 1315 1188 1206 1176 1176 1056 1043 943 982 841 729 685 720 692 692 694 693 705 858 916 910 750 963 1093 902 618 790 908 766 1010 814 863 799 442 292 0 7 19 214 220 234 182 884 586 1236 1325 1478 1622 1669

51 1528 1550 1545 1359 1201 1062 1315 1189 1206 1176 1176 1057 1044 945 985 843 732 688 722 694 693 696 695 707 861 920 914 755 968 1098 907 618 790 907 764 1008 810 858 796 437 292 7 0 14 221 227 241 187 880 581 1231 1320 1472 1616 1663

50 1537 1559 1554 1368 1208 1071 1325 1198 1216 1186 1186 1068 1055 957 998 854 744 700 734 705 705 707 707 718 873 932 927 768 981 1112 921 628 799 915 770 1014 813 856 800 437 302 19 14 0 230 236 251 188 866 567 1218 1307 1459 1603 1650

53 1589 1612 1606 1411 1293 1135 1364 1229 1251 1217 1217 1063 1053 943 948 844 720 661 708 699 704 707 706 717 836 870 834 671 860 971 788 670 856 991 871 1119 972 1051 944 630 385 214 221 230 0 6 25 131 1000 740 1355 1467 1625 1812 1865

32 1588 1611 1606 1410 1293 1134 1363 1228 1250 1216 1216 1060 1051 940 945 842 718 658 706 697 702 705 704 716 834 867 830 667 855 966 783 669 856 991 872 1120 974 1054 946 634 387 220 227 236 6 0 18 137 1006 746 1361 1473 1631 1818 1871

46 1582 1605 1599 1404 1290 1130 1356 1221 1242 1208 1208 1051 1042 930 933 832 708 647 695 688 694 697 696 707 822 854 815 652 839 949 767 664 851 988 871 1118 978 1062 948 643 388 234 241 251 25 18 0 155 1024 764 1379 1492 1650 1836 1889

4 1672 1695 1690 1498 1360 1211 1452 1320 1340 1308 1308 1166 1156 1049 1065 948 827 772 816 800 803 806 805 816 948 989 959 797 989 1102 919 752 934 1061 928 1175 994 1044 976 624 440 182 187 188 131 137 155 0 870 617 1224 1339 1498 1701 1759

28 2275 2292 2289 2128 1908 1818 2093 1984 1995 1972 1972 1898 1882 1797 1856 1696 1596 1560 1588 1551 1547 1549 1549 1559 1728 1795 1794 1634 1843 1966 1778 1444 1582 1658 1493 1694 1390 1280 1423 1037 1134 884 880 866 1000 1006 1024 870 0 331 355 486 650 1000 1094

2 1945 1963 1960 1797 1580 1488 1762 1653 1664 1641 1641 1570 1554 1471 1537 1371 1276 1244 1269 1229 1223 1226 1225 1235 1408 1480 1488 1332 1548 1679 1488 1117 1251 1327 1162 1367 1070 980 1098 708 814 586 581 567 740 746 764 617 331 0 663 740 892 1098 1166

1 2571 2586 2585 2434 2199 2126 2402 2301 2310 2289 2289 2230 2213 2133 2199 2034 1939 1906 1932 1891 1886 1888 1888 1898 2071 2142 2145 1986 2197 2321 2132 1777 1904 1968 1801 1985 1667 1524 1710 1345 1476 1236 1231 1218 1355 1361 1379 1224 355 663 0 202 347 828 940

10 2569 2582 2581 2443 2195 2139 2415 2322 2329 2311 2311 2273 2255 2183 2261 2086 2000 1974 1994 1949 1942 1944 1944 1953 2132 2210 2225 2070 2287 2419 2227 1825 1935 1985 1819 1983 1657 1492 1708 1370 1541 1325 1320 1307 1467 1473 1492 1339 486 740 202 0 164 629 744

21 2673 2685 2685 2554 2299 2253 2528 2441 2446 2429 2429 2402 2384 2316 2400 2221 2139 2116 2134 2087 2079 2081 2081 2090 2271 2352 2371 2218 2437 2571 2379 1958 2061 2102 1938 2089 1761 1583 1816 1495 1684 1478 1472 1459 1625 1631 1650 1498 650 892 347 164 0 539 657

14 2507 2514 2515 2421 2145 2145 2405 2345 2343 2335 2335 2362 2341 2299 2410 2217 2163 2158 2160 2104 2092 2093 2094 2100 2285 2382 2431 2296 2521 2669 2477 1958 2013 2014 1864 1955 1633 1416 1702 1482 1749 1622 1616 1603 1812 1818 1836 1701 1000 1098 828 629 539 0 118

22 2477 2482 2484 2399 2121 2132 2386 2332 2329 2323 2323 2362 2341 2305 2421 2226 2178 2177 2177 2119 2106 2107 2108 2114 2298 2397 2452 2322 2546 2697 2507 1970 2014 2006 1861 1937 1621 1398 1692 1498 1778 1669 1663 1650 1865 1871 1889 1759 1094 1166 940 744 657 118 0
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C CARE Model Results - Non-Overlapping Collection Radii 

Table 8-3: CARE Network Costs - 11.91 mi. Non-Overlapping Collection Radii 

 

Table 8-4: CARE Network Costs - 23.82 mi. Non-Overlapping Collection Radii 

 

Table 8-5: CARE Network Costs - 47.64 mi. Non-Overlapping Collection Radii 

First Site 

Optimal

First Site in 

NC, SC, or 

GA

First Site 

Optimal

First Site in 

NC, SC, or 

GA

First Site 

Optimal

First Site in 

NC, SC, or 

GA

Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,000

Transportation Cost $11,889,570 $12,297,266 $6,569,640 $7,049,749 $4,511,496 $4,807,996

Total Cost $12,889,570 $13,297,266 $8,569,640 $9,049,749 $7,511,496 $7,807,996

Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,000

Transportation Cost $3,565,645 $3,614,450 $2,960,405 $3,106,691 $2,481,311 $2,627,597

Total Cost $7,565,645 $7,614,450 $7,960,405 $8,106,691 $8,481,311 $8,627,597

4 Recycling Site 5 Recycling Sites 6 Recycling Sites

CARE Network - 11.91 mi. Non-Overlapping Collection Radii

1 Recycling Site 2 Recycling Sites 3 Recycling Sites

First Site 

Optimal

First Site in 

NC, SC, or 

GA

First Site 

Optimal

First Site in 

NC, SC, or 

GA

First Site 

Optimal

First Site in 

NC, SC, or 

GA

Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,000

Transportation Cost $11,819,318 $12,279,709 $6,261,429 $6,884,826 $4,483,061 $4,424,161

Total Cost $12,819,318 $13,279,709 $8,261,429 $8,884,826 $7,483,061 $7,424,161

Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,000

Transportation Cost $3,340,099 $3,364,094 $2,692,047 $2,816,807 $2,250,390 $2,375,150

Total Cost $7,340,099 $7,364,094 $7,692,047 $7,816,807 $8,250,390 $8,375,150

CARE Network - 23.82 mi. Non-Overlapping Collection Radii

1 Recycling Site 2 Recycling Sites 3 Recycling Sites

4 Recycling Site 5 Recycling Sites 6 Recycling Sites

First Site 

Optimal

First Site in 

NC, SC, or 

GA

First Site 

Optimal

First Site in 

NC, SC, or 

GA

First Site 

Optimal

First Site in 

NC, SC, or 

GA

Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,000

Transportation Cost $11,588,296 $12,121,208 $6,166,309 $6,786,899 $4,851,709 $4,464,367

Total Cost $12,588,296 $13,121,208 $8,166,309 $8,786,899 $7,851,709 $7,464,367

Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,000

Transportation Cost $3,636,927 $3,634,685 $2,704,570 $2,848,447 $2,225,792 $2,369,669

Total Cost $7,636,927 $7,634,685 $7,704,570 $7,848,447 $8,225,792 $8,369,669

CARE Network - 47.64 mi. Non-Overlapping Collection Radii

1 Recycling Site 2 Recycling Sites 3 Recycling Sites

4 Recycling Site 5 Recycling Sites 6 Recycling Sites
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Figure 8-1: % Change in Transportation Costs between Sites  
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Table 8-6: CARE Recycling Sites - 11.91 mi. Non-Overlapping Collection Radii 

Geographical Location
Allocation of 

Truckloads

PCC at Site 

(lbs)

1 Site 1st Site Fort Knox, KY 100.00% 297,000,000

1st Site Coal Fork, WV 75.89% 225,393,300

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 24.11% 71,606,700

1st Site Rockville, MD 55.83% 165,815,100

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.71% 67,448,700

3rd Site Highland Park, TX 21.45% 63,706,500

1st Site Leacock-Leola-Bareville, PA 38.18% 113,394,600

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.71% 67,448,700

3rd Site Highland Park, TX 21.45% 63,706,500

4th Site Macon, GA 17.66% 52,450,200

1st Site South Bound Brook, NJ 29.57% 87,822,900

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.71% 67,448,700

3rd Site Highland Park, TX 18.02% 53,519,400

4th Site Metter, GA 17.44% 51,796,800

5th Site Buchanan, MI 12.26% 36,412,200

1st Site South Bound Brook, NJ 29.57% 87,822,900

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 18.51% 54,974,700

3rd Site Highland Park, TX 18.02% 53,519,400

4th Site Metter, GA 17.44% 51,796,800

5th Site Buchanan, MI 12.26% 36,412,200

6th Site Cherry Grove, WA 4.20% 12,474,000

1 Site 1st Site 6.33 mi SW of Tunnel Hill, GA 100.00% 297,000,000

1st Site 6.33 mi SW of Tunnel Hill, GA 75.89% 225,393,300

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 24.11% 71,606,700

1st Site 6.33 mi SW of Tunnel Hill, GA 42.10% 125,037,000

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 24.11% 71,606,700

3rd Site Doylestown, PA 33.78% 100,326,600

1st Site 6.33 mi SW of Tunnel Hill, GA 25.49% 75,705,300

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.71% 67,448,700

3rd Site Doylestown, PA 33.78% 100,326,600

4th Site Highland Park, TX 18.02% 53,519,400

1st Site 6.33 mi SW of Tunnel Hill, GA 17.91% 53,192,700

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.71% 67,448,700

3rd Site South Bound Brook, NJ 29.57% 87,822,900

4th Site Highland Park, TX 18.02% 53,519,400

5th Site Buchanan, MI 11.79% 35,016,300

1st Site 6.33 mi SW of Tunnel Hill, GA 17.91% 53,192,700

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 18.51% 54,974,700

3rd Site South Bound Brook, NJ 29.57% 87,822,900

4th Site Highland Park, TX 18.02% 53,519,400

5th Site Buchanan, MI 11.79% 35,016,300

6th Site Cherry Grove, WA 4.20% 12,474,000

First Site in NC, SC, or GA

First Site Optimal

5 Sites

6 Sites

5 Sites

6 Sites

2 Sites

3 Sites

4 Sites

CARE Network - 11.91 mi. Non-Overlapping Collection Radii

2 Sites

3 Sites

4 Sites
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Table 8-7: CARE Recycling Sites - 47.64 mi. Non-Overlapping Collection Radii 

Geographical Location
Allocation of 

Truckloads

PCC at Site 

(lbs)

1 Site 1st Site Visalia, KY 100.00% 297,000,000

1st Site 8.60 mi SW of Womelsdorf (Coalton), WV 77.08% 228,927,600

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.92% 68,072,400

1st Site Clover Hill, MD 64.28% 190,911,600

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.37% 66,438,900

3rd Site Highland Park, TX 13.36% 39,679,200

1st Site South Bound Brook, NJ 35.23% 104,633,100

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.37% 66,438,900

3rd Site Highland Park, TX 13.36% 39,679,200

4th Site Clermont, GA 29.05% 86,278,500

1st Site Elizabeth, NJ 35.23% 104,633,100

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.37% 66,438,900

3rd Site Highland Park, TX 9.60% 28,512,000

4th Site Metter, GA 19.01% 56,459,700

5th Site Long Grove, IL 17.38% 51,618,600

1st Site Elizabeth, NJ 31.64% 93,970,800

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 18.30% 54,351,000

3rd Site Highland Park, TX 9.60% 28,512,000

4th Site Metter, GA 19.01% 56,459,700

5th Site Long Grove, IL 17.38% 51,618,600

6th Site Fircrest, WA 4.07% 12,087,900

1 Site 1st Site 4.26 mi E of Murphy, NC 100.00% 297,000,000

1st Site 4.26 mi E of Murphy, NC 77.08% 228,927,600

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.92% 68,072,400

1st Site 4.26 mi E of Murphy, NC 41.85% 124,294,500

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.92% 68,072,400

3rd Site Elizabeth, NJ 35.23% 104,633,100

1st Site 4.26 mi E of Murphy, NC 31.35% 93,109,500

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.37% 66,438,900

3rd Site Elizabeth, NJ 35.23% 104,633,100

4th Site Highland Park, TX 11.05% 32,818,500

1st Site 4.26 mi E of Murphy, NC 19.62% 58,271,400

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 22.37% 66,438,900

3rd Site Elizabeth, NJ 31.64% 93,970,800

4th Site Highland Park, TX 9.60% 28,512,000

5th Site Long Grove, IL 16.78% 49,836,600

1st Site 4.26 mi E of Murphy, NC 19.62% 58,271,400

2nd Site 4.26 mi NE of View Park-Windsor Hills, CA 18.30% 54,351,000

3rd Site Elizabeth, NJ 31.64% 93,970,800

4th Site Highland Park, TX 9.60% 28,512,000

5th Site Long Grove, IL 16.78% 49,836,600

6th Site Fircrest, WA 4.07% 12,087,900

4 Sites

5 Sites

6 Sites

First Site Optimal

First Site in NC, SC, or GA

4 Sites

5 Sites

6 Sites

2 Sites

3 Sites

CARE Network - 47.64 mi. Non-Overlapping Collection Radii

2 Sites

3 Sites
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Figure 8-2: 1 Site - First Site Optimal 

(11.91 mi. Non-Overlapping Radii) 

Figure 8-3: 1 Site - First Site NC/SC/GA 

(11.91 mi. Non-Overlapping Radii) 

Figure 8-4: 2 Sites - First Site Optimal 

(11.91 mi. Non-Overlapping Radii) 

Figure 8-5: 2 Sites - First Site NC/SC/GA 

(11.91 mi. Non-Overlapping Radii) 

Figure 8-6: 3 Sites - First Site Optimal 

(11.91 mi. Non-Overlapping Radii) 

Figure 8-7: 3 Sites - First Site NC/SC/GA 

(11.91 mi. Non-Overlapping Radii) 
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Figure 8-8: 4 Sites - First Site Optimal 

(11.91 mi. Non-Overlapping Radii) 

Figure 8-9: 4 Sites - First Site NC/SC/GA 

(11.91 mi. Non-Overlapping Radii) 

Figure 8-10: 5 Sites - First Site Optimal 

(11.91 mi. Non-Overlapping Radii) 

Figure 8-11: 5 Sites - First Site NC/SC/GA 

(11.91 mi. Non-Overlapping Radii) 
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Figure 8-12: 1 Site - First Site Optimal 

(23.82 mi. Non-Overlapping Radii) 

Figure 8-13: 1 Site - First Site NC/SC/GA 

(23.82 mi. Non-Overlapping Radii) 

Figure 8-14: 2 Sites - First Site Optimal 

(23.82 mi. Non-Overlapping Radii) 

Figure 8-15: 2 Sites - First Site NC/SC/GA 

(23.82 mi. Non-Overlapping Radii) 

Figure 8-16: 3 Sites - First Site Optimal 

(23.82 mi. Non-Overlapping Radii) 

Figure 8-17: 3 Sites - First Site NC/SC/GA 

(23.82 mi. Non-Overlapping Radii) 
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Figure 8-18: 4 Sites - First Site Optimal 

(23.82 mi. Non-Overlapping Radii) 

Figure 8-19: 4 Sites - First Site NC/SC/GA 

(23.82 mi. Non-Overlapping Radii) 

Figure 8-20: 5 Sites - First Site Optimal 

(23.82 mi. Non-Overlapping Radii) 

Figure 8-21: 5 Sites - First Site NC/SC/GA 

(23.82 mi. Non-Overlapping Radii) 
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Figure 8-22: 1 Site - First Site Optimal 

(47.64 mi. Non-Overlapping Radii) 

Figure 8-23: 1 Site - First Site NC/SC/GA 

(47.64 mi. Non-Overlapping Radii) 

Figure 8-24: 2 Sites - First Site Optimal 

(47.64 mi. Non-Overlapping Radii) 

Figure 8-25: 2 Sites - First Site NC/SC/GA 

(47.64 mi. Non-Overlapping Radii) 

Figure 8-26: 3 Sites - First Site Optimal 

(47.64 mi. Non-Overlapping Radii) 

Figure 8-27: 3 Sites - First Site NC/SC/GA 

(47.64 mi. Non-Overlapping Radii) 
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Figure 8-28: 4 Sites - First Site Optimal 

(47.64 mi. Non-Overlapping Radii) 

Figure 8-29: 4 Sites - First Site NC/SC/GA 

(47.64 mi. Non-Overlapping Radii) 

Figure 8-30: 5 Sites - First Site Optimal 

(47.64 mi. Non-Overlapping Radii) 

Figure 8-31: 5 Sites - First Site NC/SC/GA 

(47.64 mi. Non-Overlapping Radii) 
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D Estimated Shipping Rates 

Table 8-8: Annual Estimated Shipping Rates and Diesel Fuel Costs 

 

Date

Estimated Shipping 

Rate ($/loaded-truck-

mile)

Average Cost of No. 

2 Diesel Fuel 

($/gallon) 

*Average Rate of 

No. 2 Diesel Fuel 

($/loaded-truck-

mile) 

Average Rate No. 2 

Diesel Fuel as % of 

Estimated Shipping 

Rate

Jan 1999 $1.80 $0.97 $0.21 11.95%

Feb 1999 $1.80 $0.96 $0.21 11.85%

Mar 1999 $1.80 $1.00 $0.22 12.32%

Apr 1999 $1.80 $1.08 $0.24 13.34%

May 1999 $1.80 $1.07 $0.24 13.24%

Jun 1999 $1.80 $1.07 $0.24 13.23%

Jul 1999 $1.80 $1.12 $0.25 13.82%

Aug 1999 $1.81 $1.17 $0.26 14.43%

Sep 1999 $1.81 $1.21 $0.27 14.93%

Oct 1999 $1.81 $1.23 $0.27 15.12%

Nov 1999 $1.80 $1.26 $0.28 15.57%

Dec 1999 $1.81 $1.29 $0.29 15.89%

Jan 2000 $1.81 $1.36 $0.30 16.61%

Feb 2000 $1.82 $1.46 $0.32 17.85%

Mar 2000 $1.83 $1.48 $0.33 17.97%

Apr 2000 $1.84 $1.42 $0.32 17.19%

May 2000 $1.84 $1.42 $0.32 17.10%

Jun 2000 $1.85 $1.42 $0.32 17.11%

Jul 2000 $1.85 $1.43 $0.32 17.24%

Aug 2000 $1.85 $1.47 $0.33 17.58%

Sep 2000 $1.87 $1.64 $0.36 19.49%

Oct 2000 $1.87 $1.64 $0.36 19.44%

Nov 2000 $1.88 $1.62 $0.36 19.20%

Dec 2000 $1.88 $1.56 $0.35 18.53%

Jan 2001 $1.88 $1.52 $0.34 18.01%

Feb 2001 $1.87 $1.49 $0.33 17.70%

Mar 2001 $1.87 $1.40 $0.31 16.63%

Apr 2001 $1.88 $1.42 $0.32 16.85%

May 2001 $1.88 $1.50 $0.33 17.70%

Jun 2001 $1.88 $1.48 $0.33 17.53%

Jul 2001 $1.89 $1.37 $0.31 16.20%

Aug 2001 $1.88 $1.39 $0.31 16.39%

Sep 2001 $1.89 $1.50 $0.33 17.60%

Estimated Shipping Rates and Diesel Fuel Costs
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Table 8-8: Continued 

Oct 2001 $1.88 $1.35 $0.30 15.94%

Nov 2001 $1.88 $1.26 $0.28 14.92%

Dec 2001 $1.87 $1.17 $0.26 13.88%

Jan 2002 $1.86 $1.15 $0.26 13.76%

Feb 2002 $1.86 $1.15 $0.26 13.76%

Mar 2002 $1.86 $1.23 $0.27 14.71%

Apr 2002 $1.87 $1.31 $0.29 15.57%

May 2002 $1.87 $1.31 $0.29 15.52%

Jun 2002 $1.87 $1.29 $0.29 15.26%

Jul 2002 $1.87 $1.30 $0.29 15.43%

Aug 2002 $1.88 $1.33 $0.30 15.72%

Sep 2002 $1.88 $1.41 $0.31 16.69%

Oct 2002 $1.88 $1.46 $0.32 17.24%

Nov 2002 $1.89 $1.42 $0.32 16.72%

Dec 2002 $1.89 $1.43 $0.32 16.84%

Jan 2003 $1.89 $1.49 $0.33 17.52%

Feb 2003 $1.89 $1.65 $0.37 19.41%

Mar 2003 $1.90 $1.71 $0.38 19.93%

Apr 2003 $1.91 $1.53 $0.34 17.85%

May 2003 $1.91 $1.45 $0.32 16.88%

Jun 2003 $1.90 $1.42 $0.32 16.62%

Jul 2003 $1.92 $1.44 $0.32 16.60%

Aug 2003 $1.93 $1.49 $0.33 17.13%

Sep 2003 $1.93 $1.47 $0.33 16.87%

Oct 2003 $1.94 $1.48 $0.33 17.00%

Nov 2003 $1.94 $1.48 $0.33 16.99%

Dec 2003 $1.95 $1.49 $0.33 17.00%

Jan 2004 $1.95 $1.55 $0.34 17.66%

Feb 2004 $1.97 $1.58 $0.35 17.87%

Mar 2004 $1.97 $1.63 $0.36 18.39%

Apr 2004 $1.98 $1.69 $0.38 19.03%

May 2004 $1.98 $1.75 $0.39 19.57%

Jun 2004 $1.99 $1.71 $0.38 19.06%

Jul 2004 $1.99 $1.74 $0.39 19.37%

Aug 2004 $2.01 $1.83 $0.41 20.31%

Sep 2004 $2.02 $1.92 $0.43 21.06%

Oct 2004 $2.04 $2.13 $0.47 23.28%

Nov 2004 $2.05 $2.15 $0.48 23.25%

Dec 2004 $2.04 $2.01 $0.45 21.88%

Jan 2005 $2.05 $1.96 $0.44 21.20%
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Table 8-8: Continued 

Feb 2005 $2.07 $2.03 $0.45 21.79%

Mar 2005 $2.08 $2.21 $0.49 23.65%

Apr 2005 $2.09 $2.29 $0.51 24.32%

May 2005 $2.11 $2.20 $0.49 23.18%

Jun 2005 $2.11 $2.29 $0.51 24.14%

Jul 2005 $2.11 $2.37 $0.53 25.01%

Aug 2005 $2.11 $2.50 $0.56 26.29%

Sep 2005 $2.14 $2.82 $0.63 29.27%

Oct 2005 $2.17 $3.10 $0.69 31.76%

Nov 2005 $2.18 $2.57 $0.57 26.28%

Dec 2005 $2.16 $2.44 $0.54 25.12%

Jan 2006 $2.15 $2.47 $0.55 25.54%

Feb 2006 $2.15 $2.48 $0.55 25.62%

Mar 2006 $2.15 $2.56 $0.57 26.46%

Apr 2006 $2.16 $2.73 $0.61 28.12%

May 2006 $2.18 $2.90 $0.64 29.51%

Jun 2006 $2.19 $2.90 $0.64 29.43%

Jul 2006 $2.19 $2.93 $0.65 29.77%

Aug 2006 $2.20 $3.05 $0.68 30.73%

Sep 2006 $2.21 $2.78 $0.62 28.02%

Oct 2006 $2.20 $2.52 $0.56 25.47%

Nov 2006 $2.19 $2.54 $0.57 25.84%

Dec 2006 $2.18 $2.61 $0.58 26.55%

Jan 2007 $2.20 $2.48 $0.55 25.14%

Feb 2007 $2.19 $2.49 $0.55 25.27%

Mar 2007 $2.18 $2.67 $0.59 27.15%

Apr 2007 $2.19 $2.83 $0.63 28.71%

May 2007 $2.20 $2.80 $0.62 28.29%

Jun 2007 $2.19 $2.81 $0.62 28.47%

Jul 2007 $2.19 $2.87 $0.64 29.06%

Aug 2007 $2.20 $2.87 $0.64 28.98%

Sep 2007 $2.21 $2.95 $0.66 29.76%

Oct 2007 $2.21 $3.07 $0.68 30.91%

Nov 2007 $2.23 $3.40 $0.75 33.85%

Dec 2007 $2.24 $3.34 $0.74 33.08%

Jan 2008 $2.25 $3.31 $0.74 32.73%

Feb 2008 $2.24 $3.38 $0.75 33.44%

Mar 2008 $2.26 $3.88 $0.86 38.22%

Apr 2008 $2.28 $4.08 $0.91 39.82%

May 2008 $2.33 $4.43 $0.98 42.17%
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Table 8-8: Continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Jun 2008 $2.38 $4.68 $1.04 43.74%

Jul 2008 $2.39 $4.70 $1.05 43.70%

Aug 2008 $2.40 $4.30 $0.96 39.89%

Sep 2008 $2.35 $4.02 $0.89 38.02%

Oct 2008 $2.35 $3.58 $0.79 33.83%

Nov 2008 $2.29 $2.88 $0.64 27.97%

Dec 2008 $2.21 $2.45 $0.54 24.66%

Jan 2009 $2.16 $2.29 $0.51 23.56%

Feb 2009 $2.16 $2.20 $0.49 22.60%

*Average fuel mileage of loaded truck is 4.50 miles per gallon.



 

155 

E National Network Model - Original and Adjusted Economies of Scale 

Figure 8-32: 1 Site - 1,800 Million Lbs. 

(Original Economies of Scale Curve) 

Figure 8-33: 1 Site - 1,800 Million Lbs. 

(Adjusted Economies of Scale Curve) 

Figure 8-34: 2 Sites - 1,800 Million Lbs. 

(Original Economies of Scale Curve) 

Figure 8-35: 2 Sites - 1,800 Million Lbs. 

(Adjusted Economies of Scale Curve) 
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Figure 8-36: 3 Sites - 1,800 Million Lbs. 

(Original Economies of Scale Curve) 

Figure 8-37: 3 Sites - 1,800 Million Lbs. 

(Adjusted Economies of Scale Curve) 

Figure 8-38: 5 Sites - 1,800 Million Lbs. 

(Original Economies of Scale Curve) 

Figure 8-39: 5 Sites - 1,800 Million Lbs. 

(Adjusted Economies of Scale Curve) 

Figure 8-40: 6 Sites - 1,800 Million Lbs. 

(Original Economies of Scale Curve) 

Figure 8-41: 6 Sites - 1,800 Million Lbs. 

(Adjusted Economies of Scale Curve) 



 

157 

F National Network Model - Adjusted and No Economies of Scale 

Table 8-9: National Network Costs - Adjusted and No Economies of Scale 

(300 Million Lbs.) 

 

Table 8-10: National Network Costs - Adjusted and No Economies of Scale 

(600 Million Lbs.) 

 

 

 

 

 

 

Adjusted EOS 

Curve
No EOS Curve

Adjusted EOS 

Curve
No EOS Curve

Adjusted EOS 

Curve
No EOS Curve

Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,000

Transportation Cost $11,365,930 $11,365,930 $6,603,046 $6,525,775 $6,197,473 $5,112,594

Processing Cost $17,148,145 $17,148,145 $18,394,854 $17,148,145 $18,394,854 $17,148,145

Total Cost $29,514,075 $29,514,075 $26,997,900 $25,673,920 $27,592,327 $25,260,739

Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,000

Transportation Cost $5,979,872 $4,377,127 $5,712,192 $3,295,117 $4,697,295 $2,890,028

Processing Cost $18,394,854 $17,148,145 $18,476,559 $17,148,145 $18,986,535 $17,148,145

Total Cost $28,374,726 $25,525,272 $29,188,750 $25,443,262 $29,683,831 $26,038,173

4 Recycling Sites 5 Recycling Sites 6 Recycling Sites

1 Recycling Site 2 Recycling Sites 3 Recycling Sites

National Network - 300 Million Lbs. Annual PCC Collections

Adjusted EOS 

Curve
No EOS Curve

Adjusted EOS 

Curve
No EOS Curve

Adjusted EOS 

Curve
No EOS Curve

Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,000

Transportation Cost $22,729,610 $22,729,610 $13,255,703 $13,050,258 $12,444,244 $10,969,665

Processing Cost $25,979,772 $34,292,895 $30,283,386 $34,292,895 $30,283,386 $34,293,484

Total Cost $49,709,382 $58,022,505 $45,539,089 $49,343,153 $45,727,631 $48,263,149

Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,000

Transportation Cost $11,958,559 $8,319,605 $11,450,831 $6,592,952 $11,247,201 $5,782,854

Processing Cost $30,334,904 $34,292,895 $30,590,127 $34,292,895 $30,590,127 $34,292,895

Total Cost $46,293,464 $46,612,500 $47,040,957 $45,885,847 $47,837,328 $46,075,749

National Network - 600 Million Lbs. Annual PCC Collections

1 Recycling Site 2 Recycling Sites 3 Recycling Sites

4 Recycling Sites 5 Recycling Sites 6 Recycling Sites
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Table 8-11: National Network Costs - Adjusted and No Economies of Scale 

(1,200 Million Lbs.) 

 

Table 8-12: National Network Costs - Adjusted and No Economies of Scale 

(1,800 Million Lbs.) 

Adjusted EOS 

Curve
No EOS Curve

Adjusted EOS 

Curve
No EOS Curve

Adjusted EOS 

Curve
No EOS Curve

Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,000

Transportation Cost $45,459,220 $45,459,220 $26,123,236 $26,100,515 $20,218,867 $20,453,244

Processing Cost $51,959,544 $68,585,790 $55,901,697 $68,585,790 $55,683,465 $68,585,790

Total Cost $98,418,764 $115,045,010 $84,024,932 $96,686,305 $78,902,332 $92,039,034

Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,000

Transportation Cost $18,627,850 $16,584,841 $18,499,913 $14,328,542 $18,493,892 $12,567,828

Processing Cost $56,505,277 $68,585,790 $56,530,824 $68,585,790 $56,530,824 $68,585,790

Total Cost $79,133,127 $89,170,631 $80,030,737 $87,914,332 $81,024,715 $87,153,618

Site Opening Cost $7,000,000 $7,000,000 $8,000,000 $9,000,000

Transportation Cost $18,253,462 $10,948,417 $9,677,429 $9,073,560

Processing Cost $56,702,853 $68,585,790 $68,585,790 $68,585,790

Total Cost $81,956,316 $86,534,207 $86,263,219 $86,659,350

7 Recycling Sites 8 Recycling Sites 9 Recycling Sites

National Network - 1,200 Million Lbs. Annual PCC Collections

1 Recycling Site 2 Recycling Sites 3 Recycling Sites

4 Recycling Sites 5 Recycling Sites 6 Recycling Sites

Adjusted EOS 

Curve
No EOS Curve

Adjusted EOS 

Curve
No EOS Curve

Adjusted EOS 

Curve
No EOS Curve

Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,000

Transportation Cost $68,188,830 $68,188,830 $39,150,773 $39,150,773 $30,381,871 $30,381,871

Processing Cost $77,939,316 $102,878,685 $77,939,316 $102,878,685 $77,939,316 $102,878,685

Total Cost $147,128,146 $172,067,515 $119,090,089 $144,029,458 $111,321,187 $136,260,556

Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,000

Transportation Cost $24,341,525 $24,307,072 $24,341,525 $19,831,072 $23,226,543 $17,400,777

Processing Cost $77,939,316 $102,878,685 $77,939,316 $102,878,685 $79,020,515 $102,878,685

Total Cost $106,280,841 $131,185,757 $107,280,841 $127,709,757 $108,247,058 $126,279,462

Site Opening Cost $7,000,000 $7,000,000 $8,000,000 $9,000,000

Transportation Cost $23,083,272 $16,103,883 $14,128,505 $12,957,263

Processing Cost $79,146,742 $102,878,685 $102,878,685 $102,878,685

Total Cost $109,230,013 $125,982,568 $125,007,190 $124,835,948

Site Opening Cost $10,000,000

Transportation Cost $11,982,050

Processing Cost $102,878,685

Total Cost $124,860,735

10 Recycling Sites

National Network - 1,800 Million Lbs. Annual PCC Collections

1 Recycling Site 2 Recycling Sites 3 Recycling Sites

4 Recycling Sites 5 Recycling Sites 6 Recycling Sites

7 Recycling Sites 8 Recycling Sites 9 Recycling Sites
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Table 8-13: National Network Costs - Adjusted and No Economies of Scale 

(2,400 Million Lbs.) 

 

 

Equation 8-1: Percent Change in Costs 

 

 

 

 

 

Adjusted EOS 

Curve
No EOS Curve

Adjusted EOS 

Curve
No EOS Curve

Adjusted EOS 

Curve
No EOS Curve

Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,000

Transportation Cost $90,918,439 $90,918,439 $52,201,031 $52,201,031 $40,509,162 $40,509,162

Processing Cost $103,919,088 $137,171,580 $103,919,088 $137,171,580 $103,919,088 $137,171,580

Total Cost $195,837,527 $229,090,019 $158,120,119 $191,372,611 $147,428,250 $180,680,742

Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,000

Transportation Cost $32,409,430 $32,455,367 $28,472,880 $27,160,674 $25,374,075 $24,123,223

Processing Cost $103,919,088 $137,171,580 $103,919,088 $137,171,580 $105,450,461 $137,171,580

Total Cost $140,328,518 $173,626,947 $137,391,968 $169,332,254 $136,824,536 $167,294,803

Site Opening Cost $7,000,000 $7,000,000 $8,000,000 $9,000,000

Transportation Cost $24,550,541 $24,216,690 $20,629,376 $19,111,936

Processing Cost $106,512,315 $137,171,580 $137,171,580 $137,171,580

Total Cost $138,062,856 $168,388,270 $165,800,956 $165,283,516

Site Opening Cost $10,000,000 $11,000,000 $12,000,000

Transportation Cost $17,382,743 $16,166,052 $15,160,530

Processing Cost $137,171,580 $137,171,580 $137,171,580

Total Cost $164,554,323 $164,337,632 $164,332,110

Site Opening Cost $13,000,000

Transportation Cost $14,346,014

Processing Cost $137,171,580

Total Cost $164,517,594

13 Recycling Sites

National Network - 2,400 Million Lbs. Annual PCC Collections

1 Recycling Site 2 Recycling Sites 3 Recycling Sites

4 Recycling Sites 5 Recycling Sites 6 Recycling Sites

7 Recycling Sites 8 Recycling Sites 9 Recycling Sites

10 Recycling Sites 11 Recycling Sites 12 Recycling Sites
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Figure 8-42: % Change in Transportation Costs 

(Adjusted Economies of Scale Curve) 

Figure 8-43: % Change in Transportation Costs 

(No Economies of Scale) 

Figure 8-44: % Change in Recycling Processing Costs 

(Adjusted Economies of Scale Curve) 
Figure 8-45: % Change in Recycling Processing Costs 

(No Economies of Scale) 
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Figure 8-46: % Change in Total Costs 

(Adjusted Economies of Scale Curve) 
Figure 8-47: % Change in Total Costs 

(No Economies of Scale) 
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Figure 8-48: Unit Transportation Costs 

(Adjusted Economies of Scale Curve) 

Figure 8-49: Unit Transportation Costs 

(No Economies of Scale) 

Figure 8-50: Unit Recycling Processing Costs 

(Adjusted Economies of Scale Curve) 
Figure 8-51: Unit Recycling Processing Costs 

(No Economies of Scale) 
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Figure 8-52: Unit Total Costs 

(Adjusted Economies of Scale Curve) 
Figure 8-53: Unit Total Costs 

(No Economies of Scale) 
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Table 8-14: National Recycling Sites - Adjusted and No Economies of Scale 

(300 Million Lbs.) 

 

 

Geographical Location
Allocation of 

Truckloads

PCC at Site 

(lbs)

1 Site 1st Site 8.51 mi SW of Bloomington, IN 100.00% 300,000,000

1st Site 7.19 mi S of Beaver, OH 77.60% 232,800,000

2nd Site 5.18 mi SE of Mojave, CA 22.40% 67,200,000

1st Site 7.19 mi S of Beaver, OH 77.60% 232,800,000

2nd Site Pasadena, CA 18.23% 54,690,000

3rd Site Fircrest, WA 4.17% 12,510,000

1st Site 7.19 mi S of Beaver, OH 77.60% 232,800,000

2nd Site Charter Oak, CA 12.86% 38,580,000

3rd Site Fircrest, WA 3.93% 11,790,000

4th Site Alamo, CA 5.60% 16,800,000

1st Site 7.19 mi S of Beaver, OH 76.13% 228,390,000

2nd Site Villa Park, CA 11.43% 34,290,000

3rd Site Fircrest, WA 3.93% 11,790,000

4th Site Alamo, CA 5.60% 16,800,000

5th Site Denver, CO 2.90% 8,700,000

1 Site 1st Site 8.51 mi SW of Bloomington, IN 100.00% 300,000,000

1st Site 7.19 mi S of Beaver, OH 76.13% 228,390,000

2nd Site 5.18 mi SE of Mojave, CA 23.87% 71,610,000

1st Site Greensburg, PA 45.29% 135,870,000

2nd Site 5.18 mi SE of Mojave, CA 23.71% 71,130,000

3rd Site Birmingham, AL 3.10% 9,300,000

1st Site Greensburg, PA 44.00% 132,000,000

2nd Site 5.18 mi SE of Mojave, CA 21.74% 65,220,000

3rd Site Woolsey, GA 20.35% 61,050,000

4th Site Highland Park, TX 13.91% 41,730,000

1st Site Newark, NJ 23.78% 71,340,000

2nd Site 5.18 mi SE of Mojave, CA 21.74% 65,220,000

3rd Site 7.35 mi W of Jeffersonville, GA 19.23% 57,690,000

4th Site Combine, TX 13.74% 41,220,000

5th Site Hobart, IN 21.51% 64,530,000

3 Sites

4 Sites

5 Sites

3 Sites

4 Sites

5 Sites

No Economies of Scale Curve

2 Sites

National Network - 300 Million Lbs. Annual PCC Collections

Adjusted Economies of Scale Curve

2 Sites
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Table 8-15: National Recycling Sites - Adjusted and No Economies of Scale 

(600 Million Lbs.) 

Geographical Location
Allocation of 

Truckloads
PCC at Site (lbs)

1 Site 1st Site 8.51 mi SW of Bloomington, IN 100.00% 600,000,000

1st Site 7.19 mi S of Beaver, OH 77.87% 467,220,000

2nd Site 5.18 mi SE of Mojave, CA 22.13% 132,780,000

1st Site 7.19 mi S of Beaver, OH 77.87% 467,220,000

2nd Site Pasadena, CA 17.96% 107,760,000

3rd Site Fircrest, WA 4.17% 25,020,000

1st Site 7.19 mi S of Beaver, OH 77.60% 465,600,000

2nd Site Charter Oak, CA 12.86% 77,160,000

3rd Site Fircrest, WA 3.93% 23,580,000

4th Site Alamo, CA 5.60% 33,600,000

1st Site 7.19 mi S of Beaver, OH 76.29% 457,740,000

2nd Site Villa Park, CA 11.43% 68,580,000

3rd Site Fircrest, WA 3.93% 23,580,000

4th Site Alamo, CA 5.60% 33,600,000

5th Site Denver, CO 2.74% 16,440,000

1st Site 7.19 mi S of Beaver, OH 76.29% 457,740,000

2nd Site South Whittier, CA 9.44% 56,640,000

3rd Site Fircrest, WA 3.93% 23,580,000

4th Site Alamo, CA 5.60% 33,600,000

5th Site Denver, CO 2.09% 12,540,000

6th Site Gilbert, AZ 2.65% 15,900,000

1 Site 1st Site 8.51 mi SW of Bloomington, IN 100.00% 600,000,000

1st Site 7.19 mi S of Beaver, OH 76.13% 456,780,000

2nd Site 5.18 mi SE of Mojave, CA 23.87% 143,220,000

1st Site 7.19 mi S of Beaver, OH 66.66% 399,960,000

2nd Site 5.18 mi SE of Mojave, CA 21.74% 130,440,000

3rd Site Forest Hill, TX 11.59% 69,540,000

1st Site Visalia, KY 39.69% 238,140,000

2nd Site 5.18 mi SE of Mojave, CA 21.74% 130,440,000

3rd Site Combine, TX 15.71% 94,260,000

4th Site Newark, NJ 22.86% 137,160,000

1st Site Wakarusa, IN 20.99% 125,940,000

2nd Site 5.18 mi SE of Mojave, CA 21.74% 130,440,000

3rd Site Combine, TX 14.37% 86,220,000

4th Site Newark, NJ 23.67% 142,020,000

5th Site 7.35 mi W of Jeffersonville, GA 19.23% 115,380,000

1st Site Wakarusa, IN 20.99% 125,940,000

2nd Site Pasadena, CA 17.57% 105,420,000

3rd Site Combine, TX 14.37% 86,220,000

4th Site Newark, NJ 23.67% 142,020,000

5th Site 7.35 mi W of Jeffersonville, GA 19.23% 115,380,000

6th Site Fircrest, WA 4.17% 25,020,000

2 Sites

3 Sites

2 Sites

3 Sites

National Network - 600 Million Lbs. Annual PCC Collections

Adjusted Economies of Scale Curve

4 Sites

5 Sites

6 Sites

4 Sites

No Economies of Scale Curve

5 Sites

6 Sites
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Table 8-16: National Recycling Sites - Adjusted and No Economies of Scale 

(1,200 Million Lbs.) 

Geographical Location
Allocation of 

Truckloads
PCC at Site (lbs)

1 Site 1st Site 8.51 mi SW of Bloomington, IN 100.00% 1,200,000,000

1st Site 7.19 mi S of Beaver, OH 76.29% 915,480,000

2nd Site 5.18 mi SE of Mojave, CA 23.71% 284,520,000

1st Site 11.75 mi E of Jackson, TN 44.13% 529,560,000

2nd Site 5.18 mi SE of Mojave, CA 22.40% 268,800,000

3rd Site Evansburg, PA 33.47% 401,640,000

1st Site 11.75 mi E of Jackson, TN 44.12% 529,440,000

2nd Site Pasadena, CA 18.71% 224,520,000

3rd Site Evansburg, PA 33.49% 401,880,000

4th Site Fircrest, WA 3.69% 44,280,000

1st Site 11.75 mi E of Jackson, TN 44.12% 529,440,000

2nd Site Pasadena, CA 18.59% 223,080,000

3rd Site Evansburg, PA 33.49% 401,880,000

4th Site Newcastle, WA 2.24% 26,880,000

5th Site Portland, OR 1.57% 18,840,000

1st Site 11.75 mi E of Jackson, TN 44.12% 529,440,000

2nd Site Pasadena, CA 18.59% 223,080,000

3rd Site Evansburg, PA 33.49% 401,880,000

4th Site Newcastle, WA 1.49% 17,880,000

5th Site Portland, OR 1.57% 18,840,000

6th Site Fircrest, WA 0.75% 9,000,000

1 Site 1st Site 8.51 mi SW of Bloomington, IN 100.00% 1,200,000,000

1st Site 7.19 mi S of Beaver, OH 76.13% 913,560,000

2nd Site 5.18 mi SE of Mojave, CA 23.87% 286,440,000

1st Site Pittsburgh, PA 51.12% 613,440,000

2nd Site 5.18 mi SE of Mojave, CA 23.71% 284,520,000

3rd Site Hattiesburg, MS 25.17% 302,040,000

1st Site Evansburg, PA 33.41% 400,920,000

2nd Site 5.18 mi SE of Mojave, CA 23.71% 284,520,000

3rd Site Hattiesburg, MS 24.96% 299,520,000

4th Site Chicago, IL 17.92% 215,040,000

1st Site Newark, NJ 23.25% 279,000,000

2nd Site 5.18 mi SE of Mojave, CA 23.22% 278,640,000

3rd Site 8.58 mi NE of Huntington, TX 18.01% 216,120,000

4th Site Hobart, IN 23.04% 276,480,000

5th Site Columbia, SC 12.47% 149,640,000

1st Site Newark, NJ 23.67% 284,040,000

2nd Site 5.18 mi SE of Mojave, CA 22.01% 264,120,000

3rd Site College Station, TX 10.24% 122,880,000

4th Site Wakarusa, IN 17.41% 208,920,000

5th Site 7.35 mi W of Jeffersonville, GA 18.85% 226,200,000

6th Site Kansas City, MO 7.83% 93,960,000

1st Site Newark, NJ 23.67% 284,040,000

2nd Site Pasadena, CA 17.84% 214,080,000

3rd Site College Station, TX 10.24% 122,880,000

4th Site Wakarusa, IN 17.41% 208,920,000

5th Site X 5 is 7.35 mi W of Jeffersonville, GA 18.85% 226,200,000

6th Site Kansas City, MO 7.83% 93,960,000

7th Site Fircrest, WA 4.17% 50,040,000

1st Site Newark, NJ 23.51% 282,120,000

2nd Site Pasadena, CA 17.84% 214,080,000

3rd Site X 3 is in College Station, TX 10.24% 122,880,000

4th Site Wakarusa, IN 17.29% 207,480,000

5th Site Clermont, GA 12.58% 150,960,000

6th Site Kansas City, MO 7.33% 87,960,000

7th Site Fircrest, WA 4.17% 50,040,000

8th Site Wahneta, FL 7.05% 84,600,000

National Network - 1,200 Million Lbs. Annual PCC Collections

Adjusted Economies of Scale Curve

2 Sites

3 Sites

No Economies of Scale Curve

2 Sites

3 Sites

6 Sites

5 Sites

4 Sites

7 Sites

8 Sites

6 Sites

5 Sites

4 Sites
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Table 8-17: National Recycling Sites - Adjusted and No Economies of Scale 

(1,800 Million Lbs.) 

Geographical Location
Allocation of 

Truckloads

PCC at Site 

(lbs)

1 Site 1st Site 8.51 mi SW of Bloomington, IN 100.00% 1,800,000,000

1st Site 7.19 mi S of Beaver, OH 76.13% 1,370,340,000

2nd Site 5.18 mi SE of Mojave, CA 23.87% 429,660,000

1st Site Greensburg, PA 48.45% 872,100,000

2nd Site 5.18 mi SE of Mojave, CA 23.71% 426,780,000

3rd Site Madison, MS 27.83% 500,940,000

1st Site Wakarusa, IN 23.80% 428,400,000

2nd Site 5.18 mi SE of Mojave, CA 23.71% 426,780,000

3rd Site Hattiesburg, MS 26.38% 474,840,000

4th Site Newark, NJ 26.11% 469,980,000

1st Site Wakarusa, IN 23.80% 428,400,000

2nd Site 5.18 mi SE of Mojave, CA 23.71% 426,780,000

3rd Site Hattiesburg, MS 26.38% 474,840,000

4th Site Newark, NJ 26.11% 469,980,000

5th Site Honeoye Falls, NY 0.00% 0

1 Site 1st Site 8.51 mi SW of Bloomington, IN 100.00% 1,800,000,000

1st Site 7.19 mi S of Beaver, OH 76.13% 1,370,340,000

2nd Site 5.18 mi SE of Mojave, CA 23.87% 429,660,000

1st Site Greensburg, PA 48.45% 872,100,000

2nd Site 5.18 mi SE of Mojave, CA 23.71% 426,780,000

3rd Site Madison, MS 27.83% 500,940,000

1st Site South Bound Brook, NJ 27.50% 495,000,000

2nd Site 5.18 mi SE of Mojave, CA 23.71% 426,780,000

3rd Site Hattiesburg, MS 26.31% 473,580,000

4th Site Hobart, IN 22.48% 404,640,000

1st Site Newark, NJ 24.03% 432,540,000

2nd Site 5.18 mi SE of Mojave, CA 21.74% 391,320,000

3rd Site Combine, TX 14.24% 256,320,000

4th Site Hobart, IN 22.50% 405,000,000

5th Site 7.68 mi NW of Nahunta, GA 17.49% 314,820,000

1st Site Jersey City, NJ 21.97% 395,460,000

2nd Site Charter Oak, CA 12.21% 219,780,000

3rd Site Combine, TX 14.21% 255,780,000

4th Site Hanover Park, IL 13.05% 234,900,000

5th Site Wahneta, FL 7.61% 136,980,000

6th Site Fircrest, WA 3.93% 70,740,000

7th Site Alamo, CA 5.60% 100,800,000

8th Site Piedmont, SC 11.37% 204,660,000

9th Site Willard, OH 10.06% 181,080,000

9 Sites

4 Sites

5 Sites

No Economies of Scale Curve

2 Sites

National Network - 1,800 Million Lbs. Annual PCC Collections

Adjusted Economies of Scale Curve

2 Sites

3 Sites

3 Sites

4 Sites

5 Sites
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Table 8-18: National Recycling Sites - Adjusted and No Economies of Scale 

(2,400 Million Lbs.) 

 

 

 

 

 

 

Geographical Location
Allocation of 

Truckloads
PCC at Site (lbs)

1 Site 1st Site 8.51 mi SW of Bloomington, IN 100.00% 2,400,000,000             

1st Site 7.19 mi S of Beaver, OH 76.13% 1,827,120,000             

2nd Site 5.18 mi SE of Mojave, CA 23.87% 572,880,000                

1st Site Greensburg, PA 48.45% 1,162,800,000             

2nd Site 5.18 mi SE of Mojave, CA 23.71% 569,040,000                

3rd Site Madison, MS 27.83% 667,920,000                

1st Site South Bound Brook, NJ 27.50% 660,000,000                

2nd Site 5.18 mi SE of Mojave, CA 23.71% 569,040,000                

3rd Site Hattiesburg, MS 26.31% 631,440,000                

4th Site Hobart, IN 22.48% 539,520,000                

1st Site Newark, NJ 22.24% 533,760,000                

2nd Site 5.18 mi SE of Mojave, CA 23.22% 557,280,000                

3rd Site 8.58 mi NE of Huntington, TX 16.73% 401,520,000                

4th Site Hobart, IN 21.09% 506,160,000                

5th Site Columbia, SC 16.72% 401,280,000                

1st Site Newark, NJ 24.03% 576,720,000                

2nd Site 5.18 mi SE of Mojave, CA 20.14% 483,360,000                

3rd Site Noonday, TX 16.72% 401,280,000                

4th Site Hobart, IN 20.48% 491,520,000                

5th Site 7.68 mi NW of Nahunta, GA 16.67% 400,080,000                

6th Site Seattle, WA 1.97% 47,280,000                  

1st Site Newark, NJ 22.97% 551,280,000                

2nd Site Pasadena, CA 18.78% 450,720,000                

3rd Site Noonday, TX 16.67% 400,080,000                

4th Site Hobart, IN 21.56% 517,440,000                

5th Site 7.68 mi NW of Nahunta, GA 16.68% 400,320,000                

6th Site Newcastle, WA 2.11% 50,640,000                  

7th Site Portland, OR 1.22% 29,280,000                  

7 Sites

National Network - 2,400 Million Lbs. Annual PCC Collections

Adjusted Economies of Scale Curve

2 Sites

3 Sites

4 Sites

5 Sites

6 Sites
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Table 8-18: Continued 

1 Site 1st Site 8.51 mi SW of Bloomington, IN 100.00% 2,400,000,000

1st Site 7.19 mi S of Beaver, OH 76.13% 1,827,120,000

2nd Site 5.18 mi SE of Mojave, CA 23.87% 572,880,000

1st Site Greensburg, PA 48.45% 1,162,800,000

2nd Site 5.18 mi SE of Mojave, CA 23.71% 569,040,000

3rd Site Madison, MS 27.83% 667,920,000

1st Site Wakarusa, IN 23.80% 571,200,000

2nd Site 5.18 mi SE of Mojave, CA 23.71% 569,040,000

3rd Site Hattiesburg, MS 26.38% 633,120,000

4th Site Newark, NJ 26.11% 626,640,000

1st Site Wakarusa, IN 23.60% 566,400,000

2nd Site 5.18 mi SE of Mojave, CA 22.11% 530,640,000

3rd Site Noonday, TX 16.67% 400,080,000

4th Site Newark, NJ 24.99% 599,760,000

5th Site 8.98 mi NW of Middleburg, FL 12.62% 302,880,000

1st Site Hobart, IN 21.37% 512,880,000

2nd Site 5.18 mi SE of Mojave, CA 21.74% 521,760,000

3rd Site Combine, TX 12.60% 302,400,000

4th Site Newark, NJ 23.61% 566,640,000

5th Site Windermere, FL 8.40% 201,600,000

6th Site Norcross, GA 12.27% 294,480,000

1st Site Hobart, IN 21.28% 510,720,000

2nd Site 5.18 mi SE of Mojave, CA 21.74% 521,760,000

3rd Site Forest Hill, TX 11.20% 268,800,000

4th Site Newark, NJ 22.08% 529,920,000

5th Site Orlando, FL 8.35% 200,400,000

6th Site Piedmont, SC 11.25% 270,000,000

7th Site Covington, LA 4.09% 98,160,000

1st Site Hobart, IN 21.28% 510,720,000

2nd Site Pasadena, CA 17.57% 421,680,000

3rd Site Forest Hill, TX 11.20% 268,800,000

4th Site Newark, NJ 22.40% 537,600,000

5th Site Windermere, FL 8.37% 200,880,000

6th Site Piedmont, SC 10.91% 261,840,000

7th Site Covington, LA 4.09% 98,160,000

8th Site Fircrest, WA 4.17% 100,080,000

1st Site Wakarusa, IN 18.15% 435,600,000

2nd Site Villa Park, CA 11.43% 274,320,000

3rd Site Combine, TX 9.63% 231,120,000

4th Site Newark, NJ 23.14% 555,360,000

5th Site Windermere, FL 4.29% 102,960,000

6th Site Roebuck, SC 10.09% 242,160,000

7th Site Hattiesburg, MS 4.64% 111,360,000

8th Site Fircrest, WA 3.93% 94,320,000

9th Site Country Club, FL 2.83% 67,920,000

10th Site Alamo, CA 5.60% 134,400,000

11th Site Denver, CO 2.74% 65,760,000

12th Site South St. Paul, MN 3.51% 84,240,000

8 Sites

12 Sites

No Economies of Scale Curve

6 Sites

7 Sites

2 Sites

3 Sites

4 Sites

5 Sites
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Figure 8-54: 1 Site - 300 Million  Lbs. 

(Adjusted Economies of Scale Curve) 

Figure 8-55: 1 Site - 300 Million  Lbs. 

(No Economies of Scale) 

Figure 8-56: 2 Sites - 300 Million  Lbs. 

(Adjusted Economies of Scale Curve) 

Figure 8-57: 2 Sites - 300 Million  Lbs. 

(No Economies of Scale) 

Figure 8-58: 3 Sites - 300 Million  Lbs. 

(Adjusted Economies of Scale Curve) 

Figure 8-59: 3 Sites - 300 Million  Lbs. 

(No Economies of Scale) 
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Figure 8-60: 4 Sites - 300 Million  Lbs. 

(Adjusted Economies of Scale Curve) 

Figure 8-61: 4 Sites - 300 Million  Lbs. 

(No Economies of Scale) 

Figure 8-62: 6 Sites - 300 Million  Lbs. 

(Adjusted Economies of Scale Curve) 

Figure 8-63: 6 Sites - 300 Million  Lbs. 

(No Economies of Scale) 

  


