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

(Under tre direction of Dr. Jeff Joines amt. Kristin Thoney)

In the United States alongeople 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 diverts¥este landfills and recover
preciousraw materials.However, recycling activities are only as efficient asrdherse
logistics and supply chairbat support them. These areasrelatively new, btusuccessful
implementations have real benefits for companies in terms of profits andrenental
goodwill. Many companies are creating closed loop supply chains where forward and
reverse activities are interlinked in cyclical processes. ldeally, a virgin input enters the
system only once and is recycled forever. The problem with mosintwtosed loop supply
chains is that they are prodtsgecific. When a closeldop supply chain is designed, the
product must be designed that it can easily be recycled back into the supply chain. The
problem is that the product must contain a mimmmumber 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 researcfocuseson the logistial systems necessary to recytelgtile materials.
Methodologies for estimating pesbnsumer carpet (PCC) returns and trailer loading
capacities are first discussed, followeddgation allocation modelbhatdetermine the

geographicaplacement of recycling sitef anexisting carpet collection networK.he



location allocation model utilizes zip code populations to allocate percentages of the PCC
returns to the collection site3.he population for each site is determined by sumrttieg
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 tdigi zip cods, 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 site8.PCCreverse 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 cat data from indusy. 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 concermscreaseoverthe amount of textile producgming 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
capturethelost value in discardeshaterials, reduce raw matariand waste disposal costs,

and increase customer goodwill thgh environmental stewardshidawley, 2006) Even

with these advantagdargescaletextile recycling programsave been slow to develop

Most companies havanly created smalbrograms tesupport theiobjectivesor rely on

small, familyowned recycling firmgSecondary Materials and Recycled Textiles
Association) Thesec ompani es want to appear fingandeno f o
environmental reasond.ooking at the valuereated byecycled materials in their supply

chains is only a minor consideratiomhe major issue is the lack obllaborativelogistical

networks to support collection and reverse engineering.

1.1 Background
In 2007, the United Stategenerated 508.2 billion poundé municipal solid wastes,

with 3380 billion poundsbeing landfilled(United States Environmental Protection Agency,
2007) At this rate of disposathe Unted States Environmental Protection Agency estimates
that twentynine 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, 2009pf the total discards in 20023.8billion pounds
weretextile wastes. Only 3.8billion pounds, or 1%, was recovered for recycling, energy

generation, or compostir{@nited States Environmental Protection Agency, 20@&X)en



though textiles represent only 4.7% of the tetdid waste generated, it swaste stream that
is 93%r recyclable(Secondary Materials and Recycled TextAssociation) Usingthe 2005
national tippingfee average of.7 centgper pound $34.29per tor), it cost approximately
$342.9million to dispose of the textile wastéhat weranot recoveredh 2007(Repa, 2005)
Compoundthg thesadisposal costare negative environmental impaetsda loss of raw
materials The cost of disposal is only a fraction of the lost opportunity value of the
landfilled materialRealff, Ammons, & Newton, Carpet Recyual: 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 infathwellras
harmful chemgals that leach into the ground, contaminating water sources. Textile wastes
also require space, creating the need for larger landfills. Landfilled textile wastesmepres
lost value that could be plackdck intothe textile supply chain complexs rawmaterial or
component inputs. When recycled materials are not available, more virgin materials are
requiredt o meet manufacturer so neecdrsymedyiextdteh r equ
wastes made frometroleumbasedibers are a good example. Awetcrude oil supply
decreases and demand increasessooltincrease. All products produced from crude oil
will continually increase in cost, indiing the resins required to produmgthetic fibers.In
terms of opportunity costs, recovered textile products can:

ASave natural resources

Save energy

Save clean air and water

Savdandfill space and

Save monefPochampally, Nukala, & Gupta, 2008)



1.2 Specific Research Objetives
Theprimaryobjectiveof this research is to developethodologiesor the design of

an efficientreversdogistical network specifically aimed at recycling textile wasfes.
accomplish this goalhe research will utilize a locatioallocation malel to determinaite
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 thealieven points for cost terms that can
fluctuate.

The specific research objectivig®O) are:

e ROL1:To utilize the existing collection centers in the Carpet America
Recovery Effort (CARE) Rdamation Network and a locati@llocation
model to determine the optimum location for a single recyditejocated in
North Carolina,South Carolinaor Georgia The discarded matersst each
collectionsitewill be a populatiorbased fraction of the total waste stream
reported inthe 2007 CARE Annual Report.

e RO2: To determine the placementfofe additional recyclingitesbased on
the findingsfrom ROL.

e RO3: To determine the placement of collection and recyditeswhen the
locations of the collection centeaise noffixed. Populationand carpet sales
data will be utilized to estimate the waste stream.

e RO4: To create &arpetcost model that can be used to determine the cost of
recycled materials. The model will incorporate network costs such as
material, handling, labornergy, and guipment costs. Transportatioasts
will be derived from the locatioallocation model.

e RO5: To use theast modes in cost/benefit analyséor recycled materials
versus virgin materials.

The methodologies developed this research wildllow the textile ndustry to
reduce their dependence wngin raw materials, decreapeoductbn costs, and redudtleeir

impact on the environmenihe goal is to use known costs at collection sites to estimate



recycling costs so that the cost of reegcpolymers 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 andlappgcling. Chapter

three will discuss the location and allocation modeling of the currentpastmer carpet

(PCC) collection network and a proposed national collection network. Transportation and
site opening costs will be investigated as netwookphologies 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. t&tfeye will
detail the conclusion. Chaptgix 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 regionaca@h centers thatimmize

transportation Costs.



2 Literature Review
From the previous chaptdrenefits associated with textile redpg and using

recycled conterttave manufacturers eagerioter theseperations. The problem is that
supply chais far recyclingdo not follow thetraditionalforward consumeoriented
activities A network designed fdextile recycling can best be modekesia reverse supply
chain This review will first focus on reverse logistics and the relevance of the fieldt, Nex
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 existitgxtile 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, tadtion,sortation, mechanical and chemical recyclirg,ycled

products, angbrevious reverse logistics models.

2.1 History of Reverse Logistics
The concept ofeverse logisticss thousands of years old, with the idea being

referenced in the Book of GeneBigheBible (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 pro¢8ssesn, 2004)

However,scientific definitionsvere nofor mul at ed wuntil the 197006s.
only related to recycling, however. Il n the
materi al movement that was figoing the wrong



emphasis was pladeon the recovery aspects and management principles of reverse logistics.
I n the | ate 199006s the European Working Grou
formed, which formulated a definition which encompasses the current principles of reverse
logistics:
AThe process of planning, I mplementing
materials, in process inventory, packaging and finished goods, from a

manufacturing, distribution or use point, to a point of recovery or point of proper
disposa(de Brito & Dekker, 2004) 0

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

196006s a ivtddiet Were Marewly focused on problems associated with computer
technology, advanced office autation, 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 replacen®enogts:. Many
systems were equipped with eoka-kind components that made palhdreplace
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 decatadn.
Manufacturers found that there wiesl valuein 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 thedigttigreatly reduce life
cycle support costs armbntribute to the bottom line. Once refurbished, there was value in
the products that were being returned from the {iBldmberg, 2005)

Similary the principles of reversigistics were independently discovered by the

consumer goods sector. However, there was a different focus due to the different needs of



theindustry. Whilelarge systm suppliers were concerned with small numbers of expensive
items coming from the fiel consumer goods manufacturers had much larger volumes of

goods returning that may not be defective aBllimberg, 2005)

2.2 Modern Principles of Reverse Logistics
The definitions and principles of reverse logistics hetvenged 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 arsdmportance to manufacturers, suppliers, and

consumers.

2.2.1 Why Reverse Logistics Matters
Inthel 9 9 OGodssimers, legislators, and manufacturers began to rdsdize

something must be done to curb the large number of products being discarded. Gemsumer
was causinginwanted, defective, or obsolescent iteamenter landfills due to a lack of other
disposal channels. The electronics industry was one of the first consumer goods sectors to
realize thatheyhadrespmnsibility for their products afteréh c on s u miisWwas U S e
largely a result of many hafol materials used in the manufacture of electronits
estimated that electronic waste{laste) is responsible for 70% of the heavy metals found in
landfills. These heavy metals can seep theoground and contaminate fresh water supplies
(Dhanda & Peters, 2008 he current practice of reverse logistics has evolved due to three
main driving forces:

e Economics (direct and indirect)

e Legislation and
e Corporate citizenshifde Brito & Dekker, 2004)



In terms of economics, companies implement reverse logistics programs in order to
save money or avoid cost¥hese 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 cestyronmental and eraof-life
productlegislation(reduction of CQfootprint), gaining market advantages, providing a
green image to consumers, and improving relations between customers and Sigpliers
Brito & Dekker, 2004)
Due to the complex nattes of reverse supply chains, many business opportunities
have been created through reverse logistics. These opportunities can range from scrap metal
dealers to thirgbarty logistics companies that manage reverse supply chains fotbitidt
dollar caporations. There are maeyamples of revenue creation ttne implementation of
successfuteverse logistics system®©ne example iastrategy used by Gea Distribution
System, whichincreased its reverse logistics revenue from $300,000 in 1991 t&40e
million in 1994. Another example is the savings of $90 million by AT&T betweerciMa
1993 and October 1994, whithas i mpl ement ed by Burnhamds Te
staff of only seven peopleBoth of these strategies allowed the besgnto eglore new
mar kets and i mprove (Bllmberg;200apanyds bottom | in
In many countries, legislators are being pushed by their constituents to pass laws
forcing companies to recover their products or accept them l&zarkpaniedegan to adopt
reverse logistics as a means to comply with laackedby environmentallyconscience

consumers. European countries have been on the forefront of this type of legistation.



1991the German government passed the Avoidance ofdgauk Waste Ordinancedt

required industry to take back, reuse, and/or recycle packaging m¢kesiddein, 1994)

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

A p ol-b & ypsentiple. 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 reasonedvibatdhis
provide incentive for manufacturers to find creative ways to minimize or eliminate their
packagingDhanda & Peters, 2008)

In 2003 the European Union (EU) outlined a Waste, Electrical, and Electronic
Equipment (WEEEPirective. The WEEE Directive states that the manufacturer has
ultimate responsibility for the disposition of all electrical and electronic products and
technologiegBlumberg, 2005) It sets criteria for the reverse logest activities and
manufacturers must bear all costs for collection and recyofietectrical components. This
directive places no financial responsibility on the consuikelwiec, 2008) Manufacturers
in the Netherlandare responsible for the collection, processing, and recycling of used white
and brown good&ulwiec, 2008) White goods are defined as products that contain a large
metal content and have several major, dismantlable pgaxemples 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 compyteambert, LifeCycle Chain Analysis,

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

to recycle scrap caf§leischmann & Minner, 2004)Also in Japan, legiation has been



passedvhich states that any governmgnirchased products must contain a specific recycled
content(Kulwiec, 2008)

Consumers have also pushed legislators to pass laws requiring suppliers or
manufacturers to k& backmerchandise that treistomer wishes to return. The legislation
wasfirst intended to addressturning gods to physical store locations; howevsde laws
have becme increasingly important with the advent of online shopping &stdres.

Consimers 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 th&rn of unwanted goods.

Corporate citizenship is a set of valuwggprincipleswhich compels a company to
become involved in reverse logistidsor many companies this started as compaiale
recycling initiatives aimed at keeping waste out oflémelfill. Over time corporate
citizenship has grown to include both environmental and societal a¢ped@sto & Dekker,
2004) Manufacturers are now looking at reverse logistics as a means to provide for a
healthiersociety and workforce. Reusing products allows companies to minimize their
environmental footprint, which creates cleaner land, air, and water. Reverse logistiss allow
companies tact altruisticallyby minimizing the depletion of natural resources. using
whatis already available more efficiently, companies are ensuring that future generations
will have the resources that they need to survive.

Some companiesven build the idea of corporate citizenship into their products. Paul
Farrow, founder ofValden Paddlers, Inc., realized that reverse logistics could be a used to

act responsibly and created a 100% recyclable kéd@Brito & Dekker, 2004) In 1959 the

10



Coors Brewing Company introduced an initiative to use alumicans 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:

AWe beli eve t practicesgmboade etvmosmenta stesvardship.

We are committed to protecting the environment by reducing the environmental

impacts of our dayo-day operations at every stage of our product life cycle
(Kulwiec, 2008) o

When onsidering reverse logistics networks, a hierarchy exists in the activities of
value retrieval.Figure2-1 showsa modified activity hierarchy based on that by Dhasoic
Peterq2008) 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 increassaurce usage, energy usage, and waste. Even the proper

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

Resource
Reduction

/ Reuse \
/ Refurbish \
/ Recycle \
/ Energy Conversion \
/ Disposal in Landfill \

Figure 2-1: Reverse Logistics Hierarchy
(modified from Dhanda and Peters, 2008)
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2.2.2 How Reverselogistics Works
Reverse logistics principsewere first applied to manufacturitmsolve the problems

of largesystems repair and reduction of waste in landfills. The principles were expanded
when the consumer goods industrgéae to be inundated by product returi@everse
logistics ca be applied throughout thileree main stages the forward supply chain:

¢ The manufacturing phase
e The distribution phaseand
e The customephase

Since the advent of manufacturing, companies have used reverse logistics during
product assemblgrocesses They may not have used ttigrrentterminology, bugny return
of raw materials due to surpluses ewporking of products because poor quality rezerse
logistics problems. Reworking components or putting them into other products decreases
production and disposal costistribution returns are associated witmafacturetto-
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 logigircélems arise during the
customer phaseThe 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 eraf-life returns. Duing this phase, all goods flow bag&rdsfrom the

customer to the supplier, manufacturer, or tpadty collector(de Brito & Dekker, 2004)

12



During any of thehreemainstagesf the forward supply chaim which returis
occur, value can beecovered through four main activities:

Collection

Inspection/selection/sortatipn

Recovery (direcor involving reprocessingand
Redistributon.

The activities of collection, inspection/selection/sortation, and redistributicainatlar in

most reverse logistics networks. Products may vary, but these activities are fairly standard.
However, the product recovery process is prodiegtendanand really establishes the

reverse logistics network typ&.he recovery phasean be demmposed into two main

product groupings Products that are destined for remanufactuwinguseand those

destined for recycling. In the remanufacturing case products may be disassembled and have
parts replaced, but they are not degraded to the pbietentheycannotbe put back into

working order. Additionally, products may be reused directly in a sedoaad market.

Products destined for recycling, however, are so degraded that they must be jnibbeack
commodity state. This the primary diffeence during the recovery phasemanufacturing
allows a product toetain its original identity and functionality. Recycling destroys a
product 6s o(Wachpmn, Klassen, & dobnsdn, 200f)able2-1 gives an

overview of the different options available during product reco{ishl, Prater, & Reallff,

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

Bulk recycling Remanufacturing Reuse
Structure | e Centralized ¢ Decentralized e Decentralized
o Flat e Multi-level e Flat
¢ Open loop ¢ Closed loop ¢ Closedloop
¢ Branchwide ¢ No branch ¢ No branch
cooperation cooperation cooperation
Generation| New reverse networks| Extension of forward | Extension of forward
networks networks
Ownership | Third parties, material| Mostly OEMs OEMs, third parties
suppliers, OEMs

Figure2-2, developed by de Brito and Dekk@004) shows a network diagram of

the processes involved in reverse logistics. It demonstrates how the four maiiesi.cin

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. Thest classificatio is made up of products that are

undamaged or in a condition suitable for direct or sed¢wrd sale. The second

classification is comprised of products thatyin deterioration levelgannotenter the

market directly, andequire varying levalof reprocessindde Brito & Dekker, 2004)
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Direct
Recovery

— | Collection — Inspection/Selecting/Sorting

Re-use Resale
Re-distribution

Repair
Re-processing Refurbishing
> Remanufacturing
Retrieval
Recycling
Incineration

G

Figure 2-2: Reverse Logistics Processes

In terms ofthe evolution of aeverse logisticsystem, 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 phd@wo, 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 competitiveadvantage. Phases two and three are mainly driven by top management

because they realize the value of environmental managéiariin, 2001)

2.3 Forward and ReverseSupply Chains
For many years, companies worked hard to hupléind optimize their forward

supply chains without giving much thought to what happened to products after their useful
lives. Forward supply chains are composed of liredivitiesand logistics systentbat are

integratedo manufacture a raw materiako a finished prodund therdistributethat
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product to a endconsumer.These unidirectional supply chains are called open loop supply
chains(Realff, Ammons, & Newton, Robust Reverse Production System Design for Carpet
Regycling, 2004) The typical open loopupply chain moves materials from supplier to
manufacturer and then to wholesalers, retailers, and the final cugtlgischmann &
Minner, 2004) A forward supplychainis not comerned 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 recovévachon, Klassen, & Johnson, 200Due to the
three main driving forces of reverse logistics nered earlier, businesses have realized that
reverse supply chains, utilizing reverse logistics principles and product recovery activities,
are becoming increasingly important to stay competitiigure2-3 shows the materials

flowing through a reverse supply chgfPochampally, Nukala, & Gupta, 2009)

Recycled
‘ Goods | RecoveryLUsecj ProductS| ColIectionLUSGd Products Consumer
Centers ‘Remanufacture(t Facilities |‘ | Centers |‘

Products

Figure 2-3: Generic ReverseSupply Chain

This is prompting companies to depart from the traditional, linear supply chain model
into a cyclical, complex network model with feedback mechanigiesschmann & Minner,
2004) These complex webs of inteking forward and reverse supply chains are called
closed loop supply chairfRealff, Ammons, & Newton, Robust Reverse Production System
Design for Carpet Recycling, 2004frigure2-4, a modification of an established material

flows diagram shows the interconnectedn@ss closed loop supply cha{Realff, Ammons,
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& Newton, Strategic Desigof Reverse Production Systems, 200Becycled products can

reenter the forward chain through many different paths.

Forward Supply Chain

Material

Component
Manufacturing

Manufacturing
Final
Assembly/
Finishing

Raw Material

Processing

Sales
Residential and
Commercial

‘ (
Reverse Supply Chain

Figure 2-4: Generic Closed Loop Supply Chain

2.3.1 Feedback Mechanismsn ReverseSupply Chains
As supply chains are becoming more sophisticated, forward and reverse supply chains

are becomingntegratednto complex networks Companies have discovered the value that
can be gainebly setting up systems designed to deliver inputs back into the manufacturing
process or provide customers with a higher level of ser¥ideen companies choose to
integrate reverse supply chainsoitheir total supply chainghey must make a choicetimeir
design. Rewerse supply chains cée divided into two different categories based on
feedback mechanism. These are open loop or closed loop sy€ethsare important for

goodproductstewardship and material value recov@rgchon, Klassen, & Johnson, 2001)
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Open loop and closed loop systeaas be defined in two distinct waysut both
systems can ultimately be differentiated basetivandifferent aspects of the product
recovery phase. The first definition is cemned withwho is active during the recovery
phasewhile the second definition focuses wtere the recovered products endafter
recycling By the firstdefinition, goen loop systemarethose set upy product
manufactures that arenot directly involved in the recovery process and remanufactofing
theirproducts. Theemanufactures may design the producs for easy recycling, but a
secondary market must exist to recover and convert these products irtoesgwr hiss the
type of system utilizetty Apple Computerg the United States and Canada before 2001
(Apple, Inc., 2009) They didnot take back their used computers directly, but encodrage
other companies to make use of the used compo(Matton, Klassen, & Johnson, 2001)

Open loop systemare those thatreate products whichill eventually be
downcycledo the point that they must be disposed of through incineration or landfilling.
Downcycling occurs whethe recycling processeverely reduces the quality of the new
product(Lambert, Industrial Metabolism: Roots and Basic Principles, 20@8)industrial
example of this definition is the use of used tires as an input fbakgwoduction(Vachon,
Klassen, & Johnson, 20Q1Another example is the use of recycled pastsumer carpet
(PCC)resins in automotive bumper bea(Wuzzy, 2006) The two plastics, nylon and
polypropylene, that comprise the resin are immiscible, which creates reduced mechanical
propertiegWang, Carpet Recycling Technologies, 200&3lditionally, the two plastics

cannotbe separatednd will continue to be degraded through recycling processes until they
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can only be incinerated or landfilledh this way, the value of the original materials become
smalle and smaller until the value is completely lost

In aclosed loop systenudng the first definition for the distinction between systems
established earliethe product manufacturer is directly involved in recovering its goods
for product or component life extensifviachon, Klassen, & Johnson, 200 This means
that the same company is responsible for the distributionemadery phases of their
producsdlife cycles (Blumberg, 2005) An example of this definitiorsithe recovery of
MercedesBenzengines. 1997 Mercede8enz 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 tlogiginal engine was removed and repthedth a refurbished
engine, the original engine was sent to a central refurbishment facility. After being
refurbished, the engine was warehoused until requested by a deglPrstsph,van Oyen,

& Flapper, 2005)

The second definition fazlosed loop systemsvhich is based on product recycling,
can be used to describe two different product life cydieshe first use of the term, the
recycled product must meet the requirementke original applicatioli.e. afterthe product
is recycled, it cale manufactured into the same prodl{8assi, 2008) This closed loop
system seeks to obtain the most economic value from the discarded prddweatseaning
can be explained by tracing the activitiesrid in the reverse portiaf the closed loop
supply chain (seEigure2-4). As the materials amecycled furthetowards a raw material

like state they lose the value créed in the forward supply cha{Realff, Ammons, &
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Newton, Carpet Recycling: Determining the Reverse Production System Design, ©9@9)
example would be the redyrg of used PET bottles tmakenew PET bottleg¢Kiliaris,
Papasphyrides, & Pfaendner, 2007)

The second use of closed loop systems is most often associated with
environmentalists and green thinkers. They have coingu the a s e-toft ¢c mad le® t o
indicate the cyclical nature of a closed loop system. They see recycling as a methoal to reus
resources infinitely to limitesource depletionTheir view is that a closed loop system exists
as long as recycled products aeesed 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 logystem is a loss of value lzesethe
product may be recycldadto a lower form but not a form thatannotbe recycled later An
example of this takes place in the automotive recycling industry. A directive by the
European Union stipulates increashegycling rategor endof-life vehicles(Kumar &

Putnam, 2008) Steelrecovered from thes#iscardedcars can enter an infinite logmd may
never enter a landfill, but steel may be manufactured into lgaleled product packaging.
Many industries are adopg this form ofa closed loop system to meet the requirements of

product disposal legislatigfiKumar & Putnam, 2008)
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2.3.2 Business Models
Even though different definitions exist for reverse logistics and closed loop supply

chans, the central theme of product return lead®ur 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 supplghain model that is consumeriented

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 througmdfilling or recycling. In thenodel,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
organizatbns, and municipal waste collectors and recy¢Bismberg, 2005)

The second business modehich is uniqueintegrates forward and reverse logistics
to service high tech produdiecauséehe original equipment manufactu®©EM) has
complete control of all forward and reverse activities. The OEM is responsible for servicing
its products in the field. Any components that are repldoeitg servicare refurbished
andthen placedackinto 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 prazuaisiiat
lifetime service could easily cost more than the initial equipment investment. Further studies

found that malfunctioning components still had valwbichmeant that once they were
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replaced,ltey could be refurbished and plad®tk into the sygy 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 loogupply chainthe 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 supplichain is shared between the retailer tredDEM, andis unique in
thattwo 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
userto the retailerwhile another channel returns these same products from the retailer to the
OEM. Likewise, products that expire or dat sell can be returned fmothe retailer to the
OEM. Thisbusiness model is utilized to lirdadusers, retailers, ardEMSs 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 ChainDifficult
For years supply chain managers have relied stesys 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 areeign to many companies due to the inherent unogytthat
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is present. The six majahallenges that exigt the inventory control and production

planning of aeverse supply chain are:

1.

N

o gk w

AiProbabilistic recovery rate of parts from used products, whighlies a high
degree of uncertainty in material planning

Unknown conditioa of recovered parts until inspected, thus leading to
stochastic routing and lead times

Part-matching problem during the assembly progcess

Added complexity of a remanufacturing slstqucture

Uncertainty in supply rate of used prodyasd

Problem of mperfect correlation between supply of used products and
demand for reprocessed gog@®ochampally, Nukala, & Gupta, 2008)

Thereforetraditional prodiction planning and scheduling methods for reverse supply chains

have limited applicability There is ongoing research to solve these problems, but mster

methodologies mudte created or classical methods revid@gachamphy, 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 togetinéran

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 systdmeotexist 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 makexials

cannotfully 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 mieg.sfiould

focus on decreasing materials and material mixt{Dgskhoff, 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 pbstconsumetextile materials utilize the first
business model, which is the basic reverse logistics m@i#lectors and recyclers do not
have a direct link back to the manufacturer. Textile recycling supply chainbbene
developed primarily by entrepreneurs who have realized that they can profit from these
reverse activitiesTwo reverse systenfsve emergetb recycle textile materialsApparel
recycling developed as a means to deal with castoffs creatamhbgually-changing
Western fashiofHawley, 2006) while arpet recycling developed as a result of

sustainabilityissuegPeoples, 2006)

2.4.1 Apparel Reverse Networls
Waste generated by the appanelustry enters the reverse network in two different

forms. The firstérm is preconsumer wastavhichis generated in thagricultural fields and
manufacturing facilities of the forward supply chairhis waste, depending on where it
occurs in the supply chain, can either be fed into open loop @dclosp manufacturing
processesr discarded through landfilling or incineration. The second type of waste is
generated postonsumer. Apparel is diacded by the user because it is worn out, damaged,
outgrown, or out of fashionAfter postconsumedisposal 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 cheorrecyclepostconsumerapparel consists of
consumers, policy makers, sclichste managers, nédr-profit agencies, and feprofit retail
businessefHawley, 2006) Apparel entering the reverse supply chain is primariliectéd
by charitable organizations such as Goodwill or the&i@i Army. In some instances,
apparel maye sold to a secoraand shop or textile sorteWWhether the organization is
charitable or fotprofit, the apparel enters the first sortation phaSkearitable organizations
and secondhand shops sort through the apparel to recover items to sell on their sales floors.
Any apparel that doesot sell or is discarded during the initial sortation is sold to textile
sorting companies by the poufidawley, 2006) Pricesoften range from five to seveents
per poundRivoli, 2006)

Textile sorting companies, or fArag-grader
ownedbusinesses that are ireththird or fourth generation of operatiohen the
discarded apparel first enters these facilitiesugh sort is initiated which simed &
separating heavy items andosrformed by the least trained, newest employdesvley,

2006) Further sortatiobecomes more refined and is performed by graders with years of
handson experience. These sorted items are then sold into specific markets. A large rag
grading operation may have over four hunddestinct grades For example,T-shirts alone

can haveover thirtyseparate categoriéRivoli, 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 itbatsare the most profitable for a
textile sorter ar e cadcdus br ofilydonegpenrcent dfshetotal T h e s e

volume being sorte(Hawley, 2006) The values of these items are also regionally
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dependentaceos t he gl obe. Levi or Ni ke fAdi amondsc
thousands of dollars in praofit Apparel that i s deemed fAvinta
generates the largest profitAll other saleable@pparel is consolidated int@ales ranging in

size from 500 to 1,000 pountls export to foreign countries. For the nations of-Salhara

Africa, used clothing i& major American exportAfrican customers can purchaseshirts

for twenty to twentyfive cents apiecéRivoli, 2006)

Apparel thatannotbe used as clothing enters several diffect@innels Depending
on condition and fiber type, unwearable apparel may be transformed into wiping cloths,
converted to value added products, or disposedrofigh landfilling or incineration
(Hawley, 2006) Cotton Fshirts are the primary source of wiping and polishing cloths. This
is due to the soft and absorbent nature of cotton. T$t@rs, though not able to be worn,
mustcontain 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 appargRivoli, 2006) For asmall amount of the remaining appareliehe market
exists These items can be converted into new apparel by designd sold in trendy
boutiques, whiclis popular in youtkoriented marketéHawley, 2006)

Apparel that is destined to be converted into other products is first broken dowan into
state known as shoddy or mungo. Shoddy comes from the mechanical breakdown of knitted
apparel, while mungo is generated from wowgaterials. The apparel is demaraitaed
from fabric into fiber by cutting, shredding, and carding. The fiber can then be used for
stuffing, automotive components, carpet underlays, building materials arehtbibiankets.

In some instances, tlider may be respun into yarn for new wean or knitted products, or
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manufatured into noAvoven products Examples of these products are garment linings,
household and furniture items, insulation and sound absorbers, automobile carpeting, and
toys. Exmnsive wool and cashmere fibeen bereclaimed and remanufactured into high

end blanket¢Hawley, 2006) High quality cotton shoddy can be turned into logexde

yarns for inexpensive clothing. Cotton shoddy can range in price from one to two cents per
pound(Rivoli, 2006) Table2-2, based on a table by Hawl€3006) shows the breakdown

of the total volume foapparel after sortatioralong with price

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

*Estimated Dtal
Category Used Textile *Estimated Value
Goods by Volume
Used Clothing Markets ¢port) ~48% $0.50%$0.75 per pound.
Conversion to Value Added 29% Value varies widely depending
Markets on product. Sold by weight.
Wiping and Polishing ©ths 17% $0.80$1.10 per pound
Landfill and hcineration <7% Varies by location and/or
rural/urban. Costs are by weigh
ADIi amondso 1-2% High value per item

*Values and volume vary over time depending on curmearkets
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AiDi aman

/andfill and Incinerati%\
/ Wiping and polishing cloths \
/ Conversion to new products \
/ Usedclothing markets \

Figure 2-5: Pyramid Model for Textile Recycling Categories by Quantity

Apparel recyclinghas been forced into a downcycling reverse supply chain for two
main reasons, both a result of tlivant 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 theyblends of natural and synthetic fibers
(Hawley, 2006) Until new recycling technologies emerge, sorted apparel volume by
category will be invesely proportional to the value, as seefigure2-5 which isbased on a
figure by Hawley(2006) Each tier of the pyramid represents pineportionof 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 elementsThe majority of carpet90%) is tufted with two layers of backing.
The face yarnor pile,of the carpet isufted into a woven, polyppylene(PP)primary
backing. A thermosetting, calcium carbonfiled (CaCQ) styrenebutadiene latex rubber

(SBR) is then applied to join a woven, polypropylene secondary backing to the primary
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backing(Wang, Carpet Recyclg Technologies, 2006)These two layers hold the tufted
face yarns in place and add dimensional stability to the cayrgieim(Hilton, Construction
and Fibers: Construction Basics, 2008)

Face yamn (nylon)

Primary backing (PP)

T T T
Adhesive (CaCO,/latex) — &8 e

Secondary backing (PP)
Figure 2-6: Typical Carpet Construction

Figure2-6 andFigure2-7, from Wang fiCarpet Recycling Technologi@&006) showthe

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

tufted carpet, respectivelyThe total mass/area is 2,2g4°. Table2-3, based on the
information from Wang, fi@Q008)phevwsth®QRmassycl i ng Tec

percentages for thr@omponents of a typical carpet.

Face yarn 1018 g

Backing 221 g

. ,,/////////////////////}///,

338
33

SBR 204 g
Figure 2-7: ComponentMass/Area for a Typical Carpet (g/nf)

CaCO,781g

Carpet is typicallyclassified by the type of fiber that makes uppie. Currently,
more than 9% of carpet ge is made up of synthetic fibers. The most prevalent face fibers

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

traffic areagHilton, Construction and Fibers: Carpet Fibers, 2008)

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

Carpet Component Masses and Percentages
Component Mass (Q) % of Total Mass
Face Yarn 1018 45.77%
CaCQ 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 construdtionis typically
sold by the square foot or meter, and comes in roll form. An impaggment in the
commercial market is carpet tlehereconstructions manufactured in flat squares that are
typically nylon 6,6(Realff, 2006) Table 2-4, by Realff (2006) shows the percgage of

carpet sales in the United Stabgsface 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 % of Commercial | % of Residential
Face kber Carpet 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 postonsumer volumes and raw material recovery, carpeting repr@sents

significant portion of the textile waste stream. Tb&imeof carpetentering landfillshas
caused it to be the target of sustainability efforts. Early recycling efforts in the 1990s were
the result of fiber producers realizing that real economigegakerebeing lost as a result of
landfilling carpet.In 1996, Dutch State Mines (DSM), Enichem, and the Organization of
European Carpet Manufactureasong with other partners, began a project known as the
RECcling of CArpet Materials (RECAM). Thepreect 6 s pur pose was to d
carpet waste recycling netwofkouwers, Kip, Peters, Souren, & Flapper, 1998)1999
Honeywell and DSMpened full-scale, postonsumer nyloi® carpet processing plant in
Augusta,Georgia(Peoples, 2006)The $85 millionEvergreen Nylon Recyclinfacility was
designedo recycle 200 million pounds of carpet into 100 million pounds of-wiegmn
caprolactam, the monomer that comprises nyl¢@ahadian Textile Journal, 1999)

Around the same time period thhe Evergreen Nylon Recycling facility was being
constructed, a separate carpet recydibgwas under construction in Pnaitz, Germany.
The $200 millionfacility, known as Polyamid 2008vas designed to collect pastnsumer
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. e 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 frorrs@e wasteo-

energy faility. 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 postonsumer carpgPCC)collection networks in the United Statesla
Europe(Peoples, 2006)

In 2001 an association of three states, Minnesota, lowa, and Wiscbegan
discussions on diverting carpet from landfills. In 2@02emorandum of Understanding
(MOU) was signedor the purposefcsetting targetlates andliversion rates dPCCfrom
landfills. It also created mon-profit, third party organization, known as the Carpet America
Recovery Effort (CARE), to oversee tten yeamproject. The MOU was a voluntary
agreemenbetweersigndory states, the United States Environmental Protection Agency, and
nortgovernmental organizations allow the project to be industtgd(Peoples, 2006)

CAREO6s national goal I s fnoountolPCCteds e t he r
by theyear 2012. This means that4®f all PCCdisposed of annually will be diverted
from the landfill(Carpet America Recovery Effort, 20066 AREGS mi ssi on is to
facilitate the creation of a new industry in the United States without government regulations
or subsidies. CARE is dedicatedaoilding agroupof interestedndividuals who can
perform thereverse activities necessaryfarming a PCCrecycling networkPeoples, 2006)
The economic feasibility of recyclifgCCis 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 efficitait $ow
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value material shipments are avoid&galff, Ammons, & Newton, Carpet Recycling:

Determining the Reverse Production System Design, 1999)

2.4.4 Carpet ReverseNetwork
A postconsumer carpePCQ recycling network is @mprised of the same elements

as abasic reverse logistics model whicbntains:

e Sites

¢ Recycling tasksand

e Transportation task®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 thatfamengel at the sites. These
include collection, sortation, separati@mdmechanical/chemicakcycling. Theamportance
of this element is that all materiahters unitarily and is broken down into fractions. All
fractions of materials exiting a site 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 typand site connections define the tasks. Basic shipping caste
calculated asunctiors of the materias shippedalongcertain route (Realff, Ammons, &

Newton, Carpet Recycling: Determining the Reverse Production SystagnD&399)

Figure2-8, from Realff, Ammons and NewtoriCarpet Recycling: Determining the Reverse
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Production System Desigi1§1999), shows the three basic elements formed into a network for

recyclingPCC

Coenpcandad Nylem Polypropylens

Compounded
polypropyvlene

Figure 2-8: Task Network for Carpet Recycling

2.4.4.1 Carpet WasteForecastsand Collections
Basic estimations for annuBICCvolumes are calculated from new carpet sales data

and empiricallyestablshed national replacement rates, ancefindd by the following
formula:

V =R X F = ft?/year
Equation 2-1: Annual National Discarded Carpet Volume

In Equation2-1, a simplified version of the equatidefined byRealff (2006) V represents

the national expectddCCvolume,R represents the national replacement rate Fand
representghe annual national carpet saledumein square feet Published sales data can be
found in issues dfloor Covering Weeklywhich is a news publation for the floor covering

industry(Realff, 2006) Alternate data is published by the Department of Comn{BX0€)
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and the United States Census Bureau. These government agencies publish figures for annual
shipments of arpets and rugdJnited States Census Bureau, Manufacturing and

Construction Division, 2008)A more rigorous form oEquation2-1 hasbeen derived by

Redlff (2006)to accounfor regional differences in customer buying behavior and thus,
discarded carpet volumes.

P, S.
Ve = —=x=xRxXF = ft/year
P S

Equation 2-2: Annual Regional Discarded Carpet Volume

In Equation2-2, Vi representshe estimated discarded carpet volume by region, While
andPsrepresent the population of the region and state, respectively. The vaBsdmetS
represent the annual floor covering sales volume for the region and inatioltars
respectively whilevariableR represents the national replacement rateFarepresents the
annual national carpet sales volume in square(Reslff, 2006) After calculating the
national estimated discarded volume, the total weigRGifcan be calculated through an
average weight per square yard multiplier. Average estimates assume tateaysqd of
carpet weights sixtjour ounces, or foypounds(Realff, 2006) The information inFigure
2-9 andTable2-5 shows the calculation of annual estimated discarded carpet weight from
DOC/US Census daténited States Census Bureau, Manufacturing and Construction
Division, 2008)and how they compare to weight estimates from CAB& pet America

Recovery Effort, 2006)
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Annual Estimated Carpet Discards

7,000,000,000
6,000,000,00 - 2 —&
m — >
% 5,000,000,00 — -
% 4,000,000,00
% 3,000,000,00
S
€ 2,000,000,00
<
1,000,000,00
0 } } } } } }
2002 2003 2004 2005 2006 2007
Year
—&— DOC/US Census Bureau Discarded Weight Estim  —#— CARE Discarded Weight Estimat
Figure 2-9: Annual Estimated Carpet Discard Weight
Table 2-5: Annual Carpet Shipments and Discarded Weight Estimates
Annual Carpet Shipments and Discarded Weight Estimates
DOC/US Census DOC/US Census DOC/USICensus CARE Discarded
Bureau Carpet Bureau Discarded . .
Year : Bureau Carpet . . Weight Estimate
Shipments Shipments (Ibs) Weight Estimate (Ibs)
(sq yds) P (Ibs)
2002 1,953,685,00D 7,814,740,00D 5,470,318,00D 4,678,000,00
2003 2,118,386,00D 8,473,544,00D 5,931,480,80D 4,828,000,00
2004 2,023,886,00D 8,095,544,00D 5,666,880,380D 4,537,000,00
2005 2,074,015,00D 8,296,060,00D 5,807,242,00D 5,038,000,00
2006 1,771,012,00p 7,084,048,00D 4,958,833,60D 5,261,000,00
2007 1,608,627,00D 6,434,508,00D 4,504,155,60D 5,590,000,00

CurrentPCCcollection schemeisiclude:

Retailerbased aggregation
e Sorting from general trash
e Commercial carpet removéRealff, Systems Planning for Carpet Recycling,

2006, p. 51)and

¢ Residential pickup anddrop-off (Lave, ConwaySchempfHarvey, Hart, Bee,

& MacCracken,

1998)
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Retailerbased 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 builin charge for the new carpet. This encourages installers to retuPCthe

to a central location for consolidation. The problem with this scheme is thrataiier must

have sufficient space to plaaeoveredreceptacle near their locatiarhere thaeceptacle

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

Sorting from general trash is the least desirable scheme because carget must
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 contamjrihtesdinusableen route tr at
the facilities The carpet removal collection scheme is an attractive option because large
guantity of used carpet becomes available when replacements occur in large buildings or
multi-family dwellings. Shipping large amounts is a cheaper alternative to transporéfig sm
amounts, and theCCcan be delivered directly to the collectisite or point of eneuse.
Additionally, the old carpet is handled less often between consolidation points so handling
costs are minimize(Realff, 2006)

The most expensivieCCcollection schemes residential pickup. 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, witiverage of only 200
pounds Residential PCC is only likely to be dropped off if the transportation and tipping

fees(disposal chargesf a landfill are more than the transportation and collection fees of a
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carpet collectiorsite The advantage of collea) residential carpet is that it has more face
fiber than commercial carpet, resulting in a higher material value per pound of discarded
material(Lave, ConwaySchempf, Harvey, Hart, Bee, & MacCracken, 1998)

Even though thesfour 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 locafldrey must also
takeinto account the tipping fees of their region so that the economics of discarding PCC at
collectionsitesis comparable to landfilling for tirecustomes. Table2-6, derivedfrom
Repa(2005) shows the landfill tip fees by region. If transportation costs are comparable
between collectiositesand 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 accordingliRegardless of the schemes, PCC collections can
only be economically viable if collectocharge customersdisposal fee for incoming carpet

(Lave, ConwaySchempf, Harvey, Hart, Bee, & MacCracken, 1998)

Table 2-6: 2004 Landill 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

38



In an attempt to reach their PCC landfiiversion rates, CARE encourages the
growth of their marketlriven reclamation networkFigure2-10 shows the CARE
Reclamation Networland the geographic locations of the collec{@arpet America
Recovery Effort) Company names and contact information fer iaclamation centers
found inFigure2-10can be found iTable8-1in AppendixA. CAREG6s Annual Repo
outlines the progress made towards fulfilling the MOU goals established in Z00gather
PCC diversion datapaofidential surveys are sent to a portion of the CAREnsor
companieghat represent active players in caretycling. These companies represent the
activities of collection, sortation, processing, manufacturing, or a combination of activities.
Figure2-11, from the 2007 OQp@et America Recovery Effort Annual Rep(2008) shows

the breakdown of PCC diversion by company type.

39



CARE Reclamation Network )

/%/[.

ol ©

YY)

. ....oo
» * . >

v N

As of 12/02/08

Figure 2-10: CARE Collection Center Locations

CEPM
%
108 Other = Colieir
2% F'= Frosiessr
& = Sk
i W = s e
e Farcwy g rafinc parcnd at
s ol P N R
25%

CFM

B M
14%

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

One of the key metrics tracked by CARE is the annual PCC diversion wsigte
theestablishment of the prograrurvey respondents from the 2007n&al Report
indicated that 29@nillion pounds of PCC carpet was diverted from landfills in that year.

Figure2-12, based on the 2007 Carpet America Recovery Effort Annual R&0a8)
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shows the progress of CARE in diverting PCC from landfills since its creatRODR& As a

result of CAREG6s efforts to expatated t he col | e
operations at the Evergreen Nylon Recycling facility in February 2606m the 2007

Carpet America Recovery Effort Annual Rep@008) it is estimated thahis one facility

diverts up to 25@nillion pounds of PCC from landfills annually.
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Figure 2-122 CARE Annual Landfill Diversion Weights

2.4.4.2 Carpet Collection Sites
As you ca see from the previous section, carpet recycling has great potential, owing

to the volumes being discarded. Therefore, colleditashave to be able to handle this
volume. The major recycling tasks performed at PCC collectitesare:
e Fiberidentification

e Sortation and
e Shipping Preparation
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Fiber identification and sortation separate PCC into categories based on face fiber type.
These activitiearecarried outither at the point of pickip or at the collectiomsite

Portable, lowcost,near infrared spectrometers allow carpet to be sorted quickly by hand
(Wang, Carpet Recycling Technologies, 2006pwever the task isvery laborintensive
especially when coupled with the fact that the identified PCC thastbe moved to a
segregated area of the collect®mte Semiautomated and automated sortation equipment
has been developed, but the economics of the collesitisdo not favor these options
(Realff, 2006) Figure2-13, from the 2007 Carpet America Recovery Effort Annual Report
(2008) shows the distribution of PCC face fiber type handlethbyCARE network in 2007.
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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. BaR@Cfavorslowered transportain costs.

There are two basic types of baling equipment, vertical and horizontal. Vertical balers are
used as a loweapacity option, but they are inexpensive. Horizontal balers are high speed,

but require large input volumes of material to make themauoaal. 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 RecyclingSites
Once the carpet has been collected and sorted, itsm@w to a recycling process.

Currently, many different recycling options for PCC exist. While there are a few closed loop
options, the majority are open loogverse systemsThe major recycling tasks performed at
nonwasteto-energyPCC recyclingsitesare:

e Material breakdowmnd size reductign
e Component separatipand
¢ Mechanical andleemical recycling.

A single or combination of tasks may be performedgitvanrecyclingsite, but the tasks are
dependent on the final producit most recyclingsites, a size reduction process is utilized to
grind or shred carpet into smaller pieces. Many forms of commegugbmengexist to
perform this operation, buteétprimary process utilizesblade that rotates against a feeding
bed. Low blade speeds aused so that the PCCnst melted during the procegd/ang,
Carpet Recycling Technologies, 2006)

After size reductionthe PCC must be separated into its constituent components
before individual materials can be extractedvarious recycling streams. Mechanical
methods are used to break down the shredded PCC until there is a dry mix of nveltéctals
is then washed to separate the different components byl#reities in water. Therefqre
nearpure streams of compomes 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 addexsparatethe mix nto neafpure componenisOther separation
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techniques haveavolved clipping face fibers and mechanically peeling component layers
apart, shearing with water jets, or freezing and fracturing with driyMaang, Carpet
Recycling Technologies, 2006)

Most mechanical recycling involveseath 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 theye@cooledWang, Carpet Recycling Technologies, 2006he
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 solvecasinotbe recycled and fam their own waste
streams. The other method of solvent extraction utilizes a supercritica|Slk) to
dissolve the polymers in PCC. Another SCF is then used as ssobsaint to precipitate the
nylon out of solution. The problem witherecovery nethod is that it requires high
temperatures and pressuf@gang, Carpet Recycling Technologies, 2006)

Another method, epolymerizationis the process where polymers are broken down
into their monomeric units and then purified to removetnyducts of the procesgich
yields a very pure polymer stream that is comparable to virgin materials. Depolymerization
of PCC is aimed at recoveritige highest value materials, namely nylon face fibers. A
closed loop depolymerization process has been developed to process nyloinGoR @&

nylon 6 carpet yarn. In the Evergreen Nylon Recycling facility, steam and pressure convert
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nylon 6 into capslactam. The caprolactam can then be distilled and reacted to form
polymers(Realff, Ammons, & Newton, Modeling and Decisioraking for Reverse
Production System Design for Carpet Recycling, 2001)

The depolymerization ofyton 6,6 has not been commercializegingto its
complexitysince itis manufactured from two monomers, adipic acid and hexamethylene
diamine(Wang, Carpet Recycling Technologies, 2006¢veral processes leleen
developedo recycle thgolymer, 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 (Bgalf, Ammons, &

Newton, Modeling and Decisiemaking for Reverse Production System Design for Carpet

Recycling, 2001)

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

Recycled PCQnaterials are incorporated into a wide variety of different materials er end
uses but have four maidestinations in the reverse stream:

Whole carpet recovery

Fiber recovery

Monomer recoveryand

Energy recoveryRealff, Ammons, & Newton, Modeling and Decision
making for Reverse Production System Design for Carpet Recycling,.2001)

Whole carpets are recovered by Milliken and Collins & Aikman. Millikeenutilizes
processes to refinish and rediie carpet ties. Collins & Aikman recovers their PVC
backed carpet for use in the backing of nepdgduced carpei®Realff, Ammons, &

Newton, Modeling and Decisiemaking 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 fiber&ulich, 2006). PCC fibers can also be found in carpet cushions
and geotextiles.
Reclaimed nylon fibers, while impure, candmmpounded with virgin nylon to be sold as
commercial nylon injection molding resins. These resins can be used in car parts or other
molded plastics applicatiorfRealff, Ammons, & Newton, Modeling and Decisiaraking
for Revese Production System Design for Carpet Recycling, 208ihilarly, 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 compatabilizersv® imp
performance properties. These resins have decreased performance when compared to virgin
resins, but they are cheaper to prod{i@e, ConwaySchempf, Harvey, Hart, Bee, &
MacCracken, 1998)

Another majomuse for PCC is in composites. PCC fibersuaed to reinforce
concrete and soil. Fibers added to concrete improve toughness and act to resist crack
propagation. Fibers in soil increase tensile strength, cohesion anchlogithg capability
(Wang, Utilization of Recycled Carpet Waste Fibers for Reinforcement of Concrete and Soil,
2006) Also, dructural lumber can be produced from glass fiber reinforced nylon 6 PCC.
Automotive bumper beams and shipping pallets are hwduced from idine 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 plagkiiszzy, 2006)
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The final option for PCC diversion, and the least desirable, is wasteergy
conversion. PCC is an excellent fuel source because of its derivation from crude oil. The net
energy relased by burning is about 9,5B@s per pound. The challenge of this diversion
method is to reduce emissiogsiace @arbon monoxide emissions can be high if PCC is fed
into the incinerator in large chunks. One advantage of burning PCC is ortheffraw
material recovery, if it is icinerated in cement kilngOnce the calcium carbonatieh
rubber binder has been burned away, #leiem carbonate can be recovered direftttyuse
as a feedstock in the production of conc(&ealff, Ammons, & Newton, Modeg and

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

2.4.4.5 Previous Carpet RecyclingMathematical Models
Several models for studying the reverse production system associated with PCC have

been dev elampgt Redgling: Détarmining the Reverse Production System
Design," Realff, Ammons, and Newt¢h999)develop a mixednteger programming model
to investigatdfour casestudiesbased on a national recyclingtwork. The casstudy
contained three different recycling technologies with economies of scadenetlwork was
comprised of collection sites, processing sites, and finished goods shipping sites. Three case
studies were researched to determine the scale, morphology;caviti pattern of the
network. The final case study explored the end uses of the materials in the network.
I n AAssessing Performance and Uncertainty
Systems, 0 Bi ehl[(2007@evadpaenetyworkasimuaatidrR enadel £aontaining
two or six collection centers, one processing center, and one manufacturing center.

Simulations were run following a design of experiments, Vatty-eightscenarios total. In
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this way, systemariables were tested for their significance, along with any system
interactions. Uncertainties in inventory levels, shipments, and processing rates were also
examined.

Il n AA Facility Location All ocation Model
Kip, Peters, Souren, and Flapg&899)develop anetwork simulatiormodel that allows for
a free choicef collection center locationsThe model also takes into account depriciation
costs for capital investment3he nodel minimizes network costs to find the ideal number

and locations of collectiosites

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 howdheyeing applied to textile recycling
programs. A brief overview of an apparel recycling network was given, with-c@epitn

review of a carpet recycling network following. This review highlighted each activity in the
reverse supply chain. The undensting ofreverse logistics and how the field is being
applied totextile recyclingprogramdgs paramount to the following research. The following
chapter will develop location allocation models for the placement of PCC recycling sites in
order to minimizecosts. 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. Ral collection sitedata ha®een given by a collectowhich will be deemed

Collection SiteA. 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 resedrtie

applied to a proposed garment recycling network.
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3 Carpet Reverse Networls
Postconsumer carpet (PCC) offers a grand opportunity to dewstspdoop

systems and reverse logisticBo meet the research objectithatpertain todiscarded
carpethypothetical recycling centemsust be locatethat utilizethe existingcollection
networkor some proposed network. Therefarestsassociated with the reverse logistics
system, as well asitelocationscan be investigateas the network morphology changes.
Before anyoptimizationmodek can be establishdd solve this problenthe closed loop

supply chaimmust first be investigatety establish the order of activities

3.1 Carpet Network Flow Diagram
A carpet network flow digramcan be used to understand the different routes

products can take througlt a closed loopsupply chain. It showthe activities within the
network and the transportation activities that connexddfactivities.Figure3-1 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 mangdaiio
finished carpet. Poshdustrial wastes, those created during the manufacturing process, can
either becollectedfor recycling and remanufacturing, or disposed damdfills or
incinerators.The finished carpet is sold to consumers and installed for use. When the
customer discards the enfluse materials, they become PCC. PCC can either be collected
for reuserecycling, or discarded in landfills or incineratofor atrueclosed loop recycling
system, the goal is teuse and recycling everythimghile sending no wastes to landfills.

The first activity in the reverse supply chain after customer disposal is collettion
the PCC. After collectiothe PCC is idetified, sorted, consolidated and shipped to a
recycler or réurbished for secontiand use. In 2007 the Carpet America Recovery Effort

(CARE) network reported that only 300.0 million of the mstied 5.6 itlion pounds of
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discarded PCC was collected fecycling, representing a landfill diversion rate of only 5.4%

(see Chapter 2.4.4.1pfter the carpet components are recycled, they can either reenter the

forward supply chain to be manufactured into new carpesed to producether products.

To adhee to the strictest definition of a closed loop sys{see Chapter 2.3.1the recycled

carpet components would be remade into carpdboser interpretation of the definition

allows the carpet materials to be manufactured into other products, as thngeaproducts
arenodt |l andfilled or incinerated after their
chain is that once materials enter the system, they continually cycle through forward and

reverse activities witbut leaving the system, which shaudetrue for every activity within

the closed loop system.

3.2 Carpet RecyclingSite 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 impossitbesolve this location and allocation problem
optimally using traditional mathematical programming modeis to the complexity of the
required algorithms Therefore, heuristics have been usesdolve the problem withtaial-
anderrormethodology.A meta-heuistic modelhas beemlevelopedo determine the

location and allocation d?CC recyclingsites Two separate collection networks have been
studied, the current CARE network (degure2-10) and a hypotheticadationalnetwork
consistingof the 400 most populous thre@it 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 collesitmassignment.
However, the penalty of opening more rdoyg 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 scalevhich is the idea of reduced unit processing costs as a result of larger
scale operationsSimilarlyin this model, more recyclingiteswill reduce transportation
costs but this will now be balanced against pniicessingosts. More recycling sites will
reduce the total shipments to each stessiblyincreasing the unit cast_ocations of
recycling sites and allocation of collection sites in the national model will be the result of a
balance between transportation costs @nodessingosts. As a result, the economies of
scale models will have optimal solutions that favewdr recycling sitebut sites withhigher

capacities.

3.2.1 Model Description
In previous carpet recycling reseafsiee Chapte2.4.4.5) mathematical models

were used to determirike morphology of the network. However, these mikgeger

programs wererdy applied to small, case study networks. These models cannot be applied
to the largescale networks that are necessary for PCC recycling. This motivated the
investigation of a recyclingetwork using heuristicsThe metaheuristicsnode| developed

in Bucci (2009) utilizes a constructivaddprocedure combined with an elbate location
allocationprocedure. Taetermine thelistances between collectiand recycling sites

great circle cstances were multiplied byacircuity factorof 1.2 (Kay & Warsing, 2008)

This circuity factor $ a magnifier to account fdiscrepanciebetween straigHine, great
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circle distances and actual road network distand@é&® model places recycling sites and
allocates collectiositesin an attempt to produce the lowest total network cébe model
objective function and constraintan be found iBucci (2009) In the CARE networkihe
total cost is comprised afte openingcosts and transportation costdowever, n the
national nawork (i.e. 400 most populous threlgit zip codes)recycling plants with
economies of scale have been examined. The total cost of this netwadtaimosite
opening costs, processingsts, and transportation cosiocessing costs were not
considered in the CARE models because the network cannagllycollect enough PCC to
sustain recycling sites with economies of scale. Therefore phogesstsare afixed unit
cost and only transportation costslwnfluence the geographic placement of recycling sites.
The model is programmed to addecifiednumber of recyclingites To
accomplish this, the algorithm works serially in its plaeabof sites. The first site in the
network is placed to produce the lowest total cost. Collection sites are then alto¢hied
location Keeping the firssitelocation fixed, the next recycling site is then plated
minimize the total transportaitn cost for the network. The iterative locat@liocation
subroutine is then used. The location step attempts to relocate the resyest@reduce
the transportation cost, whileglallocation step attemptsassign the collection sites tioe
closestrecyclingsitesin order to reducthe transportation costn the national network
model, thesteps of reallocation and relocatiowolve an increased numberitérations due
to the addition oeconomies of scale processing costdn the CAREnetwork model only
site-to-site distances were minimized, resulting in fewer-aaderror sequences before the

optimal solution was found. However, the national network moplimizes the tradeoff
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between longer distances between sites, and the dedraaitprocessingost associated
with larger recycling sites. All remaining recycliegesare added in this mannefigure
3-2, from Bucci(2009) demonstrates the sequential logic involved in the placement of

recyclingsites

Initialize: Find single facility solution that
minimizes total costs

y

Add: Find next site that reduces
the total cost the most.

Cost Reducing
Solution Found?

y

Yes Did Location
procedure change
any facility

locations?

Allocation: Update facility costs and attempt
customer re-allocation.
Repeat until no improvement

¥

Location: Attempt facility re-location.
Repeat until no improvement

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

numberwascalculated by dividing the annual volume of PCC by the trailer capacity. This is
expressedby Equation3-1.

annual PCC available (lbs)
trailer capacity (lbs/trailer)

Equation 3-1: Annual Truckloads of PCC

no. truckloads =
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The first step in solving this equatiarasthe determination dfailer capaity and whether

the trailerwould weightout or cubeout. In other words, would thediler weight or volume
capacity beeachedirst. The United Sttes 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, 19F5ight trailer apacity isdetermined by

the number of PCC bales a trailefvaiold multiplied by theaveragebaleweight. This is

expresse by Equation3-2.

no.of bales

trailer cap. (lbs) = X avg. bale weight (lbs)

trailer
Equation 3-2: Trailer Weight of PCC

A standardreight trailer with a length of fortgight feet was assumed to be the
method ofshipment from collection site to recycling siterom the standard configuration
typesgiven, a fortyeight feet freight trailer with the interior dimensions of 570 x 98.5 x 108
inches was selectdtVorld Trade Press, 20Q8Reaff (2006)determins typical PCCbales
from collection siteso be 60 x 32 x 48 inchas dimension and weighetween 1,100 and
1,200 Ibs A CARE network PCC collectatefinesther typical bales to be62 x 30 x 45
inches in dimension and weigh between 1,000 and 1,200 p{Quodksilver Recycling
Services, 2007)When the freight trailer loading is optimized, it has a capacity offiifty
bales The loading scheme shownhigure3-3 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 deterntitierough the use diquation3-2. Due to
the weight ranges of both bale sizes, an average weight was determined to be 1,100 Ibs.
Multiplying this average bale weight by the bale capacity yields an average PCC trailer
weight of 59,400 poundsThis indicates that the trailer will ciHmeit (meet volume capacity)
because the weight capacity has not been reached.

For the CARE cltection network the 2007 PCC collection volume of 296 million
pounds was used. Utilizifgguation3-1, 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 moddle number of truckloads waset

rounded in theational networkmodel and can be found Trable3-1. Theannual collection
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weightsused inTable3-1 represent a doubling of collected PCC pounds fronatimaial
300,000pounds,except for the one case of 1,800 million poundisere 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 dedlalimgial
collection weight would correlate into a doubling of collecsiies One of the main
assumptions of this research is that the proposed recydl@syvill process all PCC face

fiber types and not the ones currently collected by the CARE site

Table 3-1: Number of Annual PCC Truckloads in National Network

National Network Annual Number of Truckloads
Annual Collection Weight (Ibs) Annual Number of Truckloads
300,000,00d0 5,051
600,000,00d0 10,101
1,200,000,00( 20,202
1,800,000,00( 30,303
2,400,000,00( 40,404

3.2.3 Assignment of Annual PCC Weight Percentages to Collectidfites
Before the model couldcate recyclingsites percentages of the annumaimber of

PCC truckload$ave to beassigned to all CARE collectimitesfound inFigure2-10, as
well asto the national networkith collection sites in 400 of the most populous tkategt
zip codes According to Realf{2006) PCC disposal rates are correlated to building and
occupancy densitiesSince his datacould not be foundJnited States census data was
substituted For the CARE network, populatidiguresfor five-digit zip code were utilized.
Each CARE collection sitesassumed to be located in the center of the zip cbdethe

national network, thredigit zip code populations were uset@lhe geographicalocatiors of
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these 400 collectiontes werethe population centroids of tinehreedigit zip codegBucci,
2009)

To distribute the annual PCC truckloadsthe CARE network collection sites,
collection radius was calculated around each Sitee populationsf all five-digit zip codes
whose centefell 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 sitEhis population fraction was then multiplied by
the number of annual truckloadsdetermine the proportioof truckloads sipped from each
collection site, whichs expressed bquation3-3.

, Y. pop.within site radius
no. truckloads/site = — - — X no.annual truckloads
Y. pop.within all sites radii

Equation 3-3: Number of Annual Truckloads per Site

Figure3-4 shows a generic PCC recycling network and how zip code populations would be
assigned to collection site#n this revese 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 werealculatedusing the national and regional fges from

Table2-6. Thecollection radius is calculated usi&guation3-4.

(tip fee ($/1b) — disposal cost ($/1b)) x truck capacity (lbs)
shipping cost ($/mi)

radius (mi) =

Equation 3-4: Collection Radius

The rates imable3-2 were usedn determininghe distances of the collection radius.

truck capacity of 1@00 pounds represents a thiyigrd roll off dumpste(Cherry Hill

Construction Company Inc., 2008) o encourage PCC drayf at collectionsitesinstead of

at landfills, it must be economically advantageous to the dispésprocessing cost of

$0.01 per pound, charged bgllectors, is less than any regiotial fee (seelable2-6) and is
close to the cost suggested in the(lavegesearch

ConwaySchempfHarvey, Hart, Bee, & MacCracken, 1998)he standard cost for a
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truckload byfreight trailer is $2.00 per milKay & Warsing, 2008) Due to the reduced
capacity per lad and short hauling distances in the collection g@in increased rate of
$3.00 per mile was assumeé.tip feeof $0.017 per pound/as used because this represents
the national averagseeTable2-6).

Table 3-2: Collection SiteValues

PCGto-Collecion Site Values
Pick-up Cost ($/mi) Disposal Cost ($/Ib) | Truck Capacity (Ibs)
$3.00 $0.01 10,000

Using Equation3-4 and the values fromiable3-2, the calculated collection distance

($0.017/1b—%$0.010/1b)x 10,000 lbs

is 23.82 mileg $3.00 /milc

= 23.82 miles). Thiscalculation is reasonable

when compared to the fiftynile round trip distance suggested to be the maximum
economicallyfeasible collection radiud.ave, ConwaySchempf, Harvey, Hart, Be&,
MacCracken, 1998)Table3-3 shows the collection radii by site if the regional tip fee is
substituted for the national tip fee. Larger tip fees make largexctiolh distances more
economically feasibleln the research, collection sites 6, 33, and 37 were not included
because exact zippdes could not be identifieteclamation activities were not performed

sites were not located within the continentaltgddiStates
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Table 3-3: CARE Reclamation Center Zip Codes and Collection Radii

CARE Reclamation Centers

Distance to Match

Distance to Match

Code Company City State 5 Digit Zip National Tip Fee | Regional Tip Fee
Code . ]
(mi) (mi)

1 |Los Angeles Fibers Company Los Angeles, CA CA 90054 23.87 29.57
2 |Green Planet Recycling Albuquerque, NM | NM 871071 23.82 6.77|
3 |Antron® Reclamation Center Calhoun, GA GA 30701 23.82 18.24
4 |Balcones Resources TX San Antonio, TX TX 78704 23.82 6.77]
5 |Balcones Resources AR Little Rock, AR AR 72204 23.82 6.77
6 |Kruse Chicago Chicago, IL IL
7 __|C&A Floorcovering (Tandus) Dalton, GA GA 30724 23.82 18.24
8 [CarpetCycle Elizabeth, NJ NJ 07204 23.82 43.87
9 |Conigliaro Industries Boston, MA MA 01704 23.82 84.22
10 [Chamlian Fresno, CA CA 93729 23.87 29.57
11 |Champion Polymer Lexington, KY KY 40381 23.87 18.28
12 |Columbia Recycling Dalton, GA GA 3072( 23.82 18.28
13 |Dalton-Whitfield SWMA Dalton, GA GA 3072] 23.87 18.28
14 |East County Recycling Portland, OR OR 9723( 23.87 29.57
15 |Allegheny ContractFlooring Boston, MA MA 0189( 23.82 84.27
16 |Evergreen Nylon Recycling (ShawpAugusta, GA GA 30901 23.82 18.24
17 |Georgia Recycling (1) Atlanta, GA GA 30315 23.82 18.24
18 [|Interface Americas LaGrange, GA GA 30241 23.82 18.28§
19 |Kruse Carpet Recycling Indianapolis, IN IN 46264 23.82 24.93
20 |RM Brokerage DC, Baltimore DC 22304 23.82 43.87
21 |SF Carpet Recycling San Francisco, CA[ CA 94124 23.87 29.57
22 |Recovery 1, Inc. Tacoma, WA WA 98421 23.82 29.57
23 |Quicksilver Recycling Tampa, FL FL 34695 23.82 18.24
24 |Carpet Again Recycling Dallas, TX TX 75207 23.87 6.77|
25 |Southeastern Plastic Recovery In¢gCharleston, SC SC 29464 23.82 18.28§
26 |[Blue Ridge Recycling Charlotte, NC NC 28117 23.82 18.24
27 |Atlanta Foam Recycle Atlanta, GA GA 30084 23.82 18.24
28 |Al Planet Recycle Phoenix, AR AR 85003 23.82 6.77
29 [Southeastern Recycling Nashville, TN TN 37214 23.82 18.24
30 [Atlanta Foam Recycle Greenville, SC SC 296071 23.82 18.24
31 |Exceed Flooring Chicago, IL IL 60014 23.87 24.93
32 [Natural Transitions Houston, TX TX 77054 23.82 6.77
33 [Foam Recycle Center DC, Baltimore DC
34 |WNY Professional Flooring Buffalo, NY NY 14221 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 3P
38 |Foam Recycle Center Baltimore, MD MD 21221 23.82 43.82
39 [Foam Recycle Center Forestville, MD MD 20747 23.82 43.82
40 |Foam Recycle Center Alexandria, VA VA 22304 23.87 43.82
41 [Foam Recycle Center Raleigh, NC NC 27604 23.87 18.28
42 [Foam Recycle Center Durham, NC NC 27703 23.82 18.28§
43 |Foam Recycle Center Savannah, GA GA 31401 23.82 18.24
44 |Foam Recycle Center Jacksonville, FL FL 32211 23.82 18.29
45 [Foam Recycle Center Delray Beach, FL FL 33444 23.82 18.28
46 |Foam Recycle Center Houston, TX TX 77581 23.82 6.77|
47 [Foam Recycle Center Philadelphia, PA PA 190071 23.82 43.87
48 [Carpet Recycling, Inc. Orlando, FL FL 32831 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 7522( 23.87 6.77|
52 |Paved Recycling, INC. Tallahassee, FL FL 3231( 23.82 18.28§
53 [Carpet Recovery International, IngHouston, TX TX 77041 23.82 6.77
54 [Mohawk's Greenworks Eton, GA GA 30724 23.82 18.29
55 |Design Source Interiors Lenexa, KS KS 66214 23.82 6.77
56 |Great Lakes Recycling Roseville, MI MI 48064 23.82 24.93
57 |Steinberger Flooring Heidelberg, PA PA 15104 23.87 43.82
58 |ERCS North Reading, MA| MA 01864 23.82 84.22
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In thenational 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
threedigit zip codeswith nonzero populationsvould have a collection site due to the low
amaunt of PCC carpet being discarded. Therefore the 400 most populoudititeg
codesof the continental United Stategre used for the locations of collection sit€ggure
3-5 shows these collection site locatiomsdhering to the methodology used in the CARE
network, the populations of the thrdagit zip codes were divided by the total population of
all threedigit zip codes to produce an assignment fradbpsite. This fraction was then
multiplied byeach otthe annual truckloads ifiable3-1 to calculate the number of

truckloads shipped from each collection site.

1 | |
-120 -110 -100 -80 -1 -i

Figure 3-5: National Collection Network
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3.2.4 CARE PCC ReverseNetwork Models
In the CARE PCC network models, the only costs investigated were for

transportation and recycling site openings$JAmillion siteopening costvas charged for
each recycling site. This annualized ¢dsipreciated over seven yeanas given in a PCC
recycling case study by Realff, Ammons, and Newfoarpet Recycling: Determining the
Reverse Produicn System Design, 1999Additionally, transportation costs were
calculated with the assumption that PCC would be shipped from collectistosiéeycling
sitesfor $2.00 per milgKay & Warsing, 2008) In the CARE netwik, recycling sites were
only restricted to locations in the continental United States that hadifjitezip codes with
nonzero populations. With these restrictions, there were 31,569 possible zimtuwtes
sites could be locatedl he initial modelsallowed the network to va overlapping collection
radii which mayproduce results with double countinghis double counting will be

addressed in Section 3.2.4.2.

3.2.4.1 Overlapping Collection Radii
Two different scenarios were run.h@ firstscenario allowedthe initial recycling site

to be placed optimallgnywhere in the continental United States basetbsts. The second
scenario restricted the first site placement to North Carolina, South Carolina, and Georgia.
The assumption was that the company apgtine first recycling site would place it near the
United Statesarpet manufacturing industry located in Dalton, Georgising the collection
radius of 23.82 miles, the model produced the resuliseénTable3-4 andTable3-5. The

gray cells in all cost tables of this chapter indicate the lowest cost solititamms of the

number of recycling sitesThree recycling sites is the bestmber of sitesn 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. Ovelapping Collection Radii

CARE Network - 23.82 mi. Overlapping Collection Radii
First Site First Site in NC| First Site First Site in NC| First Site First Site in NC|
Optimal SC, or GA Optimal SC, or GA Optimal SC, or GA
1 Recycling Site 2 Recycling Sites 3 Recycling Sites
Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,00
Transportation Cost $9,493,199 $9,738,558 $5,900,698 $6,257,137 $3,470,91 $4,092,74
Total Cost $10,493,199  $10,738,558 $7,900,698 $8,257,13Y $6,470,912 $7,092,74

Table 3-5: CARE Recycling Sites- 23.82 mi. Overlapping Collection Radii

CARE Network - 23.82 mi. Overlapping Collection Radii
Geographical Location A_II_Irchcell(tllgg d(;f PCC at Site (Ibs
First Site Optimal

1 Location [1st Site [6.91 mi W of Winchester, KY 100.009 297,000,00
2 Locations 1st Site |8.60 mi SW of Womelsdorf (Coalton), WV 82.469 244,906,20(
2nd Sitgl4.26 mi NE of View Park-Windsor Hills, CA 17.549 52,093,80

1st Site |Washington, DC 60.309 179,091,00

3 Locations |2nd Sitgl4.26 mi NE of View Park-Windsor Hills, CA 16.999 50,460,30
3rd Site|Highland Park, TX 22.719 67,448,70

First Site in NC, SC, or GA

1 Location |1st Site [4.26 mi E of Murphy, NC 100.009 297,000,00
2 Locations 1st Sit_e 4.26 m? E of Murphy, NC _ . 82.469 244,906,20
2nd Sitg4.26 mi NE of View Park-Windsor Hills, CA 17.549 52,093,80

1st Site |4.26 mi E of Murphy, NC 43.159 128,155,50

3 Locations [2nd Sitgl4.26 mi NE of View Park-Windsor Hills, CA 17.549 52,093,80
3rd Site|Elizabeth, NJ 39.319 116,750,70

The model produces results demonstrating thstioting the first recyclingite even
when there are multiple sites in the netwareates a subptimal solution. This is reflected
by the tansportation cost differentetweerfixed first sitescenarios andptimal first site
scenarios Not placing the firssite optimally leads to higher transportation costée total
cost difference is less than 10% which may be reoosmomical when the dastce to

manufacturing siteare taken into accounfable3-5 shows that the first site optimal
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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 Geofdie 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 thestmallowable 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 distaandsigh costs of shipping

PCC from West Coagollection sites to Eastdast 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 tHest is in Washington, DC (sdegure3-10). In the restricted
first site scenario, the third site is placed in New Jersey, while the first is in North Carolina
(seeFigure3-11) . The first site optimal scenari o
recycling sites are placed according to areas of high PCC collectionsynartined
Northeast, South, and &8t. The restricted first site scenario must locate sitesstrinally,
so the first site is allated PCC collections from the®h Howeverthe Northeasterithird
siteis allocated fewer shipmesthan the WNrtheastar first site of the first site optimal
scenario (se€able3-5). This creates longer transportation routes and, thus, the larger
transportation costs ifhable3-4.

Figure3-6 andFigure3-7 show thegeographicatlifferences between placing the first
site optimally and restricting it todith Caroling South Caroling and Gorgia Figure3-6,

Figure3-8, andFigure3-10 show the differencein transportation distances between
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collection and recyclingites when additional recycling sites are added. The decreased

distances between sitegnfirm thelower transportatiorcostsshownin Table3-4.

™ a0 a0 W @ 70
Figure 3-6: 1 Site - First Site Optimal
(23.82 mi. OverlappingRadii)

™ a0 0w @ 70
Figure 3-8: 2 Sites- First Site Optimal
(23.82 mi. Overlapping Radii)

™ 0 a0 o &% o
Figure 3-7: 1 Site- First Site NC/SC/GA
(23.82 mi. OverlappingRadii)

AV

Figure 3-9: 2 Sites- First Site NC/SC/GA
(23.82 mi. Overlapping Radii)
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-120 -110 -100 20 80 -70 -120 -110 -100 20 80 -70

Figure 3-10: 3 Sites- First Site Optimal Figure 3-11: 3 Sites- First Site NC/SC/IGA
(23.82 mi. OverlappingRadii) (23.82 mi. OverlappingRadii)

The CARE network model was also run to see how regional tip fees would impact the
collection radiiversus using the national average tip fee Tsd#e2-6). Table3-3 lists the
collection radii for each collection sibasd on regional tip feesThe same two scenarios
were run andite model produced the solutiosesenin Table3-6 andTable3-7. The largest
tip fees are charged in states located in the Nortldash increasestte ske of the
collection site radiand ultimatelythe number of truckloads collected in this region. The
model responds by locating more recyclgiigscloser to the Northeast owing to population
densities as shown Figure3-18 (United States Census Bureau)

Populations in the Northeast are highly concentrated compared to other regions. The
larger collection radius increases th@plation assigned to a collection site which increases
its weighting in the etwork. Since more truckloads will be shipped from the Northtaest
model responds by placing more recyglsitescloserto theregion. This has the effect of
reducing transprtation costs, which are shownTable3-6. Thesetwo scenarios prodec

site placementsongruent withto those ofa 23.82 mile collection radiusxcept the optimum
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number of sites in the first site optimal scenario is two {sdxe3-6). 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 firstss are in North Carolina for the scenario where the

first facility is fixed (seeFigure3-12to Figure3-17). 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 FeeEquivalent Overlapping Collection Radii

CARE Network - Regional Tip Fee Equivalent Overlapping Collection Radii

First Site | First Site in NC First Site | First Site in NC First Site [ First Site in NC
Optimal SC, or GA Optimal SC, or GA Optimal SC, or GA
1 Recycling Site 2 Recycling Sites 3 Recycling Sites
Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,00
Transportation Cosf $7,628,091 $8,893,338 $3,653,500 $5,086,478 $2,755,578 $3,069,13
Total Cost $8,628,091 $9,893,338 $5,653,500 $7,086,478 $5,755,578 $6,069,13
Table 3-7: CARE Recycling Sites-
Regional Tip Fee Equivalent Ovelapping Collection Radii

CARE Network - Regional Tip Fee Equivalent Overlapping Collection Radii

Geographical Location AT”:LCCaktIISQ dc;f PCC at Site (Ibs
First Site Optimal
1 Location |1st Site |Spring Grove, PA 100.009 297,000,00
2 Locations 1st Si‘Fe Evansbyrg, PA . - . 82.629 245,381,40
2nd Site [4.26 mi NE of View Park-Windsor Hills, CA 17.389 51,618,60
1st Site |South Bound Brook, NJ 64.649 191,980,80
3 Locations [2nd Site (4.26 mi NE of View Park-Windsor Hills, CA 16.029 47,579,40
3rd Site [Norcross, GA 19.349 57,439,80
First Site in NC, SC, or GA

1 Location [1st Site |Durham, NC 100.009 297,000,00
2 Locations 1st Sit.e Durham, NC . - . 83.98¢ 249,420,60
2nd Site [4.26 mi NE of View Park-Windsor Hills, CA 16.029 47,579,40
1st Site |Durham, NC 29.349 87,139,80
3 Locations [2nd Site (4.26 mi NE of View Park-Windsor Hills, CA 16.029 47,579,40
3rd Site |Elizabeth, NJ 64.649 191,980,80
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Figure 3-12 1 Site- First Site Optimal
(Regional Tip Fee Overlapping Radii)
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Figure 3-14: 2 Sites- First Site Optimal
(Regional Tip Fee Overlapping Radii)
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Figure 3-16: 3 Sites- First Site Optimal
(Regional Tip Fee Overlapping Radii)

Figure 3-13: 1 Site- First Site NC/SC/GA
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Figure 3-17: 3 Sites- First Site NC/SC/GA

(Regional Tip Fee Overlapping Radii)
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U.S. Population Density
(By Counties)

Population per
square mile

I 250 or more
[ 50 - 249.9
[ 110-49.9
[1less than 10

Figure 3-18: United States Population Density Map

3.2.4.2 Non-Overlapping Collection Radii
After running the first scenarios, the possibility of overlappinfgcton radii was

discovered which created the potentialdouble countingf zip code populationsDouble
counting would result in higher site weights, yieldimg overestimated numbertofickloads

at sites where radii overlappelissentially, an area with a higtumber of collection sites

within close proximity to each other could cause the model to inaetp@ace a recycling

site closer to the groupirgecause 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 figure3-4. The model was reprogranaaito minimize the effects of

double counting The model firsgeneratd a list of all five-digit zip codeghat had
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geographical centers located viithhespecified distancaround the siteThe 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 coune ffHatiors of zip code
populatiors werethen assignetb thecorresponding collection sie With this method, all
collection sies that shared a zip codezeivel an equal portion of the populatiofor
example if three collection sites shared a-fivgit zip code with a population of 18,0@hen
each site would be assigned 6,@@@ple

To investigate the effects of double counting, the overlapping andvenapping
models were run with collection radii of 11.91, 23.82, and 47.64 noildstermine the site
weights The 23.82 mile collg®n radius was calculated in Section 3.2.3 while the 11.91
and 47.64 mile radrepresent half and double the distances 028182 mile radius
respectively.Equation3-5 was used to calculate the percent changes between overlapping
and noroverlapping modelsTable3-8 shows the percentages of the total annual truckloads
assgned to each collection siter the overlapping and neoverlapping models, as well as
the percent changes in the weighfisgure3-19 shows the percent change frone
overlapping to the neoverlapping models for the three differeotlection radiivisually.
Thethreedigit zip codes ofthe collection sites wersorted in ascending order. Tigouped

thesitesthat are in close proximity to each other across the cotmtigtermine overlapping

Overlapping Weight (%) — Non-Overlapping Weight (%)

% Ch =
% Change Overlapping Weight (%)

Equation 3-5: Percent Change in Site Weights
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Table 3-8: Collection Site Overlapping and NonrOverlapping Weights

CARE Reclamation Centers
| 11.01 mi, | 6 Change | 23.82mi. | % Changg | 47.64 mi. | 6 Change
11.91 mi. Non- Overlappind 23.82 mi. Non- Overlappind 47.64 mi. Non- Overlapping
. Overlappin . to Non- |Overlapping .| toNon- |Overlapping . | toNon-
Code Company City .~ Overlappini L Y Overlappin . . Overlappini .
Radii Radii Oveéla:jppln w Rahdu(o/) Radii Ovc;'la:jppm w Ra;]dn([y) Radii Ovt:la;ppmn
Weight (%) R adii eight (% . adii eight (%) . adii
Weight O6)) (11 91 mi) Weight (%6)] >3 g2 mi) Weight O6)) 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 14.9 -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 (Shawpugusta, GA 0.7 0.9 -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 -0.1f
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 IngCharleston, 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 |Al Planet Recycle Phoenix, AR 2.9 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 0.9 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 0.9 -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, IngHouston, 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

*Negative numbers indicate that collection site weights increased from th

e overlapping radii model to the non-overlapping model. Positive numbers indicate the opposite.
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% Change from Overlapping to NonOverlapping Collection Radii
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Figure 3-19: % Change of Weightsfrom Overlapping to Non-Overlapping Radii

A positive percent change means that the number of truckloads was reduced in the
nonroverlapping model, while a negative percent changes represents an increase in the
number of truckloadsThe trend revealthat the weights of collection sites in close
proximity to each other decreased from the overlapping model to theveolapping model.
This means that the model did not includeehg&repopulation of anyghared fivedigit zip
code moe than once. Any zip code that was shared had its population divided by the number
of times it was shared. Ardoublecounted weights were then distributed among all other
sites, increasing their weights slightly. With this realization, research hathdn
overlapping model was not continued.

After verifying that the effects of double counting had been minimiteddata from
the nonoverlapping modelvas usedietermine the effects aicreasing and decreasing the

collection radii. When the weightfrom the three different collection distances were plotted
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on the same axi#he annual truckload assignments for most sites show little claesisgen

in Figure3-20.

Annual Truckload Percentages for Collection Sites
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Figure 3-20: Weights for Collection Sites with Varying Radii

Even though the weight changedHigure3-20 are most small, the effects on
location and allocation of recycling sites westil investigated.Each of the three collection
radii scenariosvererun with the first site located optimalas well as a scenario whehe
first sitewaslocated in Nrth Caroling South Caroling or Georgia Additionally, up tosix
recycling sites were located in each model to deterimmemany could be opened to
minimize the total cost and to examicollection site allocationgAs seen infable3-9 and
Table3-10, most of thetransportatiorcostsand total costsary little as the collection raéd
are increasebletween networks that have the same number of recycling $hésis true
whether the firssiteis located optimally or restricted to North Carolina, South Carolina, or
Georgia Table8-3, Table8-4, andTable8-5, in Appendix C, show site opening costs,

transportation costs, and total costs for smnarios with the three collection radii.
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Table 3-9: CARE Network Transportation Costs and PercentChanges

CARE Network - Non-Overlapping Collection Radii Transportation Costs

1 Recycling Site 2 Recycling Sites 3 Recycling Sites 4 Recycling Sites 5 Recycling Sites 6 Recycling Sites
% % % % % %

Transport. Cfrr]g:]ge Transport. Cfr:;\;ge Transport. Cf?s;ge Transport. C:ft:g:qge Transport. Cfr::rr:]ge Transport. Cff:g:qge

Cost®) |pp01m| €@ |p101mi] @ |1101mi| ©® ypormi| €® |1101mi| €O 1101 mi

Radius Radius Radius Radius Radius Radius

Radii (mi.) First Site Optimal
11.91 $11,889,57p 0.00% $6,569,640 0.00% $4,511,49¢ 0.009 $3,565,64p5 0.0099 $2,960,405 0.0099 $2,481,31]1 0.00%
23.82 $11,819,318 0.59%9 $6,261,429 4.69% $4,483,061 0.63% $3,340,099 6.33%4 $2,692,047 9.0694 $2,250,39 9.31%
47.64 $11,588,296 2.53%9 $6,166,309 6.149% $4,851,709 -7.549% $3,636,92] -2.00% $2,704,570 8.649% $2,225,792 10.309
First Site in NC, SC, or GA

11.91 $12,297,266 0.009q $7,049,749 0.00% $4,807,99¢ 0.0094 $3,565,645 0.009 $2,960,40% 0.00% $2,481,31]1 0.00%
23.82 $12,279,70D 0.14% $6,884,82¢ 2.349% $4,424,16]1 7.989 $3,364,094 5.65% $2,816,80f 4.85%¢ $2,375,150 4.28%
47.64 $12,121,208 1.43% $6,786,89 3.73% $4,464,367 7.1594 $3,634,68% -1.949% $2,848,447 3.78% $2,369,66$ 4.50%

Table 3-10: CARE Network Total Costs and Percat Changes

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
% % % % % %

Change Change Change Change Change Change

Total Cost ($) from [Total Cost ($) from |Total Cost($) from [Total Cost($) from [Total Cost($) from |Total Cost($) from
11.91 mi 11.91 mi 11.91 mi 11.91 mi 11.91 mi 11.91 mi
Radius Radius Radius Radius Radius Radius

Radii (mi.) First Site Optimal
11.91 $12,889,57p 0.00%4 $8,569,64 0.0094 $7,511,49¢ 0.009 $7,565,645 0.009 $7,960,40 0.009q4 $8,481,311 0.00%
23.82 $12,819,318 0.55% $8,261,429 3.60% $7,483,06]1 0.3894 $7,340,099 2.989% $7,692,04 3.379% $8,250,390 2.72%
47.64 $12,588,296 2.34% $8,166,309 4.71% $7,851,709 -4.539% $7,636,92f -0.94% $7,704,570 3.2199 $8,225,792 3.01%
First Site in NC, SC, or GA

11.91 $13,297,266 0.00% $9,049,749 0.00% $7,807,99¢ 0.00% $7,614,450 0.0099 $8,106,69] 0.0099 $8,627,59f 0.00%
23.82 $13,279,70p 0.1394 $8,884,826 1.829%4 $7,424,161 4.929 $7,364,09¢ 3.299% $7,816,80f 3.58% $8,375,15 2.93%
47.64 $13,121,208 1.329%4 $8,786,809 2.90% $7,464,36f 4.40% $7,634,68p -0.27% $7,848,447 3.1994 $8,369,669 2.99%

Another observation is that as more recycling sites were attdadportation costs

decreasdresulting in six sites creating the lowest transportation costs éd#e3-9, lowest

costs are shown in gray cgllsHowever, when site opening costs were added, the number of

sites that created the best solutions decreased &e3-10, lowest costs are shown in gray

cells). Figure3-21shows that the transportation cost advantages dj@néocating 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.
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Figure8-1, in Appendix C, shows the percent changes in transportation costs as the number
of recycling sites is increased. It shows a trend similar to tHaigafe3-21in decreasing

transportation costs.

Annual Transportation Costs of CARE Network
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Figure 3-21: CARE Network Transportation Costs

Another result of the small weighting differeneeas thatrecycling sites were
located similarly when scenarios and number of sites were the sdragyedgraphical
locations inTable3-11(23.82 mile colledbn radius) vary little compared with those in
Table8-6 andTable8-7 (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 11.8& collection
radius and Murphy, NC for a 23.82 mdellectionradius. These two locations are only
approximately 100 miles apar®vhen the recycling site placements are different between the

three radii, the locations are either in the same stateamtjoining statesThe geographical
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locations for six recycling sites are visually compareBigure3-22to Figure3-27. The

other location figure$or one to five recycling sitesre shown in Appendix C.
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Table 3-11: CARE Recycling Sites- 23.82 mi. NonrOverlapping Collection Radii

CARE Network - 23.82 mi. Non-Overlapping Collection Radii
Geographical Location Allocation of | PCC at Sitg
Truckloads (bs)
First Site Optimal

1 Site 1st Site |Visalia, KY 100.00%297,000,00
2 Sites 1st Site [5.00 mi SE of Petersburg, WV 76.57%227,412,90
2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 23.43% 69,587,10

1st Site {Woodlawn, MD 60.07%178,407,90

3 Sites | 2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.70% 67,419,00
3rd Site [Highland Park, TX 17.23% 51,173,10

1st Site [South Bound Brook, NJ 37.349%4110,899,80

4 Sites 2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.70% 67,419,00
3rd Site [Highland Park, TX 16.89% 50,163,30

4th Site |Norcross, GA 23.08% 68,547,60

1st Site |Elizabeth, NJ 33.769%100,267,20

2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.70% 67,419,00

5 Sites | 3rd Site [Highland Park, TX 12.21% 36,263,70
4th Site |Metter, GA 17.09% 50,757,30

5th Site [Evanston, IL 14.25% 42,322,50

1st Site |Elizabeth, NJ 33.76%100,267,20

2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 18.83% 55,925,10

6 Sites 3rd Site [Highland Park, TX 12.21% 36,263,70
4th Site |Metter, GA 17.09% 50,757,30

5th Site |Evanston, IL 14.25% 42,322,50

6th Site [Cherry Grove, WA 3.87% 11,493,90

First Site in NC, SC, or GA

1 Site 1st Site [4.26 mi E of Murphy, NC 100.00%297,000,00
2 Sites 1st Site {4.26 mi E of Murphy, NC 76.57%227,412,90
2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 23.43% 69,587,10

1st Site {4.26 mi E of Murphy, NC 39.23%116,513,10

3 Sites | 2nd Site |4.26 mi NE of View Park-Windsor Hills, CA 23.43% 69,587,10
3rd Site |Elizabeth, NJ 37.349%110,899,80

1st Site {4.26 mi E of Murphy, NC 26.05% 77,368,50

4 Sites 2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.70% 67,419,00
3rd Site |Elizabeth, NJ 37.349%110,899,80

4th Site |Highland Park, TX 13.92% 41,342,40

1st Site {4.26 mi E of Murphy, NC 17.64% 52,390,80

2nd Site |4.26 mi NE of View Park-Windsor Hills, CA 22.70% 67,419,00

5 Sites | 3rd Site |Elizabeth, NJ 30.43% 90,377,10
4th Site |Highland Park, TX 13.92% 41,342,40

5th Site [Wayne, Ml 15.31% 45,470,70

1st Site {4.26 mi E of Murphy, NC 17.64% 52,390,80

2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 18.83% 55,925,10

6 Sites 3rd Site |Elizabeth, NJ 30.43% 90,377,10
4th Site |Highland Park, TX 13.92% 41,342,40

5th Site [Wayne, Ml 15.31% 45,470,70

6th Site [Cherry Grove, WA 3.87% 11,493,90
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Figure 3-22: 6 Sites- First Site Optimal
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Figure 3-26: 6 Sites- First Site Optimal
(47.64 mi. NonrOverlapping Radii)
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Figure 3-23: 6 Sites- First Site NC/SC/GA
(11.91 mi. NonrOverlapping Radii)
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Figure 3-25: 6 Sites- First Site NC/SC/GA
(23.82 mi. NonrOverlapping Radii)
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Figure 3-27: 6 Sites- First Site NC/SC/GA
(47.64 mi. NonrOverlapping Radii)
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Thedata 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 collestibeames
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 maxicuallaction radius. The radius of
23.82 miles represents a piak route by the collector while 47.64 miles may represent the
distance of a postonsumer commercial carpet delivery. Regardless of the mix of schemes,
collection radii between the specifidtstances 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 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

collectionsites located in the Southeast.

3.2.5 National PCC ReverseModels with Economies of Scale
After developing the CARE model, a netwaniodel was developed to study a

nationwide collection infrastructure 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 threedigit zip codes with noizero populations) thre@igit zip codes of the

continental United States. Additionally, the recycling site locations would be redtiic
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these same 400 threlgit zip codes. These assumptions redunedel run time and locade
sites near sources of significant annudliscarded PCC.

In this modelJike in the CARE network modgh site opening cost of $1 million was
usedfrom the case study by Realff, Ammons, and Newi@arpet Recycling: Determining
the Reverse Production System Design, 1988cognizing that thehipping rate used in the
CARE network model was five years old, the rat&20D0per loadedruck-mile (2004 rate)
was compared to a current estimated shipping rate. A methodology for estimatikigad
shipping rates has been developed by Kay and Wa(20@)using the TuckoadProduce
Price IndexTL PPI)created by the United States Bureau of Labor Statistitke TL PPI
val ue i s t(Géneral Freightelruckihgy rorQistance, Truckload(United States
Department of Labor, 2009Equation3-6, derived from Kay and Warsirn(@008) was used
to adjust the estimated 2004 shipping rate to a current estimated rate. THelarifiah
values are shown ihable3-12 andthen yearvariablein the equation represents thajusted
year from 2004.

$ B $2.00 , nyear annual TL PPI
loaded-truck-mile  loaded-truck-mile 2004 annual TL PPI

Equation 3-6: Annual Shipping Rate Adjustment

Thecurrent estimated shipping ratesfound by adjusting the 20G@stimatedateof
$2.00 per loadettuck-mile, calculated in Kay and Warsir{g008) by a ratio ofthe TL PPI
data. This ratievastheannual2008indexvalue(135.1) divided by theannual2004 index
value(117.0)(United States Department of Labor, 2009Yhen this ratio was multiplied by

$2.00per loadedruck-mile, the resulting shipping rate was $2.31 per loateck-mile
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( $2.00 135.1 _ $2.31

. = —). This ratewas usedn the national network model
loaded-truck-mile 117.0 loaded-truck-mile

because itvas representative olirrent shipping rates.

Table 3-12: Truckload Producer Price Index

Producer Price Index Industry Data
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.] 1054 1054 10574 1054 1054 1054 1054 1054 1054 105§ 1051 1054
2000 106.] 1064 107 107§ 1079 1084 108.] 1084 109.4 109.4 109.4 109.4 108.1
2001 110 1094 1094 109.q 1099 1099 1103 1107 1104 1104 109.7 109.3 109.9
2002 1089 1084 1087 109.3 1093 1094 109§ 1094 1099 1104 1104 1103 109.5
2003 110.4 110.§ 1114 111.4 111.4 1114 112.4 112.9 113.4 113.3 1134 113.9 112.4
2004 1144 115 1157 1154 116.9 1164 1164 1173 1183 1194 120 1194 117
2005 120.7 120.9 121.7 122.9 123.3 123.3 123.3 123.4 125.4 126.7 127.3 126.4 123.1
2006 1254 1254 12591 126 1274 128. 1281 128.4 129.] 128.4 128.0 1274 1274
2007 1284 1284 1277 1283 1284 1284 1283 1284 129. 1293 1304 131.3 128.9
2008 1314 1313 132 1333 1364 139. 1399 140.3 1374 1374 133.7(p) 129.1(p) 135.1(p
2009 | 126.5(p) 126.3(p

(p): Preliminary. All indexes are subject to revision four months after original publication.

In addition to determining theurrent estimated shipping rate that was used in the
model, the differences in shipping rates between 1999 andvafi@8nvestigated as well
The estimated shipping ratesTiable3-13 werecalculted by substituting the index values
from Table3-12into Equation3-6. 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 Shippng Rates

Estimated Shipping Rates ($/loaded-truck-mile)

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1999 $1.8( $1.8( $1.8( $1.8( $1.8( $1.8( $1.8( $1.81 $1.81 $1.81 $1.8( $1.81 $1.8(
2000 $1.81 $1.87 $1.83 $1.84 $1.84 $1.84 $1.84 $1.84 $1.87 $1.87 $1.89 $1.89 $1.84
2001 $1.84 $1.871 $1.871 $1.84 $1.84 $1.84 $1.89 $1.84 $1.89 $1.84 $1.84 $1.871 $1.89
2002 $1.84 $1.84 $1.84 $1.87 $1.87 $1.87 $1.87 $1.84 $1.84 $1.84 $1.89 $1.89 $1.87
2003 $1.89 $1.89 $1.9¢ $1.91 $1.91 $1.9¢ $1.97 $1.93 $1.93 $1.94 $1.94 $1.95 $1.97
2004 $1.95 $1.97 $1.97 $1.99 $1.99 $1.99 $1.99 $2.01 $2.07 $2.04 $2.04 $2.04 $2.0(
2005 $2.04 $2.07 $2.09 $2.09 $2.11 $2.11 $2.11 $2.11 $2.14 $2.17 $2.14 $2.14 $2.11
2006 $2.15 $2.15 $2.15 $2.16 $2.14 $2.19 $2.19 $2.20 $2.21 $2.20 $2.19 $2.19 $2.19
2007 $2.2( $2.19 $2.19 $2.19 $2.2( $2.19 $2.19 $2.2( $2.21 $2.2] $2.23 $2.24 $2.2(
2008 $2.24 $2.24 $2.24 $2.29 $2.33 $2.39 $2.39 $2.40 $2.34 $2.34 $2.29 $2.2] $2.3]
2009 $2.14 $2.14
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After determining the estimated shipping rateSable3-13, the influenceof diesel
fuel costswas studied. The Department of Ene(@909)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 shownahle3-14. In order to directly compare
diesel fuel costs and estimated shipping rates, thedses were transformed intates using
Equation3-7. 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

Average Cost of No. 2 Diesel Fuel ($/gallon)

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

1999 $0.97 $0.94 $1.0d $1.04 $1.07 $1.07 $1.17 $1.17 $1.21 $1.23 $1.24 $1.29 $1.17
2000 $1.39 $1.46 $149 $142 $143 $1.43 $1.43 $1.47 $164 $1.64 $1.62 $1.568  $1.49
2001 $153 $1.49 $1.4d $1.47 $150 $144 $1.37 $1.39 $150 $1.35 $1.24 $1.17 $1.44
2002 $1.19 $1.1§ $1.23 $1.31 $1.31 $1.29 $1.30 $1.33 $1.41] $144 $142 $1.43  $1.33

2003 $1.49 $1.65 $1.7] $1.53 $1.45 $1.42 $1.44 $1.49 $1.47 $1.49 $1.44  $1.49 $1.5]
2004 $1.54 $1.54 $1.63 $1.69 $1.7§ $1.71 $1.74 $1.83 $1.979 $2.13 $2.15 $2.01 $1.81
2005 $1.964 $2.03 $2.21  $2.29  $2.20 $2.29 $2.371 $2.50 $2.84 $3.1d $2.57  $2.44 $2.40
2006 $2.41 $2.44 $2.56 $2.73  $2.90 $2.90 $2.93 $3.04 $2.79 $2.52 $2.54 $2.61 $2.70
2007 $2.49 $2.49 $2.671 $2.83 $2.80 $2.81 $2.871 $2.87  $2.95 $3.07 $3.40  $3.34 $2.89
2008 $3.31 $3.39 $3.89  $4.04  $4.43 $4.64 $4.70 $4.30  $4.07 $3.54 $2.84  $2.45 $3.81
2009 $2.29 $2.2(

no. 2 diesel fuel costs ($/gallon)

$/loaded -truck-mile = 4.5 miles/gallon

Equation 3-7: No. 2 Diesel Fuel Rate

The calculated fuel rates can be found @ble8-8 in Appendix D. The monthly
values for estimated shipping rate, diesel fuel cost, and diesel fuel rate have been plotted in
Figure3-28. The two rates have been plotted on theHaftd axis, while the fuel cost is
shown on the righhand axis.The figure shows that the shipping and fuel rates follow the
same trendingaitern 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
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January 2008. The rise in fuel rates is much more pronounced than that in sbgsténg

meaning that transportation companies saw a decline in their margins because shipping rates

could not keep pace with fuel rateBhis is shown irFigure3-29, where the fuel rates are

shown as a percentage of the estimated shipping chséssame sharp rise in fuel costs is

reflected in the figure starting in January 2008. The monthly percentages are also shown in

Table8-8 in Appendix D.

Estimated Shipping Rates and Diesel Fuel Cost
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Figure 3-28: Estimated Shipping Rates and Diesel Fuel Costs
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Average Rate of No. 2 Diesel Fuel as a Percentage of the Estimated Shipping R
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Figure 3-29: Fuel Rate asa 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 thisode| processing costs economies of scale (E@S§
added to study their effects oecycling site location and allocatioiconomies of scale are
the decreased unit processing costs created by building recycling sites with increased annual
capacities.Since a&tual processing costs were not availdbterecycling sites of wging
capacitiesdata from a previous case study was substitutedhle 3-15 shows these costs

and capacitiefRealff, 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 (Ibs) Arérl;zalplic’:rggteéimg Processing Cost ($/Ib
100,000,00€ $7,570,000 $0.0757
200,000,00€ $11,430,000 $0.0572
400,000,000 $17,320,000 $0.0433

Even though the case study listed the capacities and setup costsgttlditithe
processing cost breakpoints. Therefore the breakpihiaite/ere chose are given inrable
3-16 which creates the stepped curve showfigure3-30. From an oprations
management perspectitlds stepped curve is not idedtor example, itompanies
designing a new recycling siknew that there @re only195 millionpounds of PCC
available annually, they would build the plant with a capacity of over 201 million pounds to
take advantage of tteEOSassociated with the processing codtsorder forthe modeto
account for thigact, another curve was created with #leghat dichot decrease so sharply

between breakpoinighere theadjustedEOScurve is shown ifrigure3-31.

Table 3-16: Processing Cost Breakpoints

PCCProcessing Cost Breakpoints

Annual CapacityRange(lbs) Processing Cost ($/Ib)
071 200,000,000 $0.0757
201,000,00Gi 400,000000 $0.0572
401,000,000+ $0.0433
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Figure 3-30: Economies of Scale CurvéOriginal)

$0.08
$0.07
$0.06
$0.05
$0.04
$0.03

$0.02

Unit Processing Cost ($/lb)

$0.01

$0.00

Economies of Scale Curve (Adjusted

0—0—\

\

\—\

N

L 2

0 100 200 300 400 500 600 700

Annual Recycling Site Capacity (x 1 million Ibs.)

800 900

Figure 3-31: Economies of Scale CurvéAdjusted)

After running scenarios with the original and adjusted EOS curves where one to six

recycling sites are locatedlable3-17 shows that there is little diffence 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 400amifiounds per recycling site. Therefore,
thebest number of recycling sites was determined timbe However, when placing five
and six recycling sites, the model is forcedp@n some sites that are smahehnich have
higher per unit processing cestAdditionally, at six recycling sitethelargest difference in

processing costs occurs betwdlea two curves.

Table 3-17: National Network Costs- Original and Adjusted Economies of Scale Curves
(1,800Million Lbs.)

National Network - 1,800 Millon Lbs. Annual PCC Collections
Original EOS | Adjusted EOS| Original EOS | Adjusted EOS| Original EOS | Adjusted EOS
Curve Curve Curve Curve Curve Curve

1 Recycling Site 2 Recycling Sites 3 Recycling Sites
Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,00
Transportation Cosf ~ $68,188,830 $68,188,83D $39,150,778  $39,150,778 $30,381,87]L  $30,381,87
Processing Cost $77,939,316 $77,939,31f $77,939,31p $77,939,31p $77,939,31p $77,939,31
Total Cost $147,128,14p $147,128,14p $119,090,08p $119,090,08p $111,321,18f $111,321,18

4 Recycling Sites 5 Recycling Sites 6 Recycling Sites
Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,00
Transportation Cosf  $24,307,072  $24,341,525  $24,307,07p  $24,341,525 $22,122.22f $23,226,54
Processing Cost $77,939,316  $77,939,316 $77,939,31p $77,939,31p $84,757,91p $79,020,51
Total Cost $106,246,388 $106,280,84[L $107,246,388 $107,280,84[L $112,880,14B8 $108,247,05

Table3-18 shows that when fiveecycling sitesare located, no collection sites
transport PCC for processing to the fifth site for both scenaribis i 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 volunigsth scenarios open three sites, two, four,
and five, that dmot process at the lowest coshich is greater than 401 million pounds
annually TheadjustedEOScurvecauses the second site to become larger because of the

linear decrease in cost from 300 @04million pounds.
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Unlike the original EOS curve, the adjusted curve alltvesites to take on larger
capacitiedetween step® take advantage of the decreased processing d&as though
cost differences are produced as a result of the two &08s, they areat enough to create
large variations in thgeographicasite locationshown inFigure3-32 andFigure3-33 (see
Figure8-32to Figure8-41in AppendixE). These two figures represent the best number of

sites in terms of totalosts fromTable3-17 for bothEOS curves.

-120 -110 -100 20 80 -70 -120 -110 -100 20 80 -70

Figure 3-32 4 Sites- 1,800 Million Lbs. Figure 3-33: 4 Sites- 1,800 Million Lbs.
(Original Economies of Scale Cuve) (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.)

National Network - 1,800 Millon Lbs. Annual PCC Collections
Geographical Location Allocation off PCC at Site
Truckloads (Ibs)
Original Economies of Scale Curve
1 Site 1st Site [8.51 mi SW of Bloomington, IN 100.00% 1,800,000,00
2 Sites 1st Site (7.19 mi S of Beaver, OH 76.16% 1,370,880,00
2nd Site [5.18 mi SE of Mojave, CA 23.849 429,120,00
1st Site |Greensburg, PA 48.519 873,180,00
3 Sites 2nd Site [5.18 mi SE of Mojave, CA 23.699 426,420,00
3rd Site [Madison, MS 27.819 500,580,00
1st Site [South Bound Brook, NJ 27.579 496,260,00
4 Sites 2nd Site 5.18_ mi SE of Mojave, CA 23.699 426,420,00
3rd Site |Hattiesburg, MS 26.299 473,220,00
4th Site |Hobart, IN 22.469 404,280,00
1st Site [South Bound Brook, NJ 27.579 496,260,00
2nd Site [5.18 mi SE of Mojave, CA 23.699 426,420,00
5 Sites 3rd Site |Hattiesburg, MS 26.299 473,220,00
4th Site |Hobart, IN 22.469 404,280,00
5th Site [Framingham, MA 0.00% 0
1st Site [South Bound Brook, NJ 27.579 496,260,00
2nd Site |Pasadena, CA 18.579 334,260,00
6 Sites 3rd S_ite Hattiesburg, MS 26.299 473,220,00
4th Site |Hobart, IN 23.779 427,860,00
5th Site [Framingham, MA 2.23% 40,140,00
6th Site [Fircrest, WA 1.57% 28,260,00
Adjusted Economies of Scale Curve
1 Site 1st Site [8.51 mi SW of Bloomington, IN 100.00% 1,800,000,00
2 Sites 1st Si_te 7.19 m? S of Beayer, OH 76.13% 1,370,340,00
2nd Site [5.18 mi SE of Mojave, CA 23.879 429,660,00
1st Site |Greensburg, PA 48.459 872,100,00
3 Sites 2nd Site [5.18 mi SE of Mojave, CA 23.719 426,780,00
3rd Site |Madison, MS 27.839 500,940,00
1st Site [Wakarusa, IN 23.809 428,400,00
4 Sites 2nd Site [5.18 mi SE of Mojave, CA 23.719 426,780,00
3rd Site |Hattiesburg, MS 26.389 474,840,00
4th Site |Newark, NJ 26.119 469,980,00
1st Site |Wakarusa, IN 23.809 428,400,00
2nd Site [5.18 mi SE of Mojave, CA 23.719 426,780,00
5 Sites 3rd Site |Hattiesburg, MS 26.389 474,840,00
4th Site  |Newark, NJ 26.119 469,980,00
5th Site [Honeoye Falls, NY 0.00% 0
1st Site [Wakarusa, IN 23.809 428,400,00
2nd Site [5.18 mi SE of Mojave, CA 22.259 400,500,00
6 Sites 3rd Site |Hattiesburg, MS 25.99¢9 467,820,00
4th Site |Newark, NJ 26.119 469,980,00
5th Site |Honeoye Falls, NY 0.009%4 0
6th Site |Seattle, WA 1.85% 33,300,00
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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 givehaible3-1. 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 includit@SEwvas $0.0572 per poundhisis the
same processing cassed in the previous modealalculated from th@rocessing setup cost
of a 200 million pound capacity recycling s{teeTable3-15). Figure3-34 shows the

adjusted EOS and no EOS curves on the same graph.

Economies of Scale Curve (Adjusted
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Figure 3-34: Adjusted Economies of Scal€urve and No Economies of Scale

Table3-19 shows the best number of recycling sites to minimize network costs for
the two scenarios witimcreasing 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 scenakilso, the number of sites in the EOS

modelis 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, creatingihighe
processing costs. The higher unit processing costs cannot be offset by the transportation cost
gains createdyblocating more sites. In the model with no EOS, site capacities do not

influence tke unit processing costs, swre sites are located teduce transportation costs.

Another observation frormiable3-19is that, at low annual PCC collections, EOS networks

have higher total costs than RBOS 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

National Network - Best Number of Recycling Sites and Costs

Adjusted EOS Curve No EOS
Annual Best No,| Site Opening| Transport. Processing Best No,| Site Opening| Transport. Processing
Collections (lbs)| of Sites| Cost ($) Cost ($) Cost ($) Total Cost (8 of Sites|  Cost ($) Cost ($) Cost ($) Total Cost (8

300,000,000 2|  $2,000,00 $6,603,046 $18,394,85¢ $26,997,90D 3|  $3,000,00 $5,112,59¢4 $17,148,14p $25,260,73
600,000,000 $2,000,000 $13,255,70B $30,283,386 $45,539,08p 5/  $5,000,00 $6,592,95p $34,292,89b $45,885,84
1,200,000,000 $3,000,000 $20,218,86f $55,683,465 $78,902,33P 8|  $8,000,00 $9,677,429 $68,585,79p $86,263,21
L
b

1,800,000,000 $4,000,000 $24,341,52b $77,939,31f $106,280,84 9 $9,000,000 $12,957,26B $102,878,68p $124,835,94
2,400,000,000 $6,000,000 $25,374,07p $105,450,46[L $136,824,53 12| $12,000,00p $15,160,53p $137,171,58p $164,332,11]

DI IWIN

Summaries ohational network costs for both scenarios are showiaire3-20,
Table3-21, andTable3-22. Table3-22 shows the costs for the total netwavkh increasing
annual PCC collections, whileable3-20 andTable3-21 show transportation and processing
costs, respectivelyTable3-20 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 notEOS case when the numlmdrecycling sites becomes larg8ince 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 tal(seeTable3-22) and theprocessingosts table (se€able

93



3-21), wherelower processingosts for the EOS scenario®ate lower total &is for
increasing annual collectiom®d numbers of recycling sites

Figure3-35 shows thattransportation costs for EOS scenarios do not double as
annual collections double, whilegure3-36 shows that nofOS scenarios do
approximately doubleAdditionally, the EOS scenarios have solutions that become more
nontlinearas the number of sites increadéhis is theresult of processing costs driving the
model so that transportation costs toe towest annual collections are higher than in the
nonEOS model (se&able3-20). Figure3-37 andFigure3-38 show that processing costs
for the EOS scenarios are less than those of th&@fh scenarios. Thiis 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 responsiblerémessing costs that do not
double with annual collections, while the RE@S scen@o processing costs do double with
annual collections.

Figure3-39 andFigure3-40 showthat the total network costsr the noREOS
scenarios are higher than those of the EOS scenakaditionally, 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 loeak Also, due to the transportation and processing cost components,
the total costs of nGROS scenarios double, while EOS scenarios dofigtures are shown
in Appendix F Figure8-42to Figure8-53), where unit costand percent changésr

transportation, recycling pressing, and total costs are plotted
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Table 3-20: National Network Transportation Costs

National Network - Transportation Costs

1 Recycling Site | 2 Recycling Sites| 3 Recycling Sites | 4 Recycling Sites | 5 Recycling Sites | 6 Recycling Sites
Transportation Cos| Transportation Cos| Transportation Cos| Transportation Cos| Transportation Cos| Transportation Cos|
$) $) $) $) $) $)
Annual Collections (Ibs) Adjusted EOS Curve
300,000,000 $11,365,93p $6,603,046 $6,197,47 $5,979,872 $5,712,192 $4,697,29
600,000,000 $22,729,61 $13,255,708 $12,444,244 $11,958,55p $11,450,83]L $11,247,20
1,200,000,000 $45,459,220 $26,123,236 $20,218,86} $18,627,85p $18,499,918 $18,493,89;
1,800,000,000 $68,188,83! $39,150,778 $30,381,87] $24,341,52p $24,341,52p $23,226,54
2,400,000,000 $90,918,43p $52,201,03]L $40,509,162 $32,409,43p $28,472,880 $25,374,07
No EOS
300,000,000 $11,365,93p $6,525,775 $5,112,594 $4,377,12f $3,295,117 $2,890,02
600,000,000 $22,729,61 $13,050,258 $10,969,665 $8,319,60! $6,592,959 $5,782,85
1,200,000,000 $45,459,220 $26,100,515 $20,453,244 $16,584,841L $14,328,54p $12,567,82
1,800,000,000 $68,188,83 $39,150,778 $30,381,87] $24,307,07p $19,831,07p $17,400,77
2,400,000,000 $90,918,43p $52,201,03]L $40,509,162 $32,455,36f $27,160,674 $24,123,22

Table 3-21: National Network Recycling Processing Costs

National Network - Recycling Processing Costs

1 Recycling Site 2 Recycling Sites | 3 Recycling Sites | 4 Recycling Sites| 5 Recycling Sites| 6 Recycling Sites
Recycling Processir| Recycling Processin| Recycling Processir| Recycling Processir] Recycling Processir] Recycling Processir]
Cost ($) Cost ($) Cost ($) Cost ($) Cost ($) Cost ($)
Annual Collections (Ibs) Adjusted EOS Curve
300,000,000 $17,148,145 $18,394,85¢ $18,394,854 $18,394,85# $18,476,559 $18,986,53!
600,000,000 $25,979,77p $30,283,386 $30,283,386 $30,334,904 $30,590,12f $30,590,12
1,200,000,000 $51,959,544 $55,901,697 $55,683,465 $56,505,27f $56,530,824 $56,530,82
1,800,000,000 $77,939,316 $77,939,316 $77,939,316 $77,939,31p $77,939,316 $79,020,51
2,400,000,000 $103,919,08B $103,919,08B $103,919,08B $103,919,08B $103,919,08B $105,450,46
No EOS
300,000,000 $17,148,145 $17,148,145 $17,148,145 $17,148,145 $17,148,145 $17,148,14
600,000,000 $34,292,895 $34,292,895 $34,293,484 $34,292,895 $34,292,895 $34,292,89
1,200,000,000 $68,585,790 $68,585,790 $68,585,79p $68,585,79p $68,585,790 $68,585,79
1,800,000,000 $102,878,68p $102,878,68p $102,878,68p $102,878,68p $102,878,68p $102,878,68
2,400,000,000 $137,171,58p $137,171,58p $137,171,58p $137,171,58p $137,171,58p $137,171,58

Table 3-22: National Network Total Costs

National Network - Total Costs

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 (Ibs) Adjusted EOS Curve
300,000,000 $29,514,07p $26,997,90p $27,592,32f $28,374,726 $29,188,75! $29,683,83
600,000,000 $49,709,38p $45,539,08D $45,727,631 $46,293,464t $47,040,95f $47,837,32
1,200,000,000 $98,418,764t $84,024,93p $78,902,33p $79,133,12f $80,030,73 $81,024,71!
1,800,000,000 $147,128,14p $119,090,08p $111,321,18f $106,280,84[L $107,280,84[L $108,247,05
2,400,000,000 $195,837,52) $158,120,11p $147,428,250 $140,328,51B $137,391,96B $136,824,53
No EOS

300,000,000 $29,514,07p $25,673,92p $25,260,73p $25,525,27p $25,443,26P $26,038,17
600,000,000 $58,022,505 $49,343,158 $48,263,149 $46,612,50p $45,885,84F $46,075,74!
1,200,000,000 $115,045,01p $96,686,30p $92,039,034 $89,170,63[L $87,914,33p $87,153,61
1,800,000,000 $172,067,51p $144,029,458 $136,260,55p $131,185,75) $127,709,75) $126,279,46,
2,400,000,000 $229,090,01p $191,372,61L $180,680,74p $173,626,94) $169,332,25¢ $167,294,80
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Figure 3-37: National Network RecyclingProcessing Costs
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Figure 3-38: National Network RecyclingProcessing Costs
(No Economies of Scale
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Table8-14to Table8-18 andFigure8-54to Figure8-108 in Appendix F showsthe
geographical locations and allocations of recycling sites for both scenarios of the national
network. Fo both scenarios where one and two sites are plémeations arehe same and
allocations are very close for all annual PCC collectidgfigure3-41to Figure3-50 show
that thenetwork morpholoy is greatly impacted by annual collection increasethe EOS
scenarios.However, ncreasing annual collections hditde impact on site locations in the
scenarios with no EOSThe 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 sitesavery different in the two scenariofhe 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 reforcethe conclusion that economies of scale in processing costs are the

major factor in determining site locat®and allocation.
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Figure 3-47: 5 Sites- 1,800 Million Lbs. Figure 3-48 5 Sites- 1,800 Million Lbs.
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Figure 3-49: 5 Sites- 2,400 Million Lbs. Figure 3-50: 5 Sites- 2,400 Million Lbs.
(Adjusted Economies of Scale Curve) (No Economies of Scale

This chapter utilizednodels developed iBucci (2009)for the location and allocation
of recycling sites within aarpet recycling networkA 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 percentagéhefannual truckloads to eacHleotion site was
created Two different PCC collection networks were analyz&tiefirst network was run

using existingCARE data to find the optimal geographical locations for recycling sites to
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minimize transportationral site opening costs. A second CARE netwairéilysis was
performedo minimizethe effect oidouble countingf the demand collectionradii
overlapped. After analyzintpe CARE networkthe second scenargamulates a national
network with economiesf scalein unit processing costs. The nevedel was run with
increasing annual collection volumiessee the effect in increasing volumes had on locations
and costs

The next chapter will compile industry data into a cost mtuealculate costs in a
PCC recycling networkising 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 poundThe goalof the cost model will b& discover
whether recycled polymersuie compete with virgin polymeend where the major costs in

the supply chain are generafeda PCC reverse supply chain
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4 Carpet Reverse Supply Chain Cost Model
The advantages of usimgcycled 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 environmeaotaicious, most
consumers will only nglace virgin materials with recycled content if quality and price are
comparabl€Thiry, 2009) In the instance of nylon 6 pesbnsumer carpet (PCC),
depolymerization technology can produce recycled polymers thatdaséinguishable 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 chaespecially reycling site costs The cost model has been built

from collection site costs, transportation costs between collection and recycling sites, and
recycling site costsThe goal is to analyze best case, average case, and worst case scenarios.
Costs resultig 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 fronCarpet America Recovery Effoi€ARE)

network collector was used to determine collectsde costsn the reverse supply chain
This collector, which has been identified @sllector A, identifies, sorts, and consolidates
PCC into bales for sale to recycleiSollection Site A accepts PCC from droff customers,
as well as haulingr aceptingcontainers from customer site®nce the PCC is identified

and sorted according to face fiber type, approximately 15% of all collections must be
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discarded as wastd.able4-1 shows the materiddreakdown 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 MonthlfPCC Collections

Material Collected % of Tptal Selling Price ($/Ib)
Collections

Nylon 6,6 36% $0.09
Nylon 6 34% $0.00
Polypropylene 8% $0.00
Synthetic Felt Pad 3% $0.04
Vinyl Back Tile 2% $0.09)
PET/Wool/Blended 13% $0.00
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 ebwaste

energy facilities. These disposal charges amount to $6,500 per monér.eibnses at

Collection Site A includeontainer haulinggquipmentlabor and facility costs. Collector A

subcontracts all container hauling operations and maintains equifonatentifying fiber

types and material handling.abor at the collectiosite performsorting and material

consolidatiortasks general managemeoperations, and administrative tasks. Facility

expenses are for rent, utilities, material containers, and insurdheemonthly operational

expenses for Collection Site A are shin Table4-2, which totals $90,500.

103



Table 4-2: Monthly Operational Expenses for Collector A

Collection Site AMonthly Operational Expenses
Operational Expense Monthly Cost ($) | % of Total Operating Cos
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 pricdsrioun
Table4-1. Once calculated, the monthly revenue from material $a&3ollection Site A
totals approximately $60,500. This creates a deficit of $30,000 éetwmenthly operational
expenses anahaterial sales, armeinforcesthe 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 combation 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 betweelhectibn 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, nowverlappng collection radii model where the firsite was restricted to
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North Caroling SouthCaroling or Georgia The data fronthis model was used because the

coll ection radius represents that found in t
C a r plevteoConwaySchempf, Harvey, Hart, Bee, & MacCracken, 1998)so0, the

Evergreen Nylon Recycling facility is located in Augusta, Georgia, so the model with the
restriction on first site placement best models the existingankt In this model, an annual

weight of 270 million pounds veashipped at $2.00 per loadgdck-mile. The total annual
transportation costs from the model are givemable3-9.

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 wimsit of anetwork consistingf one, two, and threecycling
sites. This range was identified as the low transportation cGstapter 3.2.5 describes a
methodology for estimating a shipping cost based on the TL Producer Price Index. This
methodology adjusts the 2004 index cos$200 per loadettuck-mile to the 2008
estimated cost of $2.31 per loaetedck-mile. For consistency with cost dataed in the
national network model, unit transportation cagése also calculated using $2 84r
loadedtruck-mile. The transportatiocosts inTable3-9 were scaled using the ratio of the
higher shippig rate ($2.3er loadedruck-mile) to the lower shipping rate ($2.00 per
loadedtruck-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 resuling costs were identified as the high transportation costs because of the increased

shipping rate.The low and high transportation cost data is showreinie4-3.
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Table 4-3: Transportation Costs from CARE Network Model

Annual and Unit Transportation Costs from CARE Model
. rLL *Low Unit **High Unit
T:_;r\g Aél(;\;ta(l$) TrI:llr?sh éggl:?é Trans. Cost Trans. Cost
' ' ($/Ib) ($/Ib)
1 Recycling Site $12,121,20§ $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 rateused wa$2.00 petoadedtruck-mile
**Shipping rate used was $2.32 per loadadk-mile
To verify the accuracy of these unit transportation costs, the route from Collection

Site A to the Evergreen Nylon Recycling facility in Augus&orgia was studied. The two
sites are gmroximately 1,000 miles aparRates of $2.00 and $2.p&r loadeeruck-mile
were used as the low and high shipping rates, respectively, while a truckload capacity was
calculated to be 59,400 pounds (see Ch&p8R). The transportation unit cestere
calculatedaccording tdequationd-1. The resulting low transportation cost is $0.034 per
pound, while the high is $0.032r pound. Both of these costs fall within the transportation
cost ranges calculated Trable4-3.

shipping rate ($/loaded -truck-mi.,) * distance (mi.)

unit trans. cost ($/1b) = truck capacity (1bs)

Equation 4-1: Unit Transportation Cost

The best case scenario for the CARE network transportation costs used the lowest
unit cost found inrable4-3, while the lowest cost for Collector Avgas the low
transportation cost The average case transportation cost for the CARE network was
calculated as the mean of all unit cost3 able4-3 and the average case for ColtecA 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 fourabie4-3, while the highest
cost for Collector A was the high transportation cost. The transportation costs for the three

scenarios are summarizedTiable4-4.

Table 4-4: Unit Transportation Costs for Three Scenarios

Unit Transportation Cosfer CARE Network and Collector A
CARE Network Trans| Collector A Trans.
Cost ($/Ib) Cost ($/Ib)
Best Case $0.017 $0.034
AverageCase $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 subtraotah&om a known
postconsumelPC)content nylon selling price. Even though the cost to process PCC is not
known, disposal costs for n@acyclable components can be estimated. The first step was to
determine the percentage of each PCC componenntisitbe discarded after the recycling
process.The components in a typical carpet construction have been giVabie2-3. The
recyclable nylon face yarn componeepresents 45.77% of the carpet weight, while calcium
carbonatdCaCQ), styrenebutadiene latex rubber (SBR), and polypropylene backing
represent the component weights of 35.12%, 9.17%, and 9.94%, respectively. These waste
components represent 0.54&@3inds that must be discarded if the recycling process can only
reclaim the nylon face yarn8est, average, and worst case scenarios will be invesdifar

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 Ca@O5BR as the only wastes,
with the backing being sold for the cost of reclamation. Finally thetwas® will consist of
all PCC components except the nylon face yarns as a waste stream.

To determine théisposal cost for every pound of PCC that is recycled, low and high
tip fees of $50 and $100 per ton were used, respectively. These repressad tipefd by
Collection Site A and are increases in the national average and maximum tip fees given in the
National Solid Wastes Management Associdiian 2005 T i (Rep& &\benBese v ey
tip fees are converted tmst 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.p&7 poundrespectively.This disposal cost range
represerd disposal costs for the worst case scendrie same calculations have been

performed to create the results for the best and average cases foabé 5.

Table 4-5: Disposal Costs for Three Cases

Disposal Costs for Different Cases
DiscardWeight/ | *Low Disposal | **High Disposal
Lb. of PCC (Ibs) Cost ($/Ib) Cost ($/Ib)
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 supplshainfor PCC, collection site costsansportation costs, and

recycling disposal costs have been discus3edble4-6 gives an overview of the reverse

supply chain costs without the recycling procegsiosts.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. h€ 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, btithe PC nylon 6,6 is unsuitable for fiber applications.

Table 4-6: PCC Reverse Supply Chain Costs withouRecycling Costs

PCCReverse Supply Chain Costs without Recycling Costs
Collection Cost| Transportation Dilzgggglllrcl:gost Total Cost
($/Ib) Cost ($/Ib) ($/1b) ($/1b)
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 SitA 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 Sit& 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 ofa®il. $3.50
per pound, respectively, were from a plastic
Pri ces (IDES,R0O0B)ts oreated from polymer price data that is anonymously
reported by plastic buyers on a dailgsis. 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 calculatedisingEquation4-2, with the results shown ifiable4-7.
Resuts show that as the price afgin nylon 6 increases, tieC nylon price decreases.

100% PC price = (50% PC price — virgin price) + 50% PC price
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 6 100% PC Nylon 6
Selling Price ($/Ib) | Selling Price ($/Ib)
Best Case Lowest 100% PC
Nylon 6 Selling Price $1.50 $1.50
Average CaseAverage 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 ofnegloiting
from recycling, the ratio of face yarn component weight to total carpet weight is important.
Table2-3 shows that the nylon component comprises 45.77%eodhpet weight. \Wen
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 mustdilected, transported, apdocessed to gid
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one pound of recycled nylortable4-8 shows the total costs frofrable4-6 after they have
been multiplied by 2.18. Thke 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 SupplChain Costs without
Recycling Costs to Produce 1 Lb. of PC Nylon
CARE Network Collection Site A
Transportation Costy Transportation Costs
Best Case
Nylon 6 PCCto-Polymer
Nylon 6,6 PCC to Polymer
Average Case
Nylon 6 PCCto-Polymer
Total Cost ($/Ib) $0.257 $0.269
Nylon 6,6 PCC to Polymer
Total Cost ($/Ib) $0.214 $0.225
Worst Case
Nylon 6 PCCto-Polymer
Total Cost ($/Ib) $0.326 $0.298
Nylon 6,6 PCC to Polymer
Total Cost ($/Ib) $0.282 $0.254

With estimates for reverse supply chain costs and the seticesf 100% PC nylon
calculated, estimated recycling costs were determiiiée. difference between the selling
price of 100% PC nylon (s@@able4-7) and the reverse supply chain costs {&aae4-8)
result in the recycling costs plus product markiipble4-9 shows the calculatetbmbined
recycling costs and profit margins to produmne pound of PC nylon polymer. From the best
to worst case scenarios, recyglicosts 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 @in 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: RecyclingCostsfor One Pound of PC Nylon
Recycling ProcessinGostsper Poundof PC Nylon
CARE Network Collection Site A
Transportation Costy Transportation Costs
Best Case

Nylon 6 PCCto-Polymer

Total Cost ($/Ib) $1.311 $1.273

Nylon 6,6 PCCGto-Polymer $0.255 $0.217

Total Cost ($/Ib)

Average Case

Nylon 6 PCGto-Polymer

Total Cost ($/1b) $1.626 $1.615
Nylon 6,6 PCGto-Polymer

Total Cost ($/Ib) $0.186 $0.175

Worst Case

Nylon 6 PCGto-Polymer

Total Cost ($/Ib) $1.904 $1.932
Nylon 6,6 PCGto-Polymer $0.118 90,145

Total Cost ($/Ib)

The values irmmable4-9 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 REatessing cost. This is done by dividing the
costs inTable4-9 by 2.18(ratio of face yarn component weight to whole carpet weight)

Table4-10 shows therocessing costs at the recycling site of one pound of PCC.
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Table 4-10: Recycling Costs for One Pound of €C

Recycling Processing Cogier Pound of PCC
CARE Network Collection Site A
Transportation Costy Transportation Costs
Best Case
Nylon 6 PCCTotal Cost ($/Ib) $0.600 $0.583
Nylon 6,6 PCCTotal Cost ($/Ib) $0117 $0.099
Average Case
Nylon 6 PCC TotaCost ($/Ib) $0.744 $0.739
Nylon 6,6 PCC Total Cost ($/Ib) $0.085 $0.080
Worst Case
Nylon 6 PCC Total Cost ($/Ib) $0.871 $0.884
Nylon 6,6 PCC Total Cost ($/Ib) $0.054 $0.067

The reverse supply chain costs for the best, average, and worst case scenarios have
been summarized ifable4-11. When looking at the costs in the PCC reverse sugyn,
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.PEanylon 6 to compete
with virgin nylon 6, more economical recycling methods msinitroduced 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 suppham cost.
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Table 4-11: PCC ReverseSupply Chain Costs

PCC Reverse Supply Chain Costs
Collection | Trans. Cost Fé)e;ggglér;? Er%?ézcs“srilr?g Total Cost
Cost ($/Ib) ($/1b) Cost ($/Ib) | Cost ($/lb) ($/1b)
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 TransportatiGosts
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
WorstCase $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 sahat recycling processing costs could be estimated. Additionally, best,
average, and warsase scenarios fougply chain costs were gived.able8-19to Table
8-21, in AppendixG, show the cost model spreadshe&esme onclusions can be drawn
from the activities of the supply chain, the fisging that collectors must charge a disposal
fee to customers because material sales alone are not financially Viddwethe nylon 6,6
reverse supply chain cannot bear the costs of collection if disposal costs were not charged.
The total supply chainost is very sensitive to price increases and decreases in all activities.

A small cost increase in amCC reverseactivity will affect the selling price and hurt its
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competitive advantage with PC nylon 6,6 from other produitsther observation iat
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 implementefficient and economicly viable recycling systemsgvase logistics

is required to sustain the recycling processEse most successful networks do not design
the recycling system for the product but, instead, design the product forybkngsystem.
Additionally, the reverse logistics system should be designed concurrently with the product
and recycling processes. A cheap and efficient recypliagessingperationrmust cease
operationswithout an adequate flow of returns to sustainrhese are problems for textile
recycling systemsTextiles are composed of many dissimilar materials, unlike plastic
beverage bottles or cardboard shipping contaiwaish are routinely recycledThere are
also nowidespreadollectionsystems, sutasmunicipal recyclingorogramsto ensure a
steadyreturnof endof-use and endf-life textiles. As a result, most textile recycling
operations arperformed by small, entrepreneurial companies or individuals that have found
competitive advantages keep them in businessiowever, for largescale textile recycling
systems to grow out of these small networks, research on reverse logistics and supply chains
is required.

The purpose of this research wastlress these reverse logistics issuedamdop
methodologies for the closed loop recycling of textile produictshis research, post
consumer carpet (PCC) networks were studied because they represent the most advanced
form of current textile recycling systems. To meet the research objectiabfistsed in
Chapter 1.2alocation allocation modebased on heuristicgjas developed to
geographically place a specified number of recycibgsin orderto reduce costs in the

Carpet America Recovery Effort (CARE) network methodology was estasted 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 theifiueip code

populations within a specified radius around the-thgit zip coce 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 retoyglsite could be geographically located

to minimize transportation costs.

Sincethis first model allowed forwerlapping collection radiit 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 castsrecycling 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 ofcollectionto-recyclingsite 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. Ther@foroposed national
network model was created. This model set the 400 most populouslidfitesp codes as
collection sites and also restricted the placement of recycling sites to only these lodations.
addition to studying the effects of increagiannual 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 netwrk cost¢he model locates and allocatesycling sites, balancing
transportation and processing costs. As a result, the model locates sites sctthattsite
distances are increasethen compared to scenarios without E@&ich creates higher
transprtation 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/evithumbers
of recycling sites that have increased capacities. In th&Q#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 colleetmhrecycling sites.

In addition to the location and allocation model, a cost model was created to
investigate theosts ofthe activities that compriseRCC reverse network. Industry
information was obtained from aléector in the CARE network andhanalysis 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 chargingfomers a fee that is less than or
equal to the tip fees of their region. Network transportation costs in the modelexieex
from the 47.64 mile radius CARE model transportation castisnorrecyclable carpet
component disposal costs were calculat€he 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 highewirgin 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 minatwoekn
costs. Lastly, a methodology was discussed to determine unknown costs within the PCC
recycling network.The methodologieand modelsleveloped in this research on PCC
reverse supply chains are important becausedae be applied to other discadtextile
products. Many different textilgroductscan be correlated wensus dathecause areas of
higherpopulation densities will have larger numbers of product users and discarders. This
means thathe PCCmodel can usetbr other textilesf annual collection volumesire
calculated Additionally, the recyclingnetwork for these products can be modeltdrthe
existing PCC reverse netwolblecause the activities and thearrespondingequences will
be similar. The narrow focus of this research 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
Thepreviousresearch was focused on the location and allocation of sitdsefor

recycling of posttonsumer carpet (PCCRecycling sites in both the CARE network and a
national network were geographically located to minimize cdstthe CARE network, a
scenario was created where only the first recycling site was fixed. Fes@&ch should
investigate the effects of locating and fixing sites serialligo, there iscurrentlyno

restriction on how much PCC a recycling site can process annéaltjitional future work
should include reprogramming the national network mamladd 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 netwakde applied to

appareland other products.

6.1 Fixed Sitesin 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 Geolgiaas 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 modeltopizes 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

complicationsof impendng 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 milion pounds fron the beginningWith 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 Capaatated 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 networikwas 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 pound§igee6-1). To
minimize costs, the model woultt allocate sites to have capacities over 410 million

pounds.
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Figure 6-1: Diseconomies bScale Curve

Table6-1 shows the model results. When compared to the resulabile3-17, the
optimal solution is to open two additional recycling sites and to restrict the amount of
material being shipped to each site ($able6-2). However, when examinirigigure6-2 to
Figure6-7, 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 andhe assumption that was made during programming. The algorithm does not
check the locations of the recycling sites in relation to the collection Jitessolution to
this problem is not within the scope of this research. Future work includes praggamm
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.)

National Network - 1,800 Millon Lbs. Annual PCC Collections

Diseconomies of Scale Curve
1 Recycling Sitd 2 Recycling Sitek3 Recycling Sitest Recycling Siteks Recycling Sitels Recycling Sitek? Recycling Site]
Site Opening Cost $1,000,000 $2,000,000 $3,000,00 $4,000,00 $5,000,00! $6,000,00 $7,000,00
Transportation Cosf $68,188,83D $39,591,99p $35,567,30p $30,825,396 $22,207,07p $20,633,31f $20,985,96
Processing Cost $179,999,82D $156,836,051 $133,647,82p $110,455,59p $80,758,02f $80,801,94p $80,821,84
Total Cost $249,188,65D  $198,428,04B $172,215,13D $145,280,98p $107,965,10[L $107,435,25p $108,807,81

Table 6-2: National Recycling Sites: Diseconomies of Scale
(1,800 Million Lbs.)

National Network - 1,800 Millon Lbs. Annual PCC Collections
Geographical Location Allocation off PCC at Site
Truckloads (Ibs)
Disconomies of Scale Curve
1 Site 1st Site 8.51 mi SW of Bloomington, IN 100.00% 1,800,000,00
5 Sites 1st Site 7.19 mi S of Beaver, OH 77.30% 1,391,400,00
2nd Site 5.18 mi SE of Mojave, CA 22.70% 408,600,00
1st Site Greensburg, PA 5458% 982,440,00
3 Sites 2nd Site 5.18 mi SE of Mojave, CA 22.72%  408,960,00
3rd Site Gravel Ridge, AR 22.70% 408,600,00
1st Site Austintown, OH 31.86% 573,480,00
4 Sites 2nd S_ite 5.18 mi S_E of Mojave, CA 22.73%  409,140,00
3rd Site Gravel Ridge, AR 22.70% 408,600,00
4th Site Columbia, SC 22.72%  408,960,00
1st Site Huntertown, IN 22.27%  400,860,00
2nd Site 5.18 mi SE of Mojave, CA 22.19% 399,420,00
5 Sites 3rd Site Shreveport, LA 22.21% 399,780,00
4th Site 10.31 mi NE of Hernando, FL 11.09% 199,620,00
5th Site Jersey City, NJ 22.23% 400,140,00
1st Site Wakarusa, IN 22.29%  401,220,00
2nd Site 5.18 mi SE of Mojave, CA 22.11% 397,980,00
6 Sites 3rd Site Combine, TX 11.10% 199,800,00
4th Site Fruitville, FL 0.00% 0
5th Site Newark, NJ 22.27%  400,860,00
6th Site 7.35 mi W of Jeffersonville, GA 22.22%  399,960,00
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Figure 6-7: 6 Sites- 1,800 Million Lbs.
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6.3 Apparel Reverse Networks

Apparel reverse nerks 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

difficult to recycle into new apparel. As a result, a very complicated reverse network has

been formed to reuse apparel produétgure6-8 shows the network flow diagram for

apparel.

Consumer Use
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Collection

Second-Hand Use
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Markets
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?

Post Industrial
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Cutting

}

Recycling /

Processing
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Figure 6-8: Apparel Network Flow Diagram

Manufacturing

le—]

T

Virgin Material
Inputs

Virgin materials first enter the network and are manufactinto apparel through spinning,

fabric formation, dyeing and finishingnd 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 c@ttion and sortation, the pestnsumefPC)apparel becomes
seconehand 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.
Themajor problem with the apparel net work 1is
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 landfillingjrogration.

Two major problems that plague the apparel recycling industry are the use of
dissimilar materials and thegh degree of uncertainty in product return flows. Therefore,
interest has been shown by Garment Manufacturer A because they havétyh® ab
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 mateasat, easy to separate
from the garment. This design minimizes theyclingproblens created by using dsimilar
materials. The problem of uncertain product flows laminimized by influencing
Gar ment Manuf act Omesuch gfodpdss carumsat laumaiees, svhich
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. Theegi@ased upon sales da@arment

Manufacturer Ahasdirect 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 AOGs ability

collection network, the reverse system becomes much less complicated tharfridpatan
6-8. Additionally, the network can now become a closed loop syskegure6-9 shows the

flow diagram for the proposed garment recycling network.

Post Consumer o| Post Consumer
Disposal Collection

| }

Post Industrial Recycling /
Disposal Processing

!

Manufacturing [«

!

Virgin Materials

Consumer Use >

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 livase they
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. Thislosed loopgyclical process can essentially sustéself 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 ManufacturekAows how many garments were sold to the

commercial laundries, tigecanestimate the matetisveights available for recovery at every
| ocations of

facility. Figure6-10s hows t he geographical

customers, excluding those in Alaska &aivaii.
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Figure 6-10: Continental United StatesLaundry Locations

Since these locations represent post consumer disposal sites, regional collection sites
can be located to minimize transportation co3tse Bucci(2009)CARE network PCC
model was modified to locate these regional collection sites. First, however, the annual

weight of discarded materiatad to be calculated for ealeundrysite. 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 tWeigbach commercial laung 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 chterials in the network was
13,223,963ounds.

When the model was run with the garment weightBable8-22, it produced the
results inTable6-3 ard Figure6-11to Figure6-16. 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 distand@Gtomollection
site is redaed. This would result in reduced shipping costs. Future work for this network
should include researching low casiutions to ship P@aterial from laundry facilities to
collection centers. Additionally, network costs should be analyzed and collpatimers
identified near the solutions of the model (Seble6-3). Finally,the model should be run
once more on the collection sites and their associated amatedial 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 preferencdgss 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.)

Garment Network - 13 Million Lbs. Annual PCC Collections

| . Allocation | o o+ sitg
Geographical Location of (Ibs)
Truckloads

1 Site | 1st Site[4.58 mi NW of Newton, IL 100.00% 13,223,961
5 Sites 1st Si_te Visalig, KY 75.309%9 9,958,054
2nd SitgCrestline, CA 24,7099 3,265,904

1st Site[9.32 mi SW of Alfordsville, IN 56.18% 7,429,81]

3 Sited 2nd SitgCrestline, CA 24.36% 3,221,19¢
3rd Site|Evansburg, PA 19.46% 2,572,941

1st Site[Hobart, IN 35.21% 4,656,111

4 Sites 2nd S.ite Crestline, CA 24.45% 3,233,774
3rd Site|Bethlehem, PA 16.80% 2,221,79¢

4th Site|Atlanta, GA 23.54% 3,112,284

1st Site|Hobart, IN 32.29% 4,269,554

2nd SitelCharter Oak, CA 21.33%% 2,820,694

5 Siteqd 3rd Site|Bethlehem, PA 16.649% 2,200,36
4th Site|Norcross, GA 18.569%9 2,454 ,55]

5th Site|Forest Hill, TX 11.189% 1,478,79¢

1st Site[Hobart, IN 32.27% 4,267,67]

2nd Sitg/Charter Oak, CA 16.989%9 2,244,911

6 Sites 3rd Site|Bethlehem, PA 16.64% 2,200,36!
4th Site|Norcross, GA 18.3999 2,432,321

5th Site|Woodloch, TX 8.409%4 1,110,244

6th Site|Wellsville, UT 7.32% 968,444
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Figure 6-13: 3 Sites- 13 Million Lbs.

Figure 6-15: 5 Sitesi 13 Million Lbs.

N . —
(s W

40}
351 g
Lo
g
30}
251
L L L ﬁ-’j I L
-120 -110 -100 -0 80 -0

Figure 6-12: 2 Sites- 13 Million Lbs.

o \1 m\\c | \f %f
L ///%* ‘71 C.

a0l =
351 g
N
2 d
30}
25}
I I I 2 I I
-120 -110 -100 -0 80 -70

Figure 6-14: 4 Sites- 13 Million Lbs.

Figure 6-16: 6 Sites- 13 Million Lbs.
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A CARE Reclamation Centes
Table 8-1: CARE Reclamation Centers Contact Information

Map
Code Company Flrst Last Locatlon Phone Emall Webslte Comments
1 |Loe Angeles Fibars Company Ron Greitzer LA 3215805537 rorvE afiber. com waw.lalber.com
2 |Gresn Planst Recycing Charkes | Greemsood | Albuguengue, N S05-237-1950 stellariveral0E@msn.com
3 [&ntron® Reclamation Center Henning |Blosch Zalhodin, G TT0L792.4268 henning.m.bkechdinyista com WAw. ankron.nst
4 [Baloones Resolrces TX Randy |wall San Arkonka WO DalCaNESrEs LTSS Com WA DAl LN ESTESOLITES COM
5 |Bakones Resolmes AR Randy __|wall Arkansas WO DalcanEsrE s U RCEs. com ww. DAl CONESrEsOLITEs COm
6 |Knuss Chicago Hasey  |Kruse Chicago 317-337-1950 | Kasey KLss@qmall.com AW KTLISSC TP ECyCling com
7 [CBd Floorcovenng iTandusi Ly e Preston Dalton FOE. 2502600 Lprersbon £ peorared band o WA, CalloOMoverings oom
B |CarpeiCyck Sean Redel Ellzabeth GOEL 3505000 | seanarampatoycle oom [warw_Carpetcycle. com
8 |Conkgliars Industrias Dawe Jacobenn Braban S00.072.0668 daweEvanigliard com W Coniglars com
10 [Chamilan Mannie  |Massengalk Fresm E50.230 1765 mannk& chambian.com W chamllan.com
11_[Champion Polymer Jack Johinson Lesington, Kv 404-857-4732___|[IDNnscivachamplon polymer net [l IR Eor Sy Stem s com
12 [Columbia Recywling Robert Goidberg Dalton, GA columblarscyelingEalksl.nel
13 [Dalton-whilfield SWhia Hariey  |Lewkt Datan, Ga hignitt Edwsaa.ang e L e g ]
14 [East Courty Recyoling Wince [EE Portiand S0L-252-0267 winceEacrracycing.com
15 [Alegheny Contract Flooring Dan Auditore Boebon T21.G35 1077 daudkoreEaleghey com warw. al g henvooriract com
16 [Ewargren Nykon Recseling (Shaw) Russ Calazkr AU, GA 1-800.434 9837 Russaloelozier@shawin.com ' sha WIICO S S0
17 [Georga Recycling (1) Amir Sahebdvan! Atlania 404-622.0078 AHDIVANIEan.com
12 [Interface Amercas Dervid Whkkey LaGrange, Ga TOEC126193 david. whilei us. Inberfaca. com W Inberfacainc. com
19 [Knee Carpet Recycing Dick Kruse Indkanapalts 317-337-1950 [ kasey KUseaqgmall com WA kNLERCarpetecycing com
20 [RM Brokerage Ricky Tefada DC. Bakimore Info & mbroksfage.com . T ke rag 8. com
21 |SF Campet Recycling Elien Feaynar San Frarclsco ellenssfarpstrecycling.com e, sfcarpet recycing.com
22 |Recovery 1. Ire. Tamy Gl Taooma, W tglllis & recoveryl.com arrw. rECoVEry 1.com
23 |Cuickslver Recycing Jack Flaacks Tampa 130261404 lackNaacked O SRecyoling com WA, gsracycling.com
24 [Carpet Agan Recycling Paul =R Dallas 2143602275 | poevereux@amortarpeLloom
25 |Soukheastem Fastic Recovery Inc. Jon Volaw Charesbon, SC 430401034 serecovabelzouh.nat
26 |Elue Ridge Recyoling Robert Gl Charlctte, NC 704-621-4482 carpatracyveling@sgmall.com
27 |Atlanta Foam Recycle Larry KcDonad Atlania T13-201-0062 larrysid 2 haimail.com
22 |Al Panst Recycle Sal Palopol Phosnix B02- 2585600 Flanetd ] @gcl.com
29 |Sauthesstem Recveling (Chad Chaffin Hastrlle 61524 26464 sarecyeling & balsouth.net
0 |Aflanta Foam Recycle Larry McDonad Greamile, SC T13-201-0062 larrysld 2@ haimail.com
1 [Excesd Flzorng Haky Halkeblan Chicaqo e15.458.2113 hhaleblanya hoo.com
32 |Matural Trarsitons Paul CVEraLn Houston 214.360.2275 | poewersun@amorcarpstcom
33 |Foam Recycls Center Louks Rerbalm O, Bakimore GO0.787-3626 | drpadmansiracloom wraw. reCyCleloam.Ccom
M [WHY Profesalonal Floodng Jaramy  |Krasny BiTalo. NY 716.854-3875 |KrErsn wETLICHC . O
35 |Bro-Tex Cio Roger Greanbang SL Paul, MN E51-645-5721 rgreen g bk com W, Dol com
36 |Sargenians Floooveings Jim Garmer Madison, Wi EOREG3-2500 | mg@s=rgenians.com [wraw. SSrgEnans com
37 [Nylens Canada Inc Dawvid Macre Oitawa Canada 6136233191 2208 | daws. Monrs & rivlens oom ' natgnylon.com
3 |[Foam Recycle Center Louks Rerbalm EBallimore, MD A10.247 LR enbaum- Tecy CEfaam.com wraw. reCycleloam.Ccom
30 |[Foam Recycls Center Louis Rerbalm Forestvile, MD 301-136.4752 | LRenbaum:iecy ciEfdam.com wrarw. reCylBloam.com
40 |Foam Recycls Center Lodis Rerbalm AlExandria. VA TOLAT0-1271 LR enbalimiaTecy CEfam.com [arar rECyClBToam.com
41 |Foam Recycle Cenber Liolis Farbaum Raaigh, NC S169.452-6070 LR enbalma ey lefoam.com WA, reCyclefam.com
42 |Foam Recycls Center Lodis Rerbalm Cumarn, NG 356.P02.5765 | LREntaima ey cEfam.com e rECYClETDamLEOm
43 |Foam Recyele Center Lot Rerhalim SEVannaN, G S12.667.7992 | LRenbaum-arecy cifoam.com . M EC W O TLEO M
44 |Foam Recycls Center Louis Rerbalm Jacksomwile, FL I NTETTT] LR enbalm-decy CEfaam.com wraw.reCycleloam.Ccom
45 |Foam Recycke Center Lowks Rarbaum Diedray Baach, FL SA1.330. 3633 LR enbaurm:a ey ckfaam.com A reC el elcam.com
46 |Foam Recycle Center Louks Rerbalim Houshon, T 7130443905 |LRenbaumaTecy cEfoam.com wraw.recycleloam.com
47 |Foam Recycle Center Louts Rarbaum Friladephia, P& B10L247.0586 LR enbalm-a ey cEfoam.com ' recyclelamcom
43 [Carpat Recyling, Inc. Loiks Rerbalim Orlando. Fl 7 |LRentaumareey ciEoam.com A TEC Wl ETOa MLEO M
49 |Reclamation LTD Bnicg Kaiore Columbds, OH bimzore &kt e king.oom
50 |Tewas carpst Recydling Thomas_[Holland Grapevng, T hallanda lEma SearpST=cyCling.com_|wars. b ascapetiecycing.com
51 |Mezquite Carpets Weronica |hunos Dallers. TX 214-366.2311 VITLINOE e 2 ECA| LA W mezguitecarpets.com
52 |Paved Recycling, INC. Weronica |Harns Tallahassse, FL 2505300350 Wennica Hamsd3geomeast net
&3 |Carpst Recovery Intematonal, NG, A Kram MArza Houston, TX E32.715.5903 Moy desireac. com
4 |Mohawk's Greermsorks Eton, GA
55 |Design Source Inksriars Dan Lawsan Lema, KS dawsnnEdswnoesa . com
56 [Great Lakes Recycling Sleve [ Rocevile. M 7 slevanag.orl.com
57 [Sk=nberger Flooring [Amie Piz HEnEIbEm). PA 412-276-2016 | aplra el rbergermion s com
B8 |ERCS Paul Ashman Norh Feeding, M| G7E-621-0540 | carpeliecyclingaan.com [WAW.CAlp el e e Ing.com
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B CARE Collection Site Distance Matrix
Table 8-2: Great Circle Distances (mi) Between CARE Collection Sites

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 10211422
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 8821005 1088|1110 1197| 1171] 921 739| 627 786 587| 912|1100| 862 | 1238 1238[ 1529 1528 1537| 1589 1588 1 2569] 2673| 2507] 2477)
58 | 26 9 | 208] 388] 488 259 397 371 408 408| 619| 616| 732| 824 807 931]1002| 944 | 931 921 018| 91| 908[ 862| 9081031 1114 113_(7)1 1223[1107] 944 762 647| 805| 602| 925[1110 877 1253 1260) 155% 1553 1559] 1612] 1611] ﬁzs&%zsmﬁ?
15 | 18 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 125 1542‘ 1548 1554 1606] 160 2581/ 2685 2519 2484
8 | 182] 208| 201| O | 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] 141 2443 255%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 9151012 1136] 1050] 630 | 444 | 302| 438 | 214| 537 732| 489 874 920]1202[1201] 1208[ 1293 1293 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| 6578 707| 731 | 833| 963 | 869 | 465| 279| 161| 326| 207 512 734| 445| 782| 773| 1063 1062 1071 1135 1134 2139 2253] 2145 2137
47 | 233] 250 251| 51 | 277] 276] 0 | 139] 114 150 150 363| 350| 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 2415 2528] 2409 2386
39 | 371] 397] 390] 189 204| 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 | 1188118 1@2‘ 12291228 2327 zauzﬁﬁl? 32
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| 500| 420| 344 510 397 710| 931| 643| 965| 914 1206| 1208| 1216[ 1251] 1250 2329] 2446|2343 2
40 | 383 408 401] 201| 293] 193] 150] 13 | 38 | 0 | 0 | 226| 218| 328] 439| 399 522| 503 536 | 525| 517 514| 515| 504 458 516 | 644| 711 761 | 870 812| 558| 392| 328| 492| 397 | 703| 927| 633 044 8841176 117! 118%{ 12171216 2 ﬁzaz 23385 232
20 | 383] 408 401] 201| 293 150| 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| 120: 2311] 2429] 2335 232:
[ a1 | 592 619] 611] 414] 491 363| 233 262| 226] 226 0 | 21 | 122| 214 219] 343] 408| 356 367 365| 362| 363| 351| 248| 292| 419| 497 535| 649 587 454 377| 502 518 761] 992 684 | 908| 772 | 1056] 105 1063 1063 1060) ZE‘ 2402] 2367| 236:
42 | 590 616 608| 410] 475] 311 359| 226 255] 2 21 | 0 | 118] 224] 210] 336] 402| 349| 356 | 353| 350 | 351 | 340| 247| 299| 427| 498 546 | 662 | 595 438 356 481 498] 740| 970 663 | 889 | 758 | 1043[ 1044 10551053 1051] 2255) 2384 2341] 234
706 732 724] 525 557 378| 473| 337| 365] 3 2| 118 0 | 149] 102| 223] 287| 235| 252| 252 250 250 239| 131| 201| 330 384 455| 586 495] 358 374 463] 538 733| 961| 655 829 665 943| 945] 957 943] 94 2183[ 2316] 2299 230!
797 815] 623 695 522| 573| 447 476] 4 4| 224] 149| 0 | 107| 261 298] 268 313| 323 321 321 312 129] 90 313] 322|441 375| 453| 436 522| 601 | 687 8731098 795| 930| 723| 982 985| 998 948 94 261/ 2400] 2410] 242:
0 | 781] 807] 800| 599 589 404 548] 410 436] 3 9] 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 84 08 17] 222
7 | 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] 202] 239] 41 14 288 426 432] 601| 692| 903| 619 681 463 7 744] 72 00 %Z
8 | 9761002 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 37 347] 489] 479 730] 932] 660 679] 433 685 688] 700 6 974 58217
7 | 919 944] 937| 737 703| 519 686 548 573| 536 536 | 356] 349 235| 268| 140| 14 | 58 | © 79 40[ 222 289 229| 40 298 437 439 07| 626 | 679 455 720] 722 734] 708 7 5 | 1269/ 1932] 1994 60 2177
3| 90 4] 725] 668 487| 675] 538 561 525 525| 367 356] 252| 313] 149| 60 | 101| 63 18 4] 278 352] 285] 470 246 79 44| 564 217] 6 705] 699] 6 8| 800 [ 1551] 1229 1891 194 042119
12 | 89 4] 715] 653] 472 666 | 529 652 517 365] 353| 252 323| 150| 77 | 119] 81 2 4] 292] 369| 304 488 643| 486 228 1 26 | 54 413 692 693] 705| 704[ 702| 694 803 | 1547 1223] 1886[ 1942[ 20 9%_ 106
13 | 89 1] 712] 650 470 663] 526 549] 514] 514] 362| 350 250| 321 | 147] 76 | 120] 80 2 3| 290] 368 304 488 | 643| 486 138 227| 372] 360] 54 27| 54 416 694 696] 707] 707 705] 697 | 806 | 1549| 1226[ 1888| 1944] 2081] 2093 2107
[ 7 [895 3| 714 652| 472 665] 528] 55 5| 515 363] 351 250] 321 148 75 | 119] 79 0 2| 200 367 303| 487 642 485 139 228] 37: 45 4 415] 693 695| 707 706 704] 696 | 805|154 E‘:BB 44] 2081] 2094 2108
54 08| 902 703 643] 462] 653] 516] 540 39| 312] 137 74 | 124] 80 12 | 0 | 185] 284] 365| 306 486 | 641 486 144 6 539 4 426 705| 707] 718] 717 716] 707] 811 0
62| 855 655] 673 490| 604] 468 496 31| 129] 907 | 132] 177] 140 92| 185] 0 | 109] 223| 253] 352 79| 328 341 453] 503] 626 97| 804 595 858 861 36| 834 822 94
08| 900| 705 | 757] 578 655] 525] 554 01| 90 | 203| 219] 236 222 90| 284 109| 0 | 130] 224] 255] 392] 296 428 450 556 612 727 02806 900 669 | 916 | 920 70 54] 98
41005 10311023 887| 707 780 652 681 30| 208 319 292 276 289 67| 365] 223] 130 163] 120] 278] 168| 503 559 676 715] 84 4] 907 | 955] 692 910] 914 34| 830 815] 959
088[1114] 110§ 915| 731 857 721] 749 84| 313] 327 239 186 229 03 253| 224] 163| 0 | 225] 376 193| 420 527 664| 664] 83 4846 833] 548] 750 755| 768| 671| 667 652] 797
011371128 9401017 891] 768] 797 | 455] 322[ 448] 412] 385| 407 87 352| 255 120] 225| 0 | 156] 82 | 619 686 805| 841 978] 1105 1314/ 10311055 772| 963 | 968| 981| 860 855] 839| 989 [2437] 2521 2548
712231214 1036 1134 989] 876 904 586 441] 593] 567 541| 56 42| 641 496 | 392 278] 376 156 0 | 193] 775| 836 | 948| 9931119 1259 1470] 1184] 1208] 920 | 1093 1098 1112| 971| 966 949]1102] 71] 2669 2697
1/1197/ 1189 998105 947] 820] 849 495| 375| 471| 414] 373[ 40 485 379 296 168] 193] 82 | 193| 0 | 609| 698| 826 845 | 1001] 1103] 1305/ 1031 1023 729 | 902| 907 | 921 | 788| 783| 767] 9 79| 2477] 2507
921] 944] 938 746 630| 465 701 571 590 358| 453] 264] 213 21! 139 328] 428] 503] 420] 619 775] 609| 0 | 187] 330| 261] 484 496 429 477| 326 618] 618] 628 670] 669 | 664 | 752 | 1444 1117| 1777] 1825 1958] 1958 1970
11 | 739] 762 757] 569 444| 279 526 405 420 299 436 246| 288 298| 228 341] 450] 559 527 686 836 698] 187 149 165[ 317] 437 359 | 566 499 | 790| 790| 799| 856 856 | 851| 934 | 1582 1251] 1904 T_s‘__e [2013] 2014
49 | 627 647| 643] 470] 302] 161] 435] 339 344 374] 522] 357 426 489 43 373 453] 556 676] 664] 805] 948] 826 330| 149| 0 | 166] 176] 389 315] 623] 621] 908] 907| 915 991 | 991 | 988 1061] 27] 1968] 1985[ 2102[ 2014 200
19 | 786 805| 802| 635] 438| 326 601] 503| 510 463 601 410] 432] 479 43 362 503| 612 715] 664 841| 993| 845| 261 165] 166 248| 272 498] 195] 457 489 ] 766 764| 770| 871 872| 871| 92814 621601 1819 1938] 1664/ 1861
587] 602| 600| 469 | 214 207| 450 404 | 397 538| 687 531] 601 663 61. 545 626 727] 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 193
912| 925[ 924 797 537| 512] 776| 712] 710 733| 873] 681] 692] 730] 69 619 773] 882 081 015[1109 1259 1103] 496] 437] 389] 272] 3207 0 | 231] 78 | 305 696] 814| 810| 813] 972] 974] 078 904 70 1667] 1657] 17 621
110011101110 1004] 732] 734] 988 935] 931 | 961 1098] 904] 903] 932] 907 | 828 99311021194 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/ 1399
| 31 | 862 877| 875| 739] 489 | 445| 714] 643| 643 655 795] 604] 619 660 626 547 697 806 907| 846 1031] 1184[ 1031] 429 350| 315] 195[ 276] 78 | 308| 0 | 403 562 799| 796] 800 | 944 946 | 948 976 | 1423 1098[ 1710] 1708] 1816] 17
55 1259 782] 1058] 956 965 829] 930| 740] 681] 679 679 61 804| 900 | 955| 833] 1055 1208] 1023 477 | 566 | 623| 457 | 662| 395] 422| 403| 0 | 324] 442 437| 437| 630| 634| 643| 624]1037] 708134 13%‘14 14
5 7731023 897] 914 665 723| 563| 463| 433 455 a1 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 16841
24 1063] 1318[ 1188[ 120 43| 982] 841 729] 685] 720 4] 69 858] 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| 162
51 9 1062 1315[ 1189 120 45| 985 843 732 688] 72 96 | 695 861 920 014] 755| 968 1098] 907| 618 790| 907 764 | 1008 810| 858| 796| 437| 292| 7 | O | 14 | 221| 227| 241| 187 880 58112311320 1472 1
50 1368 1071] 1328 1198[ 121 57| 998 854 744 700] 7: 707 73] 932] 927 768 981 1112| 921| 628] 799| 915] 770|1014 813| 856 800| 437] 302| 19 | 14 | 0 | 230| 236 | 251 188| 866 5671218 1307 14591
| 53 | 1589[1612] 1606 1411 1203 1135| 1364| 1229 125 43| 948 844 720 661 ] 7 706 36| 870 834 671 860| 971 788| 670] 856 991| 871 | 1119 972|1051] 944 630| 385| 214| 221] 230] 0O 25 | 1311000 740 135%1 1467] 1625[ 1
| 32 | 1588[1611] 1606 1410] 1203 1134 1363| 1228[ 125 40| 945 842 718| 658| 706 697 702] 705| 704 34| 867 | 830| 667 | 855| 966 | 783 | 669 856 991| 872| 1120 974| 1054 946 634| 387 220| 227] 236] 6 18 | 1371006[ 746 1353 1473/ 1631] 1818 1871)
26 | 1582] 1605|1599 1404] 1290 1130] 1356| 1221] 1242| 1208| 1208| 1051] 1042] 930| 933| 832 708| 647 | 695 688] 694 697 696 22| 854 815 652 839 949 767 664] 851| 988| 871 | 1116 9781062 948 643| 388| 234| 241| 251| 25 | 18 | O | 155]1024] 7641379 1492|1650 1836|1889
4| 1672[1698[ 1690| 1498[ 1360] 121 | 1340{ 1308] 1308] 1166| 1156[ 1049 1065] 948| 827 772| 816 | 800 | 803 | 806 | 805 48| 989 | 959 | 797 | 989 1102] 919 752| 934]1061] 9281175 9941044 976 | 624| 440| 182 187 188| 131| 137| 155| 0 | 870| 6171224/ 13391498 1701] 1759
28 | 2275 2292] 2289 2128 1908| 181 1995|1972 1972| 1898| 1882] 179% 1856] 1696| 1596| 1560| 1588| 1551] 1547 1549] 1549 1728[ 1795[ 1794 1634] 1843] 1966 1778] 1444] 1582 1653 1493] 1604| 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 148 1664] 1641] 1641] 1570] 1554] 1471 1537 1371] 1276] 1244] 1269| 1229| 1223[ 1226] 1225 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 212 2310[ 2289] 2289| 2230| 2213 2133 2199 2034 1939] 1906] 1932] 1891 1886| 1886| 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 2329| 2311] 2311] 2273 2255| 2183 2261 2086] 2000 1974] 1994| 1949| 1942| 1944| 1944] 1953 2132 2210] 22295 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 zssﬁzssa 2554] 2299] 2253 2446] 2429] 2429[ 2402] 2384] 2313 2400] 2221] 2139| 2116] 2134] 2087] 2079 2081] 2081] 209 227% 2357 237% 2218] 2437] 2571] 2379| 1956[ 2061] 10%1 38 2089 171 1155%1 181 1493 1684| 1478| 1472] 1459 1625 1631] 1653 1498] 650 | 892| 347 164] 0 | 539] 657]
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C CARE Model Results- Non-Overlapping Collection Radii
Table 8-3: CARE Network Costs- 11.91 mi. NorOverlapping Collection Radii

CARE Network - 11.91 mi. Non-Overlapping Collection Radii

First Site in First Site in First Site in
First Site NC, SC, or First Site NC, SC, or First Site NC, SC, or
Optimal GA Optimal GA Optimal GA
1 Recycling Site 2 Recycling Sites 3 Recycling Sites
Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,00
Transportation Cosf $11,889,570 $12,297,266 $6,569,640 $7,049,749 $4,511,496 $4,807,99(
Total Cost $12,889,57p $13,297,26p $8,569,640 $9,049,749 $7,511,496 $7,807,99¢
4 Recycling Site 5 Recycling Sites 6 Recycling Sites
Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,00
Transportation Cost  $3,565,645 $3,614,450 $2,960,405 $3,106,69]1 $2,481,31]1 $2,627,59]
Total Cost $7,565,645 $7,614,450 $7,960,405 $8,106,691 $8,481,311 $8,627,59]

Table 8-4: CARE Network Costs- 23.82 mi. NorOverlapping Collection Radii

CARE Network - 23.82 mi. Non-Overlapping Collection Radii

First Site in First Site in First Site in
First Site NC, SC, or First Site NC, SC, or First Site NC, SC, or
Optimal GA Optimal GA Optimal GA
1 Recycling Site 2 Recycling Sites 3 Recycling Sites
Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,00
Transportation Cosf  $11,819,318 $12,279,70p $6,261,429) $6,884,826 $4,483,061 $4,424,16
Total Cost $12,819,318 $13,279,70p $8,261,429 $8,884,826 $7,483,061 $7,424,16
4 Recycling Site 5 Recycling Sites 6 Recycling Sites
Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,00
Transportation Cosf ~ $3,340,099  $3,364,094 $2,692,047Y $2,816,80f $2,250,390 $2,375,15
Total Cost $7,340,099 $7,364,094 $7,692,047Y $7,816,807 $8,250,390 $8,375,15

Table 8-5: CARE Network Costs- 47.64 mi. NorOverlapping Collection Radii

CARE Network - 47.64 mi. Non-Overlapping Collection Radii

First Site in First Site in First Site in
First Site NC, SC, or First Site NC, SC, or First Site NC, SC, or
Optimal GA Optimal GA Optimal GA
1 Recycling Site 2 Recycling Sites 3 Recycling Sites
Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,00
Transportation Cosf $11,588,296 $12,121,208 $6,166,309 $6,786,899 $4,851,709 $4,464,36]
Total Cost $12,588,296 $13,121,208 $8,166,309 $8,786,899 $7,851,709 $7,464,36]
4 Recycling Site 5 Recycling Sites 6 Recycling Sites
Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,00
Transportation Cosf  $3,636,927  $3,634,685 $2,704,570 $2,848,447 $2,225,792 $2,369,66
Total Cost $7,636,92f $7,634,685 $7,704,570 $7,848,447 $8,225,792 $8,369,66
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% Change in Transportation Costs between Increasing Numbers of Recycling Site
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Table 8-6: CARE Recycling Sites- 11.91 mi. NonrOverlapping Collection Radii

CARE Network - 11.91 mi. Non-Overlapping Collection Radii
Geographical Location Allocation of | PCC at Site
Truckloads (bs)
First Site Optimal

1 Site 1st Site |Fort Knox, KY 100.00% 297,000,00
2 Sites 1st Site (Coal Fork, WV 75.89% 225,393,30
2nd Site |4.26 mi NE of View Park-Windsor Hills, CA 24.11% 71,606,70

1st Site |Rockvile, MD 55.83% 165,815,10

3 Sites | 2nd Site |4.26 mi NE of View Park-Windsor Hills, CA 22.719 67,448,70
3rd Site [Highland Park, TX 21.45% 63,706,50

1st Site [Leacock-Leola-Barevile, PA 38.18% 113,394,60

4 Sites 2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.719 67,448,70
3rd Stte [Highland Park, TX 21.45% 63,706,50

4th Site |Macon, GA 17.66% 52,450,20

1st Site [South Bound Brook, NJ 29.579 87,822,90

2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.71% 67,448,70

5 Sites | 3rd Site [Highland Park, TX 18.02% 53,519,40
4th Site |Metter, GA 17.44% 51,796,80

5th Site |Buchanan, Ml 12.26% 36,412,20

1st Site [South Bound Brook, NJ 29.579 87,822,90

2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 18.519 54,974,70

6 Sites 3rd Site [Highland Park, TX 18.02% 53,519,40
4th Site |Metter, GA 17.44% 51,796,80

5th Site |Buchanan, Ml 12.269 36,412,20

6th Site [Cherry Grove, WA 4.209%4 12,474,00

First Site in NC, SC, or GA

1 Site 1st Site [6.33 mi SW of Tunnel Hil, GA 100.00% 297,000,00
5 Sites 1st Site |6.33 mi SW of Tunnel Hil, GA 75.89% 225,393,30
2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 24.119 71,606,70

1st Site (6.33 mi SW of Tunnel Hil, GA 42.10% 125,037,00

3 Sites | 2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 24.119 71,606,70
3rd Site |Doylestown, PA 33.78% 100,326,60

1st Site (6.33 mi SW of Tunnel Hil, GA 25.49% 75,705,30

4 Sites 2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.719 67,448,70
3rd Site |Doylestown, PA 33.78% 100,326,60

4th Site |Highland Park, TX 18.02% 53,519,40

1st Site (6.33 mi SW of Tunnel Hil, GA 17.91% 53,192,70

2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.719 67,448,70

5 Sites | 3rd Site [South Bound Brook, NJ 29.57% 87,822,90
4th Site |Highland Park, TX 18.02% 53,519,40

5th Site |Buchanan, Ml 11.799 35,016,30

1st Site |6.33 mi SW of Tunnel Hil, GA 17.91% 53,192,70

2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 18.519 54,974,70

6 Sites 3rd Site [South Bound Brook, NJ 29.579 87,822,90
4th Site |Highland Park, TX 18.02% 53,519,40

5th Site |Buchanan, Ml 11.799 35,016,30

6th Site |Cherry Grove, WA 4.2094 12,474,00

143



Table 8-7: CARE Recycling Sites- 47.64 mi. NonOverlapping Collection Radii

CARE Network - 47.64 mi. Non-Overlapping Collection Radii
Geographical Location Allocation of | PCC at Site
Truckloads (Ibs)
First Site Optimal

1 Site 1st Site |Visalia, KY 100.00% 297,000,00
2 Sites 1st Site [8.60 mi SW of Womelsdorf (Coalton), WV 77.08% 228,927,60
2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.92% 68,072,40

1st Site (Clover Hil, MD 64.28% 190,911,60

3 Sites | 2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.37% 66,438,90
3rd Site |Highland Park, TX 13.36% 39,679,20

1st Site [South Bound Brook, NJ 35.23% 104,633,10

4 Sites 2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.379 66,438,90
3rd Site |Highland Park, TX 13.369 39,679,20

4th Site |Clermont, GA 29.05% 86,278,50

1st Site |Elizabeth, NJ 35.23% 104,633,10

2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.379 66,438,90

5 Sites | 3rd Site [Highland Park, TX 9.60% 28,512,00
4th Site |Metter, GA 19.01% 56,459,70

5th Site [Long Grove, IL 17.389 51,618,60

1st Site |Elizabeth, NJ 31.649 93,970,80

2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 18.30% 54,351,00

6 Sites 3rd Site |Highland Park, TX 9.60% 28,512,00
4th Site |Metter, GA 19.01% 56,459,70

5th Site {Long Grove, IL 17.38% 51,618,60

6th Site |Fircrest, WA 4.07% 12,087,90

First Site in NC, SC, or GA

1 Site 1st Site [4.26 mi E of Murphy, NC 100.00% 297,000,00
2 Sites 1st Site {4.26 mi E of Murphy, NC 77.08% 228,927,60
2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.92% 68,072,40

1st Site {4.26 mi E of Murphy, NC 41.85% 124,294,50

3 Sites | 2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.929 68,072,40
3rd Site |Elizabeth, NJ 35.23% 104,633,10

1st Site {4.26 mi E of Murphy, NC 31.359 93,109,50

4 Sites 2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.379 66,438,90
3rd Site |Elizabeth, NJ 35.23% 104,633,10

4th Site |Highland Park, TX 11.05% 32,818,50

1st Site {4.26 mi E of Murphy, NC 19.62% 58,271,40

2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 22.379 66,438,90

5 Sites | 3rd Site |Elizabeth, NJ 31.64% 93,970,80
4th Site |Highland Park, TX 9.60% 28,512,00

5th Site [Long Grove, IL 16.789 49,836,60

1st Site {4.26 mi E of Murphy, NC 19.62% 58,271,40

2nd Site |4.26 mi NE of View Park-Windsor Hils, CA 18.30% 54,351,00

6 Sites 3rd Site |Elizabeth, NJ 31.64% 93,970,80
4th Site |Highland Park, TX 9.60% 28,512,00

5th Site [Long Grove, IL 16.78% 49,836,60

6th Site [Fircrest, WA 4.07% 12,087,90
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Figure 8-7: 3 Sites- First Site NC/SC/GA
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Figure 8-10: 5 Sites- First Site Optimal
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Figure 8-11: 5 Sites- First Site NC/SC/GA
(11.91 mi. NonrOverlapping Radii)
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Figure 8-16: 3 Sites- First Site Optimal Figure 8-17: 3 Sites- First Site NC/SC/GA
(23.82 mi. NonOverlapping Radii) (23.82 mi. NonOverlapping Radii)
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Figure 8-20: 5 Sites- First Site Optimal Figure 8-21: 5 Sites- First Site NC/SC/GA
(23.82 mi. NonOverlapping Radii) (23.82 mi. NonOverlapping Radii)
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Figure 8-26: 3 Sites- First Site Optimal Figure 8-27: 3 Sites- First Site NC/SC/GA
(47.64 mi. NonrOverlapping Radii) (47.64 mi. Non-Overlapping Radii)
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Figure 8-28: 4 Sites- First Site Optimal Figure 8-29: 4 Sites- First Site NC/SC/GA
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Figure 8-30: 5 Sites- First Site Optimal Figure 8-31: 5 Sites- First Site NC/SC/GA
(47.64 mi. NonrOverlapping Radii) (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

Estimated Shipping Rates and Diesel Fuel Costs

Estimated Shippin{Average Cost of N¢ *Average Rate of Ayerage Rate Noo.

Date Rate ($/loaded-truq 2 Diesel Fuel No. 2 Diesel Fuel D|e§eI Fuel as A? N
mile) ($/gallon) ($/Ioad_ed—truck— Estimated Shippin

mile) Rate

Jan 1999 $1.80 $0.97 $0.21 11.959
Feb 1999 $1.80 $0.96 $0.21; 11.859
Mar 1999 $1.80 $1.00 $0.27 12.329
Apr 1999 $1.80 $1.08 $0.24 13.349
May 1999 $1.8¢ $1.07 $0.24 13.249
Jun 1999 $1.80 $1.07 $0.24 13.239
Jul 1999 $1.8¢ $1.17 $0.25 13.829
Aug 1999 $1.81 $1.17 $0.26 14.439
Sep 1999 $1.81 $1.21 $0.27 14.939
Oct 1999 $1.81 $1.23 $0.27 15.129
Nov 1999 $1.80 $1.26 $0.2§ 15.579
Dec 1999 $1.81 $1.29 $0.29 15.899
Jan 2000 $1.81 $1.36 $0.30 16.619
Feb 2000 $1.87 $1.44 $0.37 17.859
Mar 2000 $1.83 $1.48 $0.33 17.979
Apr 2000 $1.84 $1.42 $0.37 17.199
May 2000 $1.84 $1.42 $0.37 17.109
Jun 2000 $1.85 $1.42 $0.37 17.119
Jul 2000 $1.85 $1.43 $0.37 17.249
Aug 2000 $1.85 $1.47 $0.33 17.589
Sep 2000 $1.87 $1.64 $0.36 19.499
Oct 2000 $1.87 $1.64 $0.36 19.449
Nov 2000 $1.89 $1.67 $0.36 19.209
Dec 2000 $1.89 $1.56 $0.35 18.539
Jan 2001 $1.89 $1.52 $0.34 18.019
Feb 2001 $1.87 $1.49 $0.33 17.709
Mar 2001 $1.87 $1.4Q $0.31; 16.639
Apr 2001 $1.89 $1.42 $0.37 16.859
May 2001 $1.88 $1.5¢ $0.33 17.709
Jun 2001 $1.89 $1.48 $0.33 17.539
Jul 2001 $1.89 $1.37 $0.31 16.209
Aug 2001 $1.89 $1.39 $0.31 16.399
Sep 2001 $1.89 $1.5¢ $0.33 17.609
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Table 8-8: Continued

Oct 2001 $1.88 $1.35 $0.30 15.949
Nov 2001 $1.889 $1.26 $0.29 14.929
Dec 2001 $1.87 $1.17 $0.26 13.889
Jan 2002 $1.86 $1.15 $0.26 13.769
Feb 2002 $1.86 $1.15 $0.26 13.769
Mar 2002 $1.86 $1.23 $0.27 14.719
Apr 2002 $1.87 $1.31 $0.29 15.579
May 2002 $1.87 $1.31 $0.29 15.529
Jun 2002 $1.87 $1.29 $0.29 15.269
Jul 2002 $1.87 $1.30 $0.29 15.439
Aug 2002 $1.84 $1.33 $0.30 15.729
Sep 2002 $1.84 $1.41 $0.31 16.699
Oct 2002 $1.84 $1.46 $0.32 17.249
Nov 2002 $1.89 $1.42 $0.32 16.729
Dec 2002 $1.89 $1.43 $0.32 16.849
Jan 2003 $1.89 $1.49 $0.33 17.529
Feb 2003 $1.89 $1.65 $0.37 19.419
Mar 2003 $1.90 $1.71 $0.38 19.939
Apr 2003 $1.91 $1.53 $0.34 17.859
May 2003 $1.91 $1.45 $0.32 16.889
Jun 2003 $1.90 $1.42 $0.32 16.629
Jul 2003 $1.92 $1.44 $0.32 16.609
Aug 2003 $1.93 $1.49 $0.33 17.139
Sep 2003 $1.93 $1.47 $0.33 16.879
Oct 2003 $1.94 $1.48 $0.33 17.009
Nov 2003 $1.94 $1.48 $0.33 16.999
Dec 2003 $1.95 $1.49 $0.33 17.009
Jan 2004 $1.95 $1.55 $0.34 17.669
Feb 2004 $1.97 $1.58 $0.35 17.879
Mar 2004 $1.97 $1.63 $0.36 18.399
Apr 2004 $1.99 $1.69 $0.38 19.039
May 2004 $1.99 $1.75 $0.39 19.579
Jun 2004 $1.99 $1.71 $0.38 19.069
Jul 2004 $1.99 $1.74 $0.39 19.379
Aug 2004 $2.01 $1.83 $0.41 20.319
Sep 2004 $2.02 $1.92 $0.43 21.069
Oct 2004 $2.04 $2.13 $0.47 23.289
Nov 2004 $2.05 $2.15 $0.49 23.259
Dec 2004 $2.04 $2.01 $0.45 21.889
Jan 2005 $2.05 $1.96 $0.44 21.209
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Table 8-8: Continued

Feb 2005 $2.07 $2.03 $0.45 21.799
Mar 2005 $2.08 $2.21 $0.49 23.659
Apr 2005 $2.09 $2.29 $0.51 24.329
May 2005 $2.11 $2.20 $0.49 23.189
Jun 2005 $2.11 $2.29 $0.51 24.149
Jul 2005 $2.11 $2.37 $0.53 25.019
Aug 2005 $2.11 $2.50 $0.56 26.299
Sep 2005 $2.14 $2.82 $0.63 29.279
Oct 2005 $2.17 $3.10 $0.69 31.769
Nov 2005 $2.19 $2.57 $0.57 26.289
Dec 2005 $2.16 $2.44 $0.54 25.129
Jan 2006 $2.15 $2.47 $0.55 25.549
Feb 2006 $2.15 $2.48 $0.55 25.629
Mar 2006 $2.15 $2.56 $0.57 26.469
Apr 2006 $2.16 $2.73 $0.61 28.129
May 2006 $2.19 $2.90 $0.64 29.519
Jun 2006 $2.19 $2.90 $0.64 29.439
Jul 2006 $2.19 $2.93 $0.65 29.779
Aug 2006 $2.20 $3.05 $0.68 30.739
Sep 2006 $2.21 $2.78 $0.62 28.029
Oct 2006 $2.2( $2.52 $0.56 25.479
Nov 2006 $2.19 $2.54 $0.57 25.849
Dec 2006 $2.18 $2.61 $0.58 26.559
Jan 2007 $2.2( $2.48 $0.55 25.149
Feb 2007 $2.19 $2.49 $0.55 25.279
Mar 2007 $2.18 $2.67 $0.59 27.159
Apr 2007 $2.19 $2.83 $0.63 28.719
May 2007 $2.20 $2.80 $0.62 28.299
Jun 2007 $2.19 $2.81 $0.62 28.479
Jul 2007 $2.19 $2.87 $0.64 29.069
Aug 2007 $2.2( $2.87 $0.64 28.989
Sep 2007 $2.21 $2.95 $0.66 29.769
Oct 2007 $2.21 $3.07 $0.68 30.919
Nov 2007 $2.23 $3.40 $0.75 33.859%
Dec 2007 $2.24 $3.34 $0.74 33.089
Jan 2008 $2.25 $3.31 $0.74 32.73%
Feb 2008 $2.24 $3.38 $0.75 33.449
Mar 2008 $2.26 $3.88 $0.84 38.229
Apr 2008 $2.24 $4.08 $0.91 39.829
May 2008 $2.33 $4.43 $0.98 42.179
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Table 8-8: Continued

Jun 2008 $2.39 $4.69 $1.04 43.749
Jul 2008 $2.39 $4.7Q $1.09 43.709
Aug 2008 $2.40 $4.30 $0.96 39.89%
Sep 2008 $2.35 $4.02 $0.89 38.02%
Oct 2008 $2.35 $3.59 $0.79 33.839
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 23.569
Feb 2009 $2.16 $2.20 $0.49 22.609
*Average fuel mileage of loaded truck is 4.50 miles per gallon.
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E National Network Model - Original and Adjusted Economies of Scale
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Figure 8-32 1 Site- 1,800 Million Lbs.
(Original Economies of Scale Curve)
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Figure 8-34: 2 Sites- 1,800 Million Lbs.
(Original Economies of Scale Curve)
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Figure 8-33: 1 Site- 1,800 Million Lbs.
(Adjusted Economies of Scale Curve)

I I
-120 -110

I
-100

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)
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Figure 8-38: 5 Sites- 1,800 Million Lbs.
(Original Economies of Scale Curve)
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Figure 8-40: 6 Sites- 1,800 Million Lbs.
(Original Economies of Scale Curve)
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Figure 8-37: 3 Sites- 1,800 Million Lbs.
(Adjusted Economies of Scale Curve)
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Figure 8-39: 5 Sites- 1,800 Million Lbs.
(Adjusted Economies of Scale Curve)
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Figure 8-41: 6 Sites- 1,800 Million Lbs.
(Adjusted Economies of Scale Curve)
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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.)

National Network - 300 Million Lbs. Annual PCC Collections

Adjusted EOS

| Adjusted EOS

| Adjusted EOS

No EOS Curve No EOS Curve No EOS Curv
Curve Curve Curve

1 Recycling Site 2 Recycling Sites 3 Recycling Sites
Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,00
Transportation Cost $11,365,930 $11,365,93D $6,603,046 $6,525,77%5 $6,197,478 $5,112,591
Processing Cost $17,148,145 $17,148,14p $18,394,85{4 $17,148,14p $18,394,854 $17,148,14
Total Cost $29,514,07p $29,514,07p $26,997,90D0 $25,673,920 $27,592,32f $25,260,73

4 Recycling Sites 5 Recycling Sites 6 Recycling Sites
Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,00
Transportation Cos $5,979,87p $4,377,12Y $5,712,19P2 $3,295,117 $4,697,29% $2,890,02
Processing Cost $18,394,85¢4 $17,148,145 $18,476,55p $17,148,145 $18,986,535 $17,148,14
Total Cost $28,374,726 $25,525,27P $29,188,750 $25,443,26P $29,683,831 $26,038,17

Table 8-10: National Network Costs- Adjusted and No Economies of Scale

(600 Million Lbs.)

National Network - 600 Million Lbs. Annual PCC Collections

Adjusted EOS

| Adjusted EOS

| Adjusted EOS

No EOS Curve No EOS Curve No EOS Curv
Curve Curve Curve

1 Recycling Site 2 Recycling Sites 3 Recycling Sites
Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,00
Transportation Cost $22,729,610 $22,729,61p $13,255,708 $13,050,258 $12,444,244 $10,969,66
Processing Cost $25,979,77P $34,292,895 $30,283,38p $34,292,895 $30,283,386 $34,293,48
Total Cost $49,709,38p $58,022,50p $45,539,08Dp $49,343,158 $45,727,631 $48,263,14

4 Recycling Sites 5 Recycling Sites 6 Recycling Sites
Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,00
Transportation Cost $11,958,559 $8,319,605 $11,450,831L $6,592,95P $11,247,201 $5,782,851
Processing Cost $30,334,90# $34,292,895 $30,590,12F $34,292,895 $30,590,12} $34,292,89
Total Cost $46,293,467t $46,612,500 $47,040,95f $45,885,84F $47,837,328 $46,075,74
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Table 8-11: National Network Costs- Adjusted and No Economiesf Scale
(1,200 Million Lbs.)

National Network - 1,200 Million Lbs. Annual PCC Collections

Adjusted EOS No EOS Curv 3Adjusted EOS No EOS Curv 3Adjusted EOS No EOS Curv
Curve Curve Curve

1 Recycling Site 2 Recycling Sites 3 Recycling Sites
Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,00
Transportation Cosj  $45,459,22p $45,459,22p $26,123,236 $26,100,51p $20,218,86f $20,453,24
Processing Cost $51,959,544 $68,585,79D $55,901,69F $68,585,79p $55,683,46p $68,585,79
Total Cost $98,418,764 $115,045,01p $84,024,93p $96,686,30p $78,902,33p $92,039,03

4 Recycling Sites 5 Recycling Sites 6 Recycling Sites
Site Opening Cost $4,000,000  $4,000,000  $5,000,000 $5,000,000 $6,000,000 $6,000,00
Transportation Cosf $18,627,850 $16,584,841 $18,499,918 $14,328,54P $18,493,892 $12,567,82
Processing Cost $56,505,27f $68,585,790 $56,530,82#f $68,585,790 $56,530,824 $68,585,79
Total Cost $79,133,12f $89,170,63L $80,030,73F $87,914,332 $81,024,715 $87,153,61

7 Recycling Sites 8 Recycling Sites 9 Recycling Sites
Site Opening Cost $7,000,000  $7,000,000 $8,000,000 $9,000,00
Transportation Cosf $18,253,462 $10,948,41} $9,677,429 $9,073,56
Processing Cost $56,702,858 $68,585,790 $68,585,79D $68,585,79
Total Cost $81,956,31p $86,534,20Y $86,263,219 $86,659,35

Table 8-12: National Network Costs- Adjusted and No Economies of Scale

(1,800 Million Lbs.)

National Network - 1,800 Million Lbs. Annual PCC Collections

Adjusted EOS

| Adjusted EOS

| Adjusted EOS

No EOS Curve No EOS Curve No EOS Curv
Curve Curve Curve
1 Recycling Site 2 Recycling Sites 3 Recycling Sites
Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,00
Transportation Cosf $68,188,830 $68,188,83D0 $39,150,778 $39,150,778 $30,381,87] $30,381,87
Processing Cost $77,939,316 $102,878,68p $77,939,316 $102,878,685 $77,939,31¢ $102,878,68
Total Cost $147,128,14p $172,067,51p $119,090,08p $144,029,458 $111,321,18f $136,260,55
4 Recycling Sites 5 Recycling Sites 6 Recycling Sites
Site Opening Cost $4,000,000  $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,00
Transportation Cost $24,341,525 $24,307,072 $24,341,52b $19,831,07p $23,226,548 $17,400,77
Processing Cost $77,939,31p $102,878,68p $77,939,31p $102,878,68p $79,020,51p5 $102,878,68
Total Cost $106,280,84L $131,185,75) $107,280,84]L $127,709,75F $108,247,058 $126,279,46
7 Recycling Sites 8 Recycling Sites 9 Recycling Sites
Site Opening Cost $7,000,000  $7,000,000 $8,000,000 $9,000,00
Transportation Cost $23,083,27P $16,103,888 $14,128,50p $12,957,26
Processing Cost $79,146,74p $102,878,68p $102,878,68p $102,878,68
Total Cost $109,230,01B $125,982,568 $125,007,19p $124,835,94
10 Recycling Sites
Site Opening Cost $10,000,000
Transportation Cos $11,982,05D
Processing Cost $102,878,68p
Total Cost $124,860,73p
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Table 8-13: National Network Costs- Adjusted and No Economies of Scale
(2,400 Million Lbs.)

National Network - 2,400 Million Lbs. Annual PCC Collections

Adjusted EOS

| Adjusted EOS

| Adjusted EOS

No EOS Curve No EOS Curve No EOS Curv
Curve Curve Curve
1 Recycling Site 2 Recycling Sites 3 Recycling Sites
Site Opening Cost $1,000,000 $1,000,000 $2,000,000 $2,000,000 $3,000,000 $3,000,00
Transportation Cosf $90,918,43p $90,918,439 $52,201,03]l $52,201,031 $40,509,162 $40,509,16
Processing Cost $103,919,08B $137,171,58p $103,919,08B $137,171,58p $103,919,088 $137,171,58
Total Cost $195,837,52) $229,090,01p $158,120,11p $191,372,61]L $147,428,25D $180,680,74
4 Recycling Sites 5 Recycling Sites 6 Recycling Sites
Site Opening Cost $4,000,000 $4,000,000 $5,000,000 $5,000,000 $6,000,000 $6,000,00
Transportation Cosf $32,409,430 $32,455,36Y $28,472,880 $27,160,674f $25,374,07p $24,123,22
Processing Cost $103,919,08B $137,171,58p $103,919,08B $137,171,58p $105,450,46[L $137,171,58
Total Cost $140,328,51B $173,626,94) $137,391,96B $169,332,254 $136,824,53p $167,294,80
7 Recycling Sites 8 Recycling Sites 9 Recycling Sites
Site Opening Cost $7,000,000  $7,000,000 $8,000,000 $9,000,00
Transportation Cost $24,550,54]L $24,216,690 $20,629,376 $19,111,93
Processing Cost $106,512,31p $137,171,58D $137,171,58D $137,171,58
Total Cost $138,062,85p $168,388,27p $165,800,95p $165,283,51
10 Recycling Sites 11 Recycling Sites 12 Recycling Sites
Site Opening Cost $10,000,000 $11,000,000 $12,000,00
Transportation Cos $17,382,748 $16,166,05p $15,160,53
Processing Cost $137,171,58D $137,171,58D $137,171,58
Total Cost $164,554,32B $164,337,63p $164,332,11
13 Recycling Sites
Site Opening Cost $13,000,000
Transportation Cos $14,346,014
Processing Cost $137,171,58pD
Total Cost $164,517,594
|300 million lb. collection cost ($) — annual collection cost ($)|
% Change =

300 million lb. collection cost ($)

Equation 8-1: Percent Change in Cost
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(Adjusted Economies of Scale Curve)

Figure 8-43: % Changein Transportation Costs
(No Economies of Scale
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Table 8-14: National Recycling Sites Adjusted and No Economies of Scale

(300 Million Lbs.)

National Network - 300 Million Lbs. Annual PCC Collections
Geographical Location Allocation of | PCC at Site
Truckloads (Ibs)
Adjusted Economies of Scale Curve

1 Site 1st Site [8.51 mi SW of Bloomington, IN 100.00% 300,000,00
5 Sites 1st Site [7.19 mi S of Beaver, OH 77.60% 232,800,00
2nd Site |5.18 mi SE of Mojave, CA 22.40% 67,200,00

1st Site [7.19 mi S of Beaver, OH 77.60% 232,800,00

3 Sites 2nd Site |Pasadena, CA 18.239 54,690,00
3rd Site |Fircrest, WA 4.17% 12,510,00

1st Site [7.19 mi S of Beaver, OH 77.60% 232,800,00

4 Sites 2nd Site |Charter Oak, CA 12.869 38,580,00
3rd Site |Fircrest, WA 3.93%4 11,790,00

4th Site |Alamo, CA 5.60% 16,800,00

1st Site [7.19 mi S of Beaver, OH 76.13% 228,390,00

2nd Site |Villa Park, CA 11.439 34,290,00

5 Sites 3rd Site |Fircrest, WA 3.93%9 11,790,00
4th Site |Alamo, CA 5.60% 16,800,00

5th Site [Denver, CO 2.90% 8,700,00(

No Economies of Scale Curve

1 Site 1st Site [8.51 mi SW of Bloomington, IN 100.00% 300,000,00
2 Sites 1st Si_te 7.19 m? S of Beayer, OH 76.13% 228,390,00
2nd Site |5.18 mi SE of Mojave, CA 23.879 71,610,00

1st Site |[Greensburg, PA 45.299% 135,870,00

3 Sites 2nd Site |5.18 mi SE of Mojave, CA 23.719 71,130,00
3rd Site |Birmingham, AL 3.10% 9,300,00(

1st Site |Greensburg, PA 44.00% 132,000,00

4 Sites 2nd Site |5.18 mi SE of Mojave, CA 21.74% 65,220,00
3rd Site |Woolsey, GA 20.359 61,050,00

4th Site |Highland Park, TX 13.919 41,730,00

1st Site [Newark, NJ 23.789 71,340,00

2nd Site |5.18 mi SE of Mojave, CA 21.749 65,220,00

5 Sites 3rd Site |7.35 mi W of Jeffersonville, GA 19.23% 57,690,00
4th Site |Combine, TX 13.74% 41,220,00

5th Site [Hobart, IN 21.519 64,530,00
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Table 8-15: National Recycling Sites Adjusted and No Economies of Scale

(600 Million Lbs.)

National Network - 600 Million Lbs. Annual PCC Collections
Geographical Location A_:_I:Lccfllgg d(;f PCC at Site (Ibs)
Adjusted Economies of Scale Curve

1 Site 1st Site [8.51 mi SW of Bloomington, IN 100.009 600,000,00
2 Sites 1st Si.te 7.19 m? S of Bea\/_er, OH 77.879 467,220,00
2nd Site |5.18 mi SE of Mojave, CA 22.139 132,780,00

1st Site [7.19 mi S of Beaver, OH 77.879 467,220,00

3 Sites 2nd Site |Pasadena, CA 17.96% 107,760,00
3rd Site [Fircrest, WA 4.17% 25,020,00

1st Site [7.19 mi S of Beaver, OH 77.609 465,600,00

4 Sites 2nd Site [Charter Oak, CA 12.869 77,160,00
3rd Site [Fircrest, WA 3.93% 23,580,00

4th Site [Alamo, CA 5.60% 33,600,00

1st Site [7.19 mi S of Beaver, OH 76.299 457,740,00

2nd Site |Villa Park, CA 11.439 68,580,00

5 Sites 3rd Site [Fircrest, WA 3.93% 23,580,00
4th Site [Alamo, CA 5.60% 33,600,00

5th Site |Denver, CO 2.74% 16,440,00

1st Site [7.19 mi S of Beaver, OH 76.299 457,740,00

2nd Site [South Whittier, CA 9.449% 56,640,00

6 Sites 3rd Site |Fircrest, WA 3.93% 23,580,00
4th Site [Alamo, CA 5.60% 33,600,00

5th Site |Denver, CO 2.09% 12,540,00

6th Site |Gilbert, AZ 2.65% 15,900,00

No Economies of Scale Curve

1 Site 1st Site [8.51 mi SW of Bloomington, IN 100.009 600,000,00
2 Sites 1st Si_te 7.19 m? S of Beav_er, OH 76.139 456,780,00
2nd Site |5.18 mi SE of Mojave, CA 23.879 143,220,00

1st Site [7.19 mi S of Beaver, OH 66.66% 399,960,00

3 Sites 2nd Site |5.18 mi SE of Mojave, CA 21.749 130,440,00
3rd Site |Forest Hill, TX 11.599 69,540,00

1st Site [Visalia, KY 39.699 238,140,00

4 Sites 2nd S_ite 5.18 mi SE of Mojave, CA 21.749 130,440,00
3rd Site [Combine, TX 15.719 94,260,00

4th Site [Newark, NJ 22.869 137,160,00

1st Site |Wakarusa, IN 20.999 125,940,00

2nd Site |5.18 mi SE of Mojave, CA 21.749 130,440,00

5 Sites 3rd Site [Combine, TX 14.37% 86,220,00
4th Site [Newark, NJ 23.67% 142,020,00

5th Site |[7.35 mi W of Jeffersonville, GA 19.23% 115,380,00

1st Site [Wakarusa, IN 20.999 125,940,00

2nd Site |Pasadena, CA 17.579 105,420,00

6 Sites 3rd S_ite Combine, TX 14.379 86,220,00
4th Site [Newark, NJ 23.679 142,020,00

5th Site |7.35 mi W of Jeffersonville, GA 19.239 115,380,00

6th Site |Fircrest, WA 4.17% 25,020,00
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Table 8-16: National Recycling Sites Adjusted and No Economies of Scale

(1,200 Million Lbs.)

National Network - 1,200 Million Lbs. Annual PCC Collections
Geographical Location ATllsi:aktllgg d(;f PCC at Site (Ibs)
Adjusted Economies of Scale Curve

1 Site 1st Site  |8.51 mi SW of Bloomington, IN 100.00Y 1,200,000,00
2 Sites 1st Si_te 7.19 m? S of Beayer. OH 76.299 915,480,00
2nd Site |5.18 mi SE of Mojave, CA 23.71Y 284,520,00

1st Site |11.75 mi E of Jackson, TN 44,139 529,560,00

3 Sites 2nd Site |5.18 mi SE of Mojave, CA 22.409 268,800,00
3rd Site |Evansburg, PA 33.479 401,640,00!

1st Site |11.75 mi E of Jackson, TN 44,129 529,440,00

4 Sites 2nd Site |Pasadena, CA 18.719 224,520,00!
3rd Site |Evansburg, PA 33.499 401,880,00!

4th Site |Fircrest, WA 3.69% 44,280,00

1st Site |11.75 mi E of Jackson, TN 44,129 529,440,00

2nd Site |Pasadena, CA 18.599 223,080,00!

5 Sites 3rd Site |Evansburg, PA 33.49¢9 401,880,001
4th Site  |Newcastle, WA 2.24% 26,880,00!

5th Site |Portland, OR 1.57% 18,840,00

1st Site [11.75 mi E of Jackson, TN 44.129 529,440,00

2nd Site |Pasadena, CA 18.599 223,080,00

6 Sites 3rd S_ite Evansburg, PA 33.499 401,880,00
4th Site  |Newcastle, WA 1.49% 17,880,00

5th Site [Portland, OR 1.57% 18,840,00

6th Site |Fircrest, WA 0.75% 9,000,00

No Economies of Scale Curve

1 Site 1st Site  |8.51 mi SW of Bloomington, IN 100.00Y 1,200,000,00
2 Sites 1st Si_te 7.19 m? S of Beayer. OH 76.139 913,560,00
2nd Site |5.18 mi SE of Mojave, CA 23.87Y 286,440,00

1st Site |Pittsburgh, PA 51.129 613,440,00

3 Sites 2nd Site |5.18 mi SE of Mojave, CA 23.719 284,520,00
3rd Site |Hattiesburg, MS 25.179 302,040,00!

1st Site |Evansburg, PA 33.419 400,920,00!

4 Sites 2nd Site |5.18 mi SE of Mojave, CA 23.719 284,520,00
3rd Site |Hattiesburg, MS 24.969 299,520,00!

4th Site |Chicago, IL 17.929 215,040,00

1st Site  |Newark, NJ 23.259 279,000,00

2nd Site |5.18 mi SE of Mojave, CA 23.229 278,640,00

5 Sites 3rd Site [8.58 mi NE of Huntington, TX 18.019 216,120,001
4th Site  |Hobart, IN 23.049 276,480,00

5th Site  |Columbia, SC 12.479 149,640,00

1st Site  |Newark, NJ 23.67Y 284,040,00

2nd Site |5.18 mi SE of Mojave, CA 22.019 264,120,001

6 Sites 3rd S_ite College Station, TX 10.249 122,880,00
4th Site [Wakarusa, IN 17.419 208,920,00

5th Site |7.35 mi W of Jeffersonville, GA 18.859 226,200,001

6th Site |Kansas City, MO 7.83% 93,960,00!

1st Site  [Newark, NJ 23.679 284,040,001

2nd Site |Pasadena, CA 17.849 214,080,001

3rd Site |College Station, TX 10.249 122,880,00

7 Sites 4th Site |Wakarusa, IN 17.419 208,920,00
5th Site |X 5is 7.35 mi W of Jeffersonville, GA 18.85Y 226,200,00!

6th Site |Kansas City, MO 7.83% 93,960,00!

7th Site |Fircrest, WA 4.17% 50,040,00!

1st Site  |Newark, NJ 23.519 282,120,00

2nd Site |Pasadena, CA 17.849 214,080,00!

3rd Site |X 3 is in College Station, TX 10.249 122,880,00

8 Sites 4th Site Wakarusa, IN 17.299 207,480,00
5th Site  |Clermont, GA 12.589 150,960,00

6th Site |Kansas City, MO 7.33% 87,960,00!

7th Site |Fircrest, WA 4.17% 50,040,00!

8th Site |Wahneta, FL 7.05% 84,600,00!
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Table 8-17: National Recycling Sites Adjusted and No Economies of Scale

(1,800 Million Lbs.)

National Network - 1,800 Million Lbs. Annual PCC Collections
Geographical Location Allocation of | PCC at Site
Truckloads (Ibs)
Adjusted Economies of Scale Curve
1 Site 1st Site  |8.51 mi SW of Bloomington, IN 100.00% 1,800,000,00
2 Sites 1st Si_te 7.19 m? S of Beav_er, OH 76.13% 1,370,340,00
2nd Site  |5.18 mi SE of Mojave, CA 23.879 429,660,00
1st Site  |Greensburg, PA 48.459 872,100,00
3 Sites 2nd Site  |5.18 mi SE of Mojave, CA 23.719 426,780,00
3rd Site  |Madison, MS 27.839 500,940,00
1st Site  [Wakarusa, IN 23.809 428,400,00
4 Sites 2nd S.ite 5.18. mi SE of Mojave, CA 23.719 426,780,00
3rd Site  |Hattiesburg, MS 26.389 474,840,00
4th Site  |Newark, NJ 26.119 469,980,00
1st Site  [Wakarusa, IN 23.809 428,400,00
2nd Site  [5.18 mi SE of Mojave, CA 23.719 426,780,00
5 Sites 3rd Site  |Hattiesburg, MS 26.389 474,840,00
4th Site Newark, NJ 26.119 469,980,00
5th Site  [Honeoye Falls, NY 0.00% 0
No Economies of Scale Curve
1 Site 1st Site  [8.51 mi SW of Bloomington, IN 100.00% 1,800,000,00
2 Sites 1st Site  |7.19 mi S of Beaver, OH 76.13% 1,370,340,00
2nd Site  [5.18 mi SE of Mojave, CA 23.879 429,660,00
1st Site  |Greensburg, PA 48.459 872,100,00
3 Sites 2nd Site  |5.18 mi SE of Mojave, CA 23.719 426,780,00
3rd Site  |Madison, MS 27.839 500,940,00
1st Site  |South Bound Brook, NJ 27.509 495,000,00
4 Sites 2nd Site  |5.18 mi SE of Mojave, CA 23.719 426,780,00
3rd Site  |Hattiesburg, MS 26.319 473,580,00
4th Site Hobart, IN 22.489 404,640,00
1st Site Newark, NJ 24.039 432,540,00
2nd Site  |5.18 mi SE of Mojave, CA 21.749 391,320,00
5 Sites 3rd Site  |Combine, TX 14.249 256,320,00
4th Site [Hobart, IN 22.500 405,000,00
5th Site  [7.68 mi NW of Nahunta, GA 17.49% 314,820,00
1st Site  |Jersey City, NJ 21.97% 395,460,00
2nd Site  |Charter Oak, CA 12.21% 219,780,00
3rd Site  |Combine, TX 14.21% 255,780,00
4th Site Hanover Park, IL 13.05% 234,900,00
9 Sites 5th Site  [Wahneta, FL 7.61% 136,980,00
6th Site Fircrest, WA 3.93% 70,740,00
7th Site  [Alamo, CA 5.60% 100,800,00
8th Site  [Piedmont, SC 11.37% 204,660,00
oth Site  [Willard, OH 10.069 181,080,00
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Table 8-18: National Recycling Sites Adjusted and No Economies bScale
(2,400 Million Lbs.)

National Network - 2,400 Million Lbs. Annual PCC Collections
Geographical Location AT”ﬁiaktllgg dc;f PCC at Site (Ibs)
Adjusted Economies of Scale Curve
1 Site 1st Site [8.51 mi SW of Bloomington, IN 100.009 2,400,000,00(
2 Sites 1st Site [7.19 mi S of Beaver, OH 76.13% 1,827,120,00(
2nd Site |5.18 mi SE of Mojave, CA 23.87Y 572,880,00(
1st Site [Greensburg, PA 48.459 1,162,800,00(
3 Sites 2nd Site |5.18 mi SE of Mojave, CA 23.719 569,040,000
3rd Site |Madison, MS 27.83Y 667,920,000
1st Site |South Bound Brook, NJ 27.509 660,000,000
4 Sites 2nd Site |5.18 mi SE of Mojave, CA 23.719 569,040,000
3rd Site |Hattiesburg, MS 26.319 631,440,000
4th Site |Hobart, IN 22.48Y 539,520,000
1st Site [Newark, NJ 22.24% 533,760,000
2nd Site |5.18 mi SE of Mojave, CA 23.229 557,280,000
5 Sites 3rd Site |8.58 mi NE of Huntington, TX 16.73% 401,520,000
4th Site |Hobart, IN 21.099 506,160,000
5th Site [Columbia, SC 16.72% 401,280,00(
1st Site [Newark, NJ 24.039 576,720,000
2nd Site |5.18 mi SE of Mojave, CA 20.14% 483,360,000
6 Sites 3rd S.ite Noonday, TX 16.729 401,280,000
4th Site |Hobart, IN 20.489 491,520,000
5th Site |7.68 mi NW of Nahunta, GA 16.679 400,080,000
6th Site [Seattle, WA 1.97% 47,280,000
1st Site [Newark, NJ 22.979 551,280,000
2nd Site |Pasadena, CA 18.789 450,720,000
3rd Site |Noonday, TX 16.679 400,080,000
7 Sites 4th Site |Hobart, IN 21.569 517,440,000
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
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Table 8-18; Continued

No Economies of Scale Curve

1 Site 1st Site [8.51 mi SW of Bloomington, IN 100.009 2,400,000,00(

2 Sites 1st Si.te 7.19 m? S of Beav_er, OH 76.139 1,827,120,00(
2nd Site [5.18 mi SE of Mojave, CA 23.87% 572,880,00(

1st Site [Greensburg, PA 48.459 1,162,800,00(

3 Sites 2nd Site |5.18 mi SE of Mojave, CA 23.71% 569,040,000
3rd Site |Madison, MS 27.83Y 667,920,00(

1st Site [Wakarusa, IN 23.80% 571,200,000

4 Sites 2nd S_ite 5.18. mi SE of Mojave, CA 23.719 569,040,000
3rd Site |Hattiesburg, MS 26.389 633,120,000

4th Site |Newark, NJ 26.119 626,640,000

1st Site |Wakarusa, IN 23.609 566,400,000

2nd Site |5.18 mi SE of Mojave, CA 22.119 530,640,000

5 Sites 3rd Site |Noonday, TX 16.679 400,080,000
4th Site |Newark, NJ 24.99% 599,760,000

5th Site [8.98 mi NW of Middleburg, FL 12.629 302,880,000

1st Site [Hobart, IN 21.37% 512,880,000

2nd Site |5.18 mi SE of Mojave, CA 21.749 521,760,000

6 Sites 3rd S?te Combine, TX 12.60% 302,400,000
4th Site |Newark, NJ 23.619 566,640,00(Q

5th Site [Windermere, FL 8.40% 201,600,000

6th Site |Norcross, GA 12.279 294,480,000

1st Site [Hobart, IN 21.289 510,720,000

2nd Site |5.18 mi SE of Mojave, CA 21.749 521,760,000

3rd Site |Forest Hill, TX 11.209 268,800,000

7 Sites 4th Site |Newark, NJ 22.08Y 529,920,000
5th Site |Orlando, FL 8.35% 200,400,000

6th Site [Piedmont, SC 11.259 270,000,000

7th Site [Covington, LA 4.09% 98,160,000

1st Site [Hobart, IN 21.28% 510,720,000

2nd Site |Pasadena, CA 17.579 421,680,000

3rd Site |Forest Hill, TX 11.20% 268,800,000

8 Sites 4th S?te Ne_wark, NJ 22.409 537,600,000
5th Site [Windermere, FL 8.37% 200,880,000

6th Site [Piedmont, SC 10.919 261,840,000

7th Site [Covington, LA 4.09% 98,160,000

8th Site |Fircrest, WA 4.17% 100,080,000

1st Site [Wakarusa, IN 18.159 435,600,000

2nd Site |Villa Park, CA 11.439 274,320,000

3rd Site |Combine, TX 9.63% 231,120,000

4th Site |Newark, NJ 23.149 555,360,000

5th Site |Windermere, FL 4.29% 102,960,000

12 Sites 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
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Figure 8-54: 1 Site- 300 Million Lbs.

(Adjusted Economies of Scale Curve)
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Figure 8-56: 2 Sites- 300 Million Lbs.

(Adjusted Economies of Scale Curve)
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Figure 8-58: 3 Sites- 300 Million Lbs.
(Adjusted Economies of Scal€urve)
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Figure 8-55: 1 Site- 300 Million Lbs.
(No Economies of Scale
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Figure 8-57: 2 Sites- 300 Million Lbs.
(No Economies of Scale
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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)
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Figure 8-62 6 Sites- 300 Million Lbs.
(Adjusted Economies of Scale Curve)
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Figure 8-61: 4 Sites- 300 Million Lbs.
(No Economies of Scale

Figure 8-63: 6 Sites- 300 Million Lbs.
(No Economies of Scale
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