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SUMMARY

There is growing interest in the assessment of ymisdfrom a life cycle
perspective. Product life cycles are often doneiddty extensive chemical supply chains
that lead up to the materials contained in the petgdand the overwhelming contribution
that the production of these chemicals make tootlexall life cycle due to their energy
intensity. Hence, chemical engineers are uniqyelsitioned to carry out significant
components of this assessment because of thels gkichemical process design and
analysis.  Furthermore, the complexity and extehtlife cycle concerns creates
opportunities for new process systems tools to deeldped to support product design
and analysis.

The specific thesis objectives are threefold. Tite is to develop a systematic
methodology to optimize material selections forradpict based on life cycle inventory
(LCI) characteristics. The second is to use thisthmdology combined with
sustainability assessment standards to assessewlteise standards are congruent with
life cycle assessment. The third is to develop@pr@ach to design product sustainability
assessment standards that are clear and consistierife cycle principles. The overall
contributions will be in the applied domain of libgcle assessment and its integration
into standards setting, and in contributions torogation tools and methods.

The three objectives will be illustrated in the domof carpet systems. Previous
research has generated a substantial databaseedbegate (GTG) life cycle inventories
for various chemicals that make up carpet, extepfliom the inputs to the final carpet

mill back to the natural resources such as oilum@tgas and mined calcium carbonate.

Xiii



Carpet recycling is a promising alternative apphofr reducing life cycle impacts and
is being practiced at a growing scale in the U.MsThesis uses the specific individual
LCI gate-to-gate blocks for virgin materials and fmportant carpet recycling and
general polymer recycling processes. A databasethierGTG LCI will be used to
construct a virtual chemical tree that automatyctdht represents the potential cradle-to-
gate (CTG) use of resources. The alternativesdoh @ossible route for the product will
be generated, and optimization approaches willgpdied to optimize the performance of
the carpet system according to life cycle objestive

Sustainability assessment standards are curreaihglieveloped for a range of
building products, such as carpet, resilient flogricommercial textile coverings and
office furniture. This activity has been stimulhtiirough the considerable success of the
U.S. Green Building Council's (USGBC) LEEW standard. The LEED Standard is
points-based: the building design and construcamns points for having certain
attributes or promoting certain activities. Thanp® are totaled and then the building
earns a rating based on the total being above taighreshold. The second thesis
objective is met through extending the LCI optiniiaa methodology to represent point-
based standards. A product can then be optimzedaiximize the number of points it
earns or to minimize its life cycle attributes. iS’approach can be used to evaluate the
effectiveness of an emerging carpet sustainalstéyndard, NSF-140, in integrating LCI
into the standard.

The last objective, standard design, is approatchesigh designing the tables
that award points in the standard to be consiskgtht life cycle information. Certain

minimum principles of consistency are articulatew ahen the designs shown to be

Xiv



consistent with these principles in the case thatlife cycle impact assessment method

maps the life cycle inventory to impact througlingr weighting.
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CHAPTER 1

INTRODUCTION

1.1  Background

In the United States, carpet is the major floorerong material. Approximately
2.057 billion square yards of carpet were produicethe U.S. (The Carpet and Rug
Industry Statistics). According to the annual répbom CARE (Carpet America
Recovery Effort, 2008), 5,038 million pounds of ds=arpet were generated as municipal
solid waste (MSW), and only 243.4 million poundstloé used carpet were recycled. In
addition, the used carpet does not significantlgrdde, and the high performance
synthetic fiber polymers from face and back of petthave significant economic value.
Therefore, waste landfill (Doka, G., 2005) is a poboice for the management of the
used carpet from a sustainable development viewpdinom the environmental
responsibility and the cost saving perspectiveyalrg technique is becoming an
important opportunity for the used carpet (Polk, 1294, and Craighill, A, 1996). As a
result, an average of about 2 to 25 percent of gagget recycled materials is currently
involved in the carpet production system accordinthe Carpet Industry’s Sustainability
Report (2003). Additionally, 294.4 million poundspmst-consumer carpet were diverted
from landfill in 2008, with 243.4 million pounds ing recycled as a consequence of the
government and companies efforts (Carpet AmericaoiRy Effort Annual Report,
2008) From the state and the federal regulatoryspsative, a Memorandum of

Understanding (MOU) is signed between the industnyumber of states, and the Federal



EPA as a non-binding voluntary agreement to reactain recycling targets by 2012. A
third party non-profit organization, the Carpet Aina Recovery Effort (CARE) has
been established by the industry to coordinatettieities to reach the MOU targets. In
addition, the industry has made vigorous effortsettablish an ANSI standard for
sustainable carpets. The ANSI standard is devdltip@ugh a consensus process with
the efforts of state and federal government, aechitral specifications and carpet buyers,
and environmental consultants. As part of the daesh the industry is especially
engaged in life cycle inventory studies of carpebdpction systems and recycling

processes.

1.2  Problem Statement: Establishing the Systems Science Base for Car pet

Recycling and Sustainability

Life cycle assessment (LCA) is a commonly used hoektfor evaluating
environmental impact. Environmental impacts careditignificantly from process to
process even in the same industry. Moreover, tleendal process itself is complicated
with diverse operating equipments and various r@aatonditions. Therefore, how to
model and study the environmental impact of commpiecesses effectively using LCI
information is a key issue.

In view of the fact that chemical processes areolired with numerous
information, even though it is straight forwardrntmdel the system in the mathematical
expression, when comes to the stage of solvingptiblem, it is difficult and time
consuming due to the complex nature of the expyasshich involved with the integer
and the non-linear programming. There are two waysope with the difficulty. One of

them is to dig into the optimization algorithm acmime up with a novel mechanism to



solve the mixed integer nonlinear programming (MR Iproblem, and the other method
is to express the problem properly at the beginsmghat the existing solver instead of a
new algorithm can solve the problem. In this disgem, | will focus on the second

method to manage the difficulty.

1.2.1 Cradle-to-Gate LCI System Synthesis

The development of Gatet-to-Gate blocks that eapeesentative and transparent
is one prerequisite for the scientific study okli€ycles. The development of new
recycling processes or the adoption of new matetedds to alternatives for products
that involve different configurations of GTG blockBurthermore, it is important to
ensure that different production pathways can @ucad systematically, so that any
potential alternatives will be included. This leaid the problem of constructing the
network of GTG blocks that connects raw materiaith ywroducts. Therefore, how to
build the GTG network automatically is an intenegtand important issue.

Once the GTG network is built, all the possiblates for producing the desired
product are found. Which route is the best accgréinthe environmental requirement?
What is the system impact regarding environmentalcern? Is current production
system optimal for minimizing energy consumption®Han we analyze the system and
make some improvements? How does recycling techgalufluence the configuration
of the supply chain? These questions will be anstvéinrough the development of an

optimization formulation.

1.2.2 Modeling for Sustainability Standards in @p#ation
Sustainability standards are an important driviexgjor for product development

in certain industries, such as carpet and buildirgso, standards are helpful for



procurement by large commercial organizations amtignment agencies. Standards are
developed through a consensus process that ofteegkemphasis on the categories of
impacts which are based on stakeholders’ previoymereences in the environmental
fields. For instance, emphasis is often placedhenavoidance of solid waste through
recycling and release of materials to other mediand manufacturing. However,
emphasis on energy efficiency, use of renewablesmadd, and social equity metrics, is
increasing due to rising concerns about other huimgacts on the environment and on
global inequity. The emerging paradigm for sustailityg standards is to establish a
points-based reward system to allow the combinatdmmultiple attributes of the
product’s performance. The products are then categ into discrete levels based on
crossing a certain threshold in the sum of poiate@d across categories. A key problem
in this points system is allocating the points lesw performance attributes.

This problem is important and raises some impoidaestions.

1. Given an existing standard, is there any cotmme between the points’
distribution and life cycle inventory and assesshuata?

2. If there is agreement that certain categasfgsoints should reflect life
cycle assessment, how should the results be mappemints in different categories?

To examine these questions we will choose the Bpeniample of the NSF 140
Sustainable Carpet Standard which is a points-batsmudard. The questions will be
approached through the development of an LCI opttion tool to incorporate the
evaluation and optimization of standards basedywmtsd This will contribute both to
answering the above questions, and potentially teaabme interesting questions from a

methodology perspective.



1. How should a points-based standard be repesemt an optimization
problem?

2. How can the above questions be represente@mswlered using optimization
methods?

As standards begin to drive product design andketiag, it is considerate to
reward appropriately aspects of life cycles. THermation from life cycle contributes
the most to resource usage and scientifically bassasures of environmental impact. As
a result, life cycle inventory contains lots of ugénformation that could help us to make
the standards more comprehensive. Therefore, Seameh question is how to map life
cycle information into standards and solve the rojation problem of designing a

standard to encourage overall environmentally beia¢fystems.

1.2.3 Design Sustainability Standards Using LCoinfation

Design of sustainability standards has taken plathout a firm systematic
understanding of the environmental decisions afeddycle information involved. In
particular, the standard has evolved through ségenserations of stakeholder input to
have a certain number of points awarded in diffecategories of activity, without a
systematic understanding of whether the point atioos actually reflect improved
environmental performance. In the carpet indushg,positive role of recycling, and in
particular closed-loop recycling of materials fraarpet back into new carpet, is not
clear, since the energy involved could be moreess When examined from a cradle-to-
cradle perspective. On the other hand, the GTGclfee information would help to
construct the multi-attribute standard. Carpetas the only product for which multi-

attribute standards are being developed and foclwhie cycle inventory is being



suggested as the underpinning evaluation method.ekample, sustainable forestry,
other flooring surfaces, textiles, office furniturand the Leadership in Energy and
Environmental Design (LEEDY) green building standard are all evolving stansiamd

many of them have life cycle assessment compon&his. motivates a systematic and

normative approach to incorporating life cycle assgents into standards.

1.3  ThesisObjectives

The objectives of this thesis are

1). To develop a set of transparent and represent@TG LCI blocks for carpet
recycling that can be used in the optimization ned& hese blocks will represent both
closed loop and open loop options for the use opatamaterials. A focus on the
depolymerization of carpet materials will be exphlbfor closed loop options along with
polymer re-extrusion for the backing componentsesSEhGTG blocks will contribute to
the growing body of scientific LCI data based cheahengineering principles.

2). To develop a life cycle optimization framewdikat can construct a GTG
network and operate over a transparent and repgegsenset of GTG life cycle blocks.
This framework will generate a complete processvagk which can be optimized to
meet different objectives, such as minimizing egergonsumption, minimizing
emissions, and minimizing use of virgin raw materidhis model will be used to test the
hypothesis that closed loop recycling can be siganitly sub-optimal when objectives
relating to overall energy and mass consumptiora giroduct are used to drive the
decisions. This framework will contribute to sinfping the optimization process and use

life cycle information to help design early in gheduct life cycle.



3). To develop a normative optimization model tbah explore the relationship
between standards setting and life cycle inventatgulations. This model will be tested
in the context of a carpet standard under developnferough a consensus ANSI
standards body. The model will be used to testhypothesis that the standard point
reward system and life cycle inventory measuresnatecompletely aligned for carpet.
The optimal solution will be used to suggest chartgethe point allocation scheme that
could bring the standard and life cycle assessnmatcloser agreement. This method
will answer the question: given an existing poimgtgbution, how do we assess the
perverse incentive for products to increase tlifgrdycle impact to increase the number
of points they get?

4). To develop a normative methodology that casigiestandards setting using
life cycle inventory information. How sustainabjlistandards and life cycle assessment
are related will be well established through thestimod. Also the following question will
be answered: If one could design a standard, haiddde cycle assessment data be
used to design the standard to achieve consistegteyeen the points and the assessment
to avoid creating perverse incentives? This wilhtcbute to identify regulatory needs

and address public concerns for chemical industry.

14  Dissertation Overview

The chemical industry puts great emphasis on impgothe energy efficiency
with renewable materials and reducing the amountenfissions that enter the
environment. The sustainable development acrosextemsive chemical supply chain is
employed by synthesizing the life cycle inventarformation. The study from the LCI of

how each process cooperates in the life cycle sug@in and how to optimize the entire



chemical system through individual processes iseessary and meaningful subject.
Namely, we will focus on the complexity with respséz model of both the system and
processes using a back searching approach to &vatha environmental impacts
throughout the product’s entire life cycle. Impaorttg, except for obtaining the objective
value, the content and the sequence of the praxeasealso guide us on how to evaluate
and improve the system for decision making. Ther@ggh will be illustrated in the
domain of the EcowWorX' carpet system from the Shaw Industry & Inc.

This dissertation is comprised of seven chapt@isapter 2 carries out the
literature review of life cycle assessment, prodessed and economic input-output life
cycle assessment methodology, and LCA for envirgniatedecision making. Chapter 3
describes using transparent and representativelatalfor GTG blocks modeling and the
life cycle impact assessment (LCIA) method, whicé the foundations for the carpet
case study. Chapter 4 explains our approach to Imgdie chemical system using a
mathematical programming technique that involvescess network construction and
linear programming optimization. Chapter 5 illugtsa how to integrate life cycle
inventory with multi-attribute standard through mk integer linear programming
(MILP) optimization and the process network conginn. Chapter 6 explores more
applications of combining LCI and optimization tedb help the environmental policies
and regulations decision making scientifically. Adushally, our studies can be extended
to show how sustainability assessment standardsbeamedesigned to make them
congruent with life cycle measures. Finally, Chapteliscusses the future work of using

life cycle information to help environmental deoisimaking.



CHAPTER 2

LITERATURE REVIEW

In this chapter we give a broad overview of lifecle assessment which is the
foundation of our study. This chapter focuses oa literature review of life cycle
assessment with four sections. Section 2.1 intresltite historical background of the life
cycle assessment approach. Section 2.2 describdsetitycle assessment methodology
in detail including process-based LCA approachinoigation of the process-based LCA,
economic input-output LCA method, and LCA for eovimental decision making.
Section 2.3 describes the major advanced LCA toskld by both researchers and
industry such as GaBi, SimaPro, TEAY and BEES. Section 2.4 discusses well-known
existing LCA databases including the Ecoinvent biase, the GaBi U.S. extension

database, the database from NREL, and the EIO-L&tabdse.

21  LifeCycle Assessment Historical Background

The first documented life cycle studies date frita late 1960s (Miettinen, P.,
1997), and the initial studies were focused onatliemvironmental impact such as energy
requirements and solid wastes. Later on, othernpateenvironmental effects were
included in life cycle studies. From Hunt, R. (19@2&d Fink, P. (1997), the emissions
into air, water, or soil, and other environmentahcerns such as human health and global
warming began to play an increasing role in lifeleystudies. Life cycle assessment was
formalized by the Society of Environmental Toxiagyoand Chemistry (Fava, J.A.,

1991); with the goal of capturing all the enviromted impacts of a product. Finally,



LCA was standardized by the International Standatthn Organization through 1SO
14040 and ISO 14044 standards in 1997. Since tesrarchers have developed various
life cycle impact assessment methods to evaluaetivironmental impact. In addition,
economic input-output analysis is also appliedite tycle studies. Nowadays, LCA
method is widely used by many industries.

LCA is the assessment of the environmental imgach as energy (Kim, S.,
2003) and emission of a product through its lifeleyThe framework of LCA (Consoli,
F., 1993) contains four phases in sequence as simokigure 2.1.

1. Goal and scope definition determines the system boundaries,
assumptions of a study, and functional unit ace@ydo the goal of evaluating potential
environmental impacts.

2. Life cycle inventory analysis is the basis of LCA, which quantifies
material consumption and environmental emissiosgdénthe defined boundary of the
production system.

3. Life cycleimpact analysis evaluates the potential impacts, such as global
warming and fossil fuel depletion, based on theimaation of LCI results.

4, Interpretation includes sensitivity and uncertainty analysistfo study,

and what can be learned about the system, or waatoe improved in the future.

10



Impact Assessment
eEcological health
eHuman health
eResource depletion

Interpretation

Inventory Analysis
eMaterials and Energy Acquisition
eManufacturing

oUse

eWaste Management

Figure 2.1: A Technical Framework for Life Cycles&ssment

Among the four phases of LCA, life cycle inventauyalysis is the foundation of
LCA and has the following procedures:

1. Data Collection is typically the most data-intensive part of LCI.

a) Construct the particular process flow diagram;
b) Describe each detailed process unit;
C) Document the data and information sources.
2. Calculation through the application of conservation laws and

thermodynamic properties.
a) Calculate mass balance to capture all therrabtiow;
b) Calculate energy balance to trace all the ggheronsumption

throughout the system boundary.

11



3. Validation of Data reviews and revises the results from common
experience and experts' comments.
The process flow diagram in Figure 2.2 is an edangd flow diagram with

various unit processes for PET depolymerization.
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230°C
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Filter 1 BHET

ca 15 (s
25°C

Sand

Figure 2.2: A Process Flow Diagram for PET Depolsization
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For each general LCI block, inputs are material anergy, while outputs are

final product and emission as described in FiguBe 2

Energy

Raw Material

> Final Product
Unit Process >

>

By Product

Emissior

Figure 2.3: General LCI Block

In addition, the LCA glossary that is used in flodowing chapters will be
explained below, and Figure 2.4 shows a typical lSCApe through a product life cycle.

Functional unit is a quantified reference unit for performancecdpsion of the
product system. It provides a reference to relageibputs and outputs and facilitates
comparison of different systems.

Raw material is a primary or secondary (recovered and/or rechcfeedstock

used in a manufacturing process.
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Intermediate materials are the middle materials made from raw materials i

order to make final products.

Cradle-to-grave is the LCA of the whole product life cycle fromaranaterials to

use phase and disposal.

Cradle-to-gate is the LCA of the life cycle from raw materials toe factory

product.

Gate-to-gate is the LCA of the part life cycle from one factgryoduct to another

factory product.
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Energy

Raw materials
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Waste and
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Energy
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Emission Emission Emission Emission

Reuse
Remanufacture
Recycle
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The GTG LCI captures the unit operations of mactufang from an intermediate
product. The chemical product is either a commartele or is an identifiable chemical
intermediate. Consequently, numerous GTG LCI blaxzks build up a process path for
one product. In addition, if the original resouradsthe process path are raw materials

such as crude oil, natural gas, or minerals, theviCbe termed as a CTG LCI.

2.2  LifeCycle Assessment Methodology

The major LCA methods are process-based LCA ammhagnic input-output
LCA. The process-based LCA method is also namélassical" or "traditional” LCA
approach, which is developed by the effort of Styct# Environmental Toxicology and
Chemistry (SETAC), U.S. Environmental ProtectioneAgy (EPA), and International
Organization for Standardization (ISO). The prodessed LCA approach uses physical
process flow information through a product life leyto capture resources, energy, and
environmental impacts. The EIO-LCA method has bdeweloped at Green Design
Initiative from Carnegie Mellon University. The EIGCA method uses the structure of
the flows of money in the economy to bring econoagtivity as quantitative input and

estimate corresponding environmental impacts.

2.2.1 Process-Based LCA Method

The Process-Based LCA model shown in Figure 2das®d on process mass and
energy balances for systems contained within thentbary. Throughout the process
analysis, data and site information at various Ik detail, which reflect real systems

and knowledge about specific systems, are used.
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Kim, S., and Overcash, M. (2003) utilize sourceat trepresent accumulated

engineering practice such as scientific articlagnaical encyclopedia, and patents to find
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Figure 2.5: Process-Based LCA

relevant data for the process-based LCA.
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2.2.2 Optimization of Process-Based LCA

Among life cycle assessment, life cycle inventisrppased on linear relationships
between the amount of activities and a set of tlimeasurement of environmental
burdens such as energy consumption, material usagegemissions. Therefore, linear
programming can be used to model the LCA relatipssifor environmental studies.
Figure 2.6 shows the connections between life cgsiessment and linear programming
modeling. Environmental burden can be allocatedh& inventory stage. The optimal
solution of the linear programming presents howirtgprove the system from an
environmental perspective. The benefit of usingdinprogramming with LCA is that we
can analyze the life cycle more accurately and uatal how to improve the system
efficiency according to different requirements. thermore, when additional system
performances, such as economic or social perforename evaluated, multi-objective

linear programming can be applied (Azapagic, AQ9)9
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Figure 2.6: Interactions between LCA and LP ModgliAzapagic, A., 1995)

Azapagic, A. (1999) proposed an optimum LCA perfance (OLCAP)
methodology which integrates LCA into an optimieatsystem in four steps as shown in
Figure 2.7:

1. Prepare the completed LCA study;

2. Formulate the optimization model with LCA infiaaition;

3. Perform multi-objective optimization (MO) on weonmental and
economic criteria;

4. Make decision from multi-criteria decision aysa$ and choose the best

compromise solution.
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Figure 2.7: The methodological Framework for OptimuCA Performance (Azapagic,

A., 1999)

In Figure 2.7 a multi-objective optimization modadth LCA for the step has the

following structure:
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A linear programming (LP) or a mixed integer narear programming (MINLP)
is formed in Equationgl) to (5) (Azapagic, A., 1999)The objective functiorf(x,y)
includes economic and environmental facttl(,y) represents equality constraints such
as material and energy balances, @fxly) represents inequality constraints such as
material availability and system production capaci vector of dimensiomn has
continuous variables for material and energy flowkjle a vector of dimensiog has

integer variables representing alternative proogssiutes or substitute materials.

MINF =c"y+ f(X).ooorriereieirenne. ©)
N

MINB, =) b, Xioorvririciciniins )
n=1
J

min E, =ZemB] ....................... 5)

Other objective functions can be formed as Equnaii6) to (8). In Equation(6), c
is a vector of cost, ané is an economic objective function. In Equatiof), bjn
represents coefficients of emission linked with tawmous variables,, and B; is the
environmental objective function. In Equati(8), e; represents the relative contribution
of the environmental burdds) to impactE,, andE, represents the impact function. Take
the global warming potential (GWP) as an examiplgjs the coefficient of transferring

mass rate of emission to G@quivalent with linear characteristic, amyd; is the
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coefficient of transferring Cf equivalent to global warming potential with linear
characteristic.

Stefanis, Livingston, and Pistikopoulos (1997) serded a methodology for
incorporating environmental considerations in tpamal design and scheduling of batch
processes. Stefanis, S. K., (1995,1996) and Ppmiikos, E. N. (1998) presented
methods for minimizing the environmental impact (IMEE of process systems by
embedding LCA principles within a formal processimzation framework.

Process-based LCA method is commonly used forifsp@cocesses which have
detailed and accurate process flow data for lifeleeynventory. Since the life cycle
inventory has a linear characteristic for mass energy balances, linear programming
model and optimization method are used as a toolpfocess-based LCA. Guillen-
Gosalbez, G. and Grossmann |LE. (2009), and Youand. Grossmann, |L.E. (2009)
perform studies on the uncertainty of supply ch&ios an LCI perspective in chemical
industry. In addition, various applications of optzation-based approaches exist in
chemical engineering process synthesis supply, sashheat-exchanger network
synthesis, distillation sequencing, mass exchangetvorks and reactor network

synthesis.

2.2.3 Economic Input Output LCA

Economic input-output model was developed by Liedntwv. (1970), who won
the Nobel Prize for its development in 1973. Thedelautilizes economic transaction
data from industry sectors to explore the econamiationships among them. In the EIO

model, the production economy is divided into sextand represented as a table or
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matrix involving individual economic sectors. Talld is an example of the input-output

transaction table representing purchase flow betwgeetors.

Table 2.1: Input-Output Table of a National Econgimyphysical units) (Leontief, W.,

1970),
Into Sector 1 Sector 2
From Agriculture Manufacture Households Total Output
Sgctor 1 o5 20 55 100 bushels of
Agriculture wheat
Sector 2 50 yards of
Manufacture 14 6 30 cloth

In order to examine the environmental impact basethe economic activity of a
product, researchers at Carnegie Mellon Universiéyeloped an EIO-LCA model
(Hendrickson, C., 1998) to combine environmentdbrimation and economic input
output data for environmental life cycle assessm&iO-LCA can trace out the

emissions of other related processes such as tdaspn and manufacturing throughout

the supply chain.
X girectsuppliors = (I F D)F v O
X=(1+D+DD+DDD+...)F......... @)
X=(I =D) ' Fureereeeeeeeeeeeee, S))
B=RX=R(l -D)"'Fuecerrrrrrrrrrrrn. @

X is the direct supplier process inputs vector aa lze obtained from Equation
(2). I'is an identity matrixD is a direct requirements matrix, akds a desired output

vector. In Equatiorf2), Xtakes all supplier input levels into account. bugtion(4), B is
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a vector of environmental outputdenotes the type of environmental burden, Bnd a
matrix that has diagonal elements representingetheronmental impact per dollar of
output for each process. SinBeis a given coefficient from dollar value, the mbde

linear related with inpuK and outpuB. Knowing R, Bi can be obtained from Equation

(4).

2.2.4 Comparison of Process-Based with EIO-LCA NMde

The EIO-LCA model evaluates the impact for an stdusector, which contains
several industry types. However, the sectorial egation of EIO-LCA is not adequate to
model a specific industrial manufacturer. On thkeothand, the major limitation for
Process-Based LCA is the lack of detailed and ateprocess data. Table 2.2 shows the

advantages and disadvantages between processif@seahd EIO-LCA (Hendrickson,

C., 2006).
Table 2.2 Process-Based LCA Verses EIO-LCA Method
Process-based LCA method Economic Input-output In@&shod
Advantages » Comprehensive

» Detailed and process
specific results

» Specific product
comparisons

» Process improvements

assessments for economic
usage
» Systems-level comparisons
» Results publicly available

Disadvantages = Time intensive for LCI = Economic boundaries
» Using confidential or = Difficult for process
proprietary data assessments
» Data availability for » Uses aggregated data
environmental impact = Data availability for

environmental impact
» Timeliness of industrial
structure
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2.2.5 Life Cycle Assessment for Environmental Datislaking

Life cycle assessment is used widely as a tookefariironmental improvement,
strategic planning, public policy making, and demissupport. There are mainly two
applications (Miettinen, P., 1997): public and augie. The public applications are
focused on policy making, for example, to suppbeg tlevelopment of environmental
regulation and legislation. On the other hand, amapons use LCA to analyze products
life cycle and to support marketing claims arouhd tnvironmental performance of
products.

From the survey (Smith, J.C., 2006), LCA is comiyarsed to support business
strategy (18%) and research and development (183%6)product or process design

(15%), for academia (13%), and for product decianagtor labeling (11%).

23 LifeCycle Assessment Tools

Many industries and companies have applied the BPproach to optimize and
improve resource management, which leads to a mffireient use of energy and
materials. Therefore, LCA is used for comparindedént options and as a support tool in
decision making. This has led to an increased teffordevelop life cycle assessment
tools. According to the evaluation of life cyclesassment tools final report by Menke,
D.M (1996), 37 life cycle assessment tools existed996. LCA software tools have
broad applications in different areas. For instartbe tools are designed for many
industries such as plastic materials, building malte and food industry. In addition, as
the growth of computer engineering, the graphia useerface (GUI) makes the tools
easier to use and can present the results cl8dréycriteria for evaluating the LCA tools

are: highly detailed and representative life cyefeventory, impact assessment
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capabilities and flexibility, and extent of use luit industry. There are mainly two
groups who use the LCA software: researchers arsihéss users. Researchers and
scientists have high expectations for LCA toolg;ause they have a good understanding
of the features of the LCA method and need to er¢heir own data to model and
compare different complex systems. On the othedh#re business users apply LCA
tool to improve their environmental performancepduct development, and process
optimization. Therefore, analyzing and presentiegutts and the “easy-to-use” feature
are important for decision makers. The primary aded LCA tools used by both
researchers and industry are GaBi 4, SimaPro a#MTI'E. These are discussed in more
detail below.
GaBi is the popular LCA software developed by REernational in Germany.

GaBi has highly sophisticated functions and frigndier interface, which makes it useful
for quickly analyzing data-intensive and complestsyns for environmental life cycle
assessment. GaBi 4 has the function of life cydsessment (LCA), life cycle
engineering (LCE), design for environment (DfE)ery efficiency/benchmark studies,
strategic risk management, and carbon footprintgure 2.8 shows the GaBi database
manager, and Figure 2.9 shows the input of varsablea flow. To design the LCA
model of a process or a system in the GaBi 4, plamgesses, flows, parameters, units,
and quantities are created and input in the tofierAinishing modeling, the balance of
energy and material flow can be calculated andsasseby impact. The tool also can
create multiple scenarios to compare impacts démiht conditions. The database of
GaBi is large and mainly for the use of product ofanturing and specifically the car

industry. The clients of GaBi are divided into targroups: industry, university, and
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government. GaBi has more than 150 users such as=is Benz AG, DuPont, General

Motors, Motorola, Nokia, Siemens and Timberland§Ga009).

A GaBi 4 =] E3
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DX B2& 6bea #s 2
ProfDB_ENG
DObject higrarchy |
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..... % | zer
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Figure 2.8: GaBi Database Manager (GaBi 4, 2006)
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Figure 2.9: Variables of a Flow in GaBi 4 (GaB906)

SimaPro 7 is a life cycle tool to collect, analyaad monitor the environmental
performance of products and services developedrbyd®nsultants. SimaPro 7 offers
ultimate flexibility of accessing to and unresteidtediting of different database files,
parameterized modeling, interactive results anslymid a large included database.
Valuable features of SimaPro 7 are the ability itk Idatabase entries and access to
numeric and visual indications of impact for ea¢hge, process, and material in a

product life cycle. Limitations of SimaPro 7 ares tlack of sensitivity analysis and the
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graphical user interface for system developmema®iro 7 has more than 300 users such
as Philips and ABB (SimaPro, 2009).

Tool for Environmental Analysis and ManagementAMEM, is a flexible and
powerful life cycle assessment software tool dgwetbby the Ecobilan Group in Paris,
France. TEAM™ is a powerful tool used to compife kycle inventories using different
data, including your own data and perform sensytignalysis. Limitations of TEAM™
are the lack of support for user-defined weighfiagtors for impact assessment and the
comparison of results capabilities. TEAM™ has ssfitated functionality and a large
database. TEAM™ has more than 100 users such as BNBAM, 2008).

Building for Economic and Environmental Sustaitiagpi (BEES) tool is
developed from the National Institute of Standaast&l Technology’'s (NIST) BEES
program. The BEES model is a publicly availabletwafe tool for building designers,
architects, and specifiers. The BEES model takdgeacycle approach to building
materials and focus on both life cycle environmeatal cost data. The BEES model is
based on consensus standards including: Life-Cgdsting (ASTM E917), Building
Element Classification (ASTM E1557), Environmentafe-Cycle Assessment (ISO
14040), and Multi-Attribute Decision Analysis (ASTHL1765). Figure 2.10 shows the
steps to derive the BEES overall performance saditetal of 23 building elements are
represented in BEES 3.0, with 118 generic prodats80 brand-specific products from
14 companies (Review of BEES). The limitationshef BEES are the tool only compares
the performance of building products, not permdsiparative analysis of entire building
components assemblies and ultimately entire bugklinAnd the BEES overall

performance scores do not represent absolute psafare. Figure 2.11 shows the user
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interface of setting BEES analysis parameters. BRES tool is a software program
especially valuable for selecting environmentallyeridly building products. The
database includes actual environmental and econpenformance data for 230 building
products. Up to now, over 22,000 copies of BEES réquested by individuals from

more than 80 countries (BEES, 2002).
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Figure 2.10: Deriving the BEES Overall PerformaBcere (BEES, 2002)
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Figure 2.11: Setting BEES Analysis Parameters (kipB. C., 2001)

Table 2.3 shows a comparison of different LCA $odlhe discussed LCA tools
have advantages at user interface and graphicedsepting the data. The weakness for

all existing LCA tools is that lack information fdetailed process design.
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Table 2.3: Comparison of Major LCA Tools

GaBi SimaPro TEAM BEES
Energy,
Domain Manufacturing, | Transportation, Chemicals Building
Transportation | Packaging and Plastics | Materials
Materials
Extensive, Primarily Proprietar
LCI High-Quality Detailed Inventory | European Info?matio?/]
GaBi Databases Data
Eco-Indicator 99 | IPPC, CML,
LCIA Methods | No EPS 2000,and CMLand Eco-99 | ' RAC!
Steep
Useability User friendly Careful stu_dy of Learning Easy to Use
examples is neede
Curve
24  LifeCycle Assessment Databases

LCA analysis is data intensive. The demand for L@#&abases has increased

rapidly in a short amount of time. The quality aadcuracy of the LCA based

information play a significant role in the studyld€A. The content of database includes
which economic sectors to cover, which pollutamts rmeasured. These contents should

be consistent as well, for example, they shouldehte same boundaries and modeling

principles. Data in the database should be reptathem LCl data, up-to-date, clearly

defined, and from a reliable source. Last, butthetleast, the format of data and if data

is exportable are important to users. Generallg, Lt databases are divided into two

areas: comprehensive commercial databases suckoasvént, GaBi, and public LCI
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databases including U.S. life cycle inventory datss, European reference life cycle
data system. A list of the well-known existing Ifgcle inventory databases is shown as
follows:

1. The Ecoinvent database is generated by SwisgeCeontains up-to-date and
consistent life cycle inventory data for more ti200 industrial processes on material
supply, resource extraction, energy, chemicalsalsetgriculture, waste management
services, and transport services (Hischier R., 280@ Frischknecht, R., 2004)). The
Ecoinvent database is used by more than 1500 usersre than 40 countries worldwide
and is included in various eco-design tools fordpici design, building, and construction.
Main characteristics of the database are its reliatbherent set of LCI data and
transparency in reporting to enable individual asseent of data appropriateness. In
addition, the Ecoinvent database is an online @as&lwith interlinked data which has full
access to unit process data and rolled-up datasaspen for international collaboration.

2. The GaBi U.S. Extension Database has over Eflezto-gate inventories for
energy supplies, commonly used materials, andpategtion systems. This is the largest
LCI database available on the market focused on ib@Irmation in the U.S. The
database includes over 200 cradle-to-gate dathssted on the U.S. LCI database. In
addition, the U.S. LCI Basic Database from GaBaifree database that contains over
180 products and processes gate-to-gate inven{@gegarb, S., 2001).

3. National renewable energy laboratory (NREL)ves the U.S. life cycle
inventory database for researchers to study iricimeat of Excel. The NREL database is
generated from a public/private partnership. Inltbginning, Athena Institute started a

building LCI project in Canada in 1990s, which caiipe U.S. DOE’s attention. Later in
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2001, DOE and Athena initiated the U.S. LCI Databa®ject at NREL. The NREL LCI
Database has been available since 2003 (NREL, 2004 non-government
organizations involved in the NREL database areeAshinstitute, Franklin Associates,
Sylvatica, CORRIM, Vehicle Recycling Partnershipmérican Plastics Council, Portland
Cement Association, American Center for Life Cy8lesessment, USGBC, and others.
Also, the involved government organizations are DGISA, USDA, EPA, NIST, and
the Navy. In addition, government maintains theabdase and provides common data and
industry support with LCI data and some fundinglévelop the publicly available LCI
database for commonly used materials, productspamcesses. The common processes
are standard transformation processes (stampingssimg, painting, and other
operations), electricity generation, transportatenmd energy pre-combustion.

4. The EIO-LCA database involves of aggregatecsdevel data quantifying
how much environmental impact can be directly ladiied to each sector of the economy
and how much each sector purchases from otherrsentproducing its output. The data
in the database are in the format of dollar perspgi@& units. The economic input-output
tables in the EIO-LCA database are typically pratliby national governments. In the
beginning, the EIO-LCA database was based on t82 b@nchmark input-output (I0O)
commodity tables from the Department of Census,eBurof Economic Analysis. In
addition, national-level data on material or energgources consumed by industry
sectors, and data on industry releases to thea@magnt are included in the database to
estimate life cycle impacts (Carnegie Mellon Ungsrgr Green Design Institute, 2008).

Table 2.4 shows the advantages and disadvantagdgfésent LCI databases.
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Table 2.4: Advantages and Disadvantages for Difitet€1 Databases

Database Advantages Disadvantages
Ecoinvent Databases -Interlinked database -Requires purchase of LCA
-Transparent and consistent modeling tool
-Wide breadth of data -Process data not
-User friendly interface compatible with certain
-Data in XML format modeling tools
GaBi Database -Wide breadth of data -Requires purchase of LCA

-Disaggregated unit process datanodeling tool
-Process data not
compatible with certain
modeling tools

NREL Database -Peer-reviewed, publicly -Process data not
available LCI data compatible with certain
-U.S. LCI database modeling tools

-Industry averages
-Data in Excel format

U.S. EIOLCA -Free and fast -Not compatible with
Database -Monetary data certain modeling tools
-Industry sector data -Product assessments

contain aggregate data

Further work on the LCI database may comprise wamkthe LCI modeling
methodology, the database content, for example, aewnore detailed information
covered in economic sectors, and the structure faatlires of the database system.
Furthermore, building up international co-operagiam LCI data collection and supply is

the focus of future LCI| database activities.
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CHAPTER 3

LIFE CYCLE STUDIESFOR CARPET SYSTEM

3.1 Carpet LifeCycle
The United States has the largest carpet industilye world. The life cycle of a

carpet accounts for every impact on the environnfiemmh the day the carpet is made
until the end of life when it is disposed of or yeled. A carpet’s life cycle impact
include chemical emissions from manufacturing, ee@h of petroleum and other natural
resources, transportation, indoor air quality conse and disposal at landfills and
recycling processes. A carpet life cycle consisfs four basic stages: carpet
manufacturing, transportation and installation, pase, and disposal or recycling. Each
stage plays an important role in a carpet's lifeleeyMost carpet in use today is made
from petroleum based fibers such as nylon, polyested polypropylene, whose
manufacturing often can contribute to greenhouse gmissions. Moreover, the
economically significant component in carpet prddus nylon fibers, which are also
environmentally significant in the life cycles adrpet products. Several alternative green
fibers exist such as recycled nylon and recycldflTP.polyester. Renewable resources
also can be accounted for environmental friendlthenmanufacturing phase. Like carpet
fibers, carpet backing also can be made of recyobedent and/or sustainable resources.
In the phase of transportation, the majority of taepet is manufactured in the U.S. in
Dalton, Georgia, a town known as the "Carpet Capitéghe World." Most of the carpet

is transported to its destinations by the useuddks in the U.S. In terms of transportation,
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carpet tends to have a much lower carbon footghan floor coverings like bamboo,
because the carpet is significantly lighter thansimother types of flooring which
consumes less fuel. The use phase for office Imgldiarpets is not distinctly different
based on the construction: carpets tend to be @tkan a periodic schedule over the life,
and replaced after a certain time period irrespedif the wear. However, there has been
heightened interest in recycling of carpet in réogrars, driven by a multi-stakeholder
agreement between the carpet industry and variovergment and non-government
organizations (NGOs). They signed a memorandum mderstanding for carpet
stewardship (MOU), a ten-year schedule to increasgcling carpet and reduce carpet to
landfills. Hence, one objective is to ensure thatrecycling of carpet is beneficial from

a life cycle perspective compared to using virgiw materials.

3.2  Carpet Manufacturing

Most carpet manufactured in the U.S. is made afh®tic materials, especially
nylon, polyester, and polypropylene face fiberdage number of backings are made as
a sandwich of polypropylene fabric and latex or PWearly all commercial carpets are
made by bonding a face fiber to a backing fibeloNy6 and nylon 6.6 account for nearly
two-thirds of the face fiber market, with polyeséesrthe next most commonly used fiber.
95% of carpet has a tufted structure shows in Eigud. Based on the structure and
composition of carpet tile product, a carpet Hledomposed of three layers: fiber, primary
backing, and secondary backing. Nylon is the mogtufar fiber for commercial carpet
because it is easy to clean and has a betterretsistance. The backing is used to keep
the tufts in place and has three elements: a pyitnacking, an adhesive, and a secondary

backing.
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Figure 3.1: General Carpet Structure

Most carpet is made with unsustainable or nonwabk resources such as
petroleum. Several types of office carpet matemaald structure construction are existed.
In this thesis, we focus on one specific constamtia tile, and a specific suite of
materials used by a manufacturer, Shaw Industigestoduce EcoWor¥!, whose initial
design philosophy and construction was presente8dgars, J.W. (2003). Commercial
tiles have three main components of an architectace fiber, primary backing fabric,
and secondary backing. The secondary backinges aomposed of a sandwich of two
polymer layers and a layer of glass fiber. Theypar layers are often heavily filled with

an inorganic material to reduce the use of expenpslymer and provide mechanical
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stability. EcoWorx™ tile has a new polyolefin-based secondary backiolymer that
replaces the PVC-based backing prevalent in thesingl In addition, the tile can contain
recycled materials in various parts of the consioug such as backing polymer, backing
fabric, backing filler, and face fiber. For exampl8haw has recently restarted a
depolymerization facility in Augusta GA, which canoduce limited quantities of nylon
6 from post-consumer carpet, and recovers postsindlscrap nylon 6. In addition, the
polyolefin backing polymer can be recycled as mustsumer EcoWorX', and the
backing fabric can contain a PET/nylon6 blend wghycled content. There is also a
choice in the fillers that make up a substant@ttion of the carpet mass. The fillers can
be a recycled glass cullet from post-consumer gka$ly ash from a coal plant or mined
calcium carbonate. Backing fabrics can be produegk or without nylon 6, and the
backing from the post-consumer EcoWdtxcarpet is an alternative for the backing

polymeric system with backing fillers.

3.2.1 Nylon Carpet Recycling

Through the product life cycle, recycling processeve less environmental
impacts, which may save energy consumption, retlhueeemission to the environment,
and facilitate waste management. The recyclingoopis applied broadly among many
industries such as plastic, glass, paper, metdl taxtiles. Our study is focused on the
carpet industry. In a carpet, both face fiber andking materials can contain recycled
materials. Figure 3.2 shows the major componentsaaset of alternative processes for
nylon 6 used carpet recycling. There are two prynséages in this system, the first group
is physical processes which contains sorting, balichopping, fine grinding, and

mechanical separation; the second group is chermproalesses which is comprised of
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depolymerization, gasification, and combustion. ifgalturns the high volume and

different to handle carpet into compact bales; ghmgpand fine grinding are classified as

size reduction (Dahlbo, H., 2005), which cut thepeainto small pieces; face fiber and

backing materials are separated, often based andiwesity differences, and then put to

different uses. These operations in group one @aglyhalways present at the start of the

recycling process, and then are followed by ona efumber of different options. For

example, to obtain caprolactam after depolymepatnd purification, to get a new

plastic after extrusion and pelletizing, energy okery through gasification or

combustion, or to get new backing material aftérueston and compounding.
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Figure 3.2: Nylon 6 Carpet Recycling Processes
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3.3  Transparent and Representative L Cl Data

Long term and significant efforts have been inedsh developing software tools
for the LCI calculation, but the effort is incomfdeand unsatisfactory for many products.
The problem stems from the nature of LCI resulporéng and the overall transparency
of the system. Since LCI data describe resourcewuption and emissions of products,
it may contain proprietary data of the manufactwerits suppliers. So, the LCI has
sensitive information when a business is involved.addition, LCI has been used
frequently to satisfy the needs of regulation agybrting to external stakeholder groups,
which does not encourage an open view of the aionis. This has led to “black box”
LCI reporting where it is very hard to verify oruse the results of the studies. Also, itis
hard to proceed via a scientific method of repdathlgpothesis testing. As a result, the
"black box" LCI reporting has is lack of scientifgcogress in life cycle inventory studies.
However, Kim, S. (2003) proposed two pioneeringagléo enable life cycle science to
progress scientifically.

1. Representative GTG blocks. Instead of usingxatt process being practiced
by a specific company, a representative process dliagram and stream conditions are
constrain from public information. This techniquastseveral benefits for further detailed
life cycle studies. These representative procesgsflare open and communicated as part
of the life cycle documentation, and valuable infrotm engineering are included. The
representative GTG blocks serve as a basis to whéthunderstood principles of mass
and energy balances and thermodynamics can besdpphe representative GTG blocks

make the communication of information more transptiand the LCI database easier to

40



maintain and update. In addition, a consistentsbsicompare different products that
have the same functional unit descriptions, butaade in different ways, is provided.

2. Consistent design methodology and calculatidhe translation of conditions
and unit operations to energy and mass consumptidnemissions is done consistently
across different blocks of the life cycle. Eveaubh there may be bias and inaccuracy in
the calculations, at least it is consistent actbeddifferent life cycle blocks. Later on, if
new and more accurate methods become available thleeassumptions can be revised,
reapplied and consistency maintained across thabdsé. This makes the reuse of
information and calculations much easier. Thispprty of clear and unambiguous
connection between the description of the procasstlee life cycle inventory outcomes
is referred to as transparency.

In this thesis, all LCI information is calculatading the principles of transparent

and representative data.

34  LCI Calculation of PET Depolymerization

Most of the chemical processes such as combuggasification, and extrusion
have been studied by the methods of life cycle nimy through mass and energy
balance calculations. The recovery of monomers bgolymerization is a general
category of processes that is likely to becomeeimsingly important for carpet recycling.
Therefore, a life cycle inventory analysis of degpoérization for polyethylene
terephthalate (PET) will be carried out.

The processes of chemical degradation of postwrnes or post-industrial PET
are usually divided as follows: 1. MethanolysisG¥colysis 3. Hydrolysis. The process

of methanolysis consists of the depolymerizing RETmethanol at high temperatures
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and under high pressure conditions. The main ptschfd®ET methanolysis are dimethyl
terephthalate (DMT) and ethylene glycol (EG), whick raw materials necessary for the
production of this copolymer. Currently, there amainly two methods of methanolysis
for PET: at high temperature and 1 atmosphere (atmat high temperature and high
pressure. The methanolysis of PET at high pressucemmonly used in the chemical
industry. Therefore, our LCI is based on this mdtho

PET methnolysis primary reaction:

[OCH2CH2CO-C6H6-cOQD '~ nHOCH2CH20H  + n H3CCO-C6H6-

COOCH3

PET (Polyethylene Terephthala@wwb EG (Ethylene Glycol) + Dimethyl

Terephthalate (DMT)

The process flow diagram of PET methnolysis isnshan Figure 3.3 (Mandoki,
(1986), Heisenberg (1962), Naujokas(1991), Smit®9¢), and Paszun(1997)).
Polyethylene Terephthalate (PET) enters the proae6°C and is ground and then
melted through extrusion to 286 methanol (combined with the one from recyclirgy) i
preheated to 198C and pumped from 1 atm to 35 atm. Nitrogen is aasged and
cooled to 196C, 35 atm to form an oxygen free atmosphere. Adlahove three mix in a
stirring reactor 1 under 20, 35 atm. 80% of PET is depolymerized through ssce
methanol (the weight ratio of PET to Methanol i®atb 1 to 4) under high temperature

and high pressure. After reactor 1, the stream gmesactor 2, which is unstirred at 190
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°C, 35 atm. In the second stage reaction the coioveof PET reaches 98%. The stream
from reactor 2 is cooled to 10C and releases the pressure from 35atm to 3atm by a
liquid turbine. To reach the 98% conversion, thean enters reactor 3. The reactor
products are separated by a flash, and a large rdnaduhe methanol and nitrogen are
vaporized and get recycled. The liquid mixture & Dand EG are cooled and separated
through a filter. After that, EG is recycled in tpeocess of distillation and the main
product DMT goes to centrifuge and dried by a driiére bottoms from the distillation
contain EG and the tops contain the methanol wbéchbe reused as part of the input of

methanol.
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Figure 3.3: PET Depolymerization Process Flow Diagr

Steam enters the process as a gas at’Q0and leaves as a liquid at 20G.
Cooling water enters at 2D and leaves at 50C. Unless otherwise indicated, all

processes are at 1 atm and@5

44



18()
25°C

32())
Mx 3 25°C
flash
I <
19 (l)
100°C
c8 20 ()
25°C
20a())
25°C Filter T
20b(l)
30 (I)
25C c9 25°C 310)
25°C
»
L
29a (I
21 (I) 25 ”c()
25°C
P |-
ks NN
23 (s 34 ()
980 kg Dimeth .
tereph?halate / 22(05‘ 307 kg Ethylene glycol
9.71kg PET 25°C 3.52 kg Methanol
6.31 kg Ethylene glycol 1.96 kg Dimethyl
4.30 kg Methanol terephthalate
5.85E-06 kg Nitrogen 0.108 kg PET
250 25.0°C
Ambient cooling

Figure 3.3: PET Depolymerization Process Flow Daag(continued)
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All LCI information for PET depolymerizaion is ted in Tables 3.1, 3.2, and 3.3.

Table 3.1: Inputs of PET Depolymerizaion

Chemical Amount | Units
Methanol 37dkg/hr]
PET 981[kg/hr]
Total 135%(kg/hr]

Table 3.2: Products of PET Depolymerizaion

Chemical AmountUnits

Dimethyl terephthalate 10(JRg/hr]
Ethylene glycol 31@Bkg/hr]
Total 1313 kg/hr]

Table 3.3: Energy Consumption of PET Depolymerizaio

Source Amount| Units
Electricity 57.1MJ/hr]
Dowtherm 531MJ/hr]
Heating steam 1.20E+{JMJ/hr]
Energy input 1.26E+04[MJ/hr]
requirement
Cooling water -1089yMJ/hr]
Potential Heat [MJ/hr]
Recovery -2959
Net ener MJ/hr
¥ 9.65E+03[ !
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35 LifeCycleImpact Assessment

Life cycle impact assessment (LCIA) is the thitthpe of life cycle assessment.
LCIA first classify emissions to proper impact @ages, then perform normalization for
the effects, and finally assign the importance Wigo the impact categories. In the
classification and characterization step, all emissare sorted into categories according
to their environmental effects. For example, eroissithat contribute to the global
warming potential (GWP) or that contribute to afitdition are classified into these
categories. Emissions can be involved in sevetaigoaies. For example, NOx is shown
in several categories, such as acidification, ibxi@and eutrophication. Furthermore, in
each category, there will be an effect score aggeelyfrom different emissions. In the
normalization step, normalization is used to unideis the relative size of an effect. In
the evaluation step, the normalized scores areiphett by weights which represent the
relative importance of the effect.

Mid-points and end-points methods are the two pughfor life cycle impact
assessment. Mid-points method is also names asleprafriented method, which
measures the environmental damage to several ceggbluman toxicity, casualties,
noise, photo oxidant formation, ozone depletionimate change, acidification,
eutrophication, and ecotoxicity. On the other haedd-points method is damaged-
oriented approach, which models the environmerdalae to ecosystem health, human
health or damage to resources. In this dissertagionid-points LCIA approach, Tool for
the Reduction and Assessment of Chemical and @heironmental Impacts (TRACI)

is applied for the life cycle impact assessment.
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CHAPTER 4

A MATHEMATICAL PROGRAMMING TOOL FOR LCI-

BASED PRODUCT DESIGN

4.1  Introduction

Chemicals are produced by a series of energysitertransformations of raw
materials such as crude oil. The life cycle inveptof mass and energy usage in these
supply chains is one measure of the overall enuiental performance. In this chapter,
we present a methodology to examine the life cgbl@ices available for a product and
optimize these based on criteria derived from mes$ energy usage. A two-phase
framework of path construction followed by optinpaith selection was developed. This
framework can be applied to improve the overall l68ergy usage of a product when
there are different production and recycling optidar different product constituents.
The approach will be illustrated in a case studghefEcoWorx™ carpet system of Shaw,
Inc.

One approach to incorporating environmental objestinto product design and
manufacture is to use information provided by @& Ildycle assessment which gives
information along several dimensions of environrakenperformance. LCA was
formalized by the Society of Environmental Toxiagyoand Chemistry (SETAC) (Fava,
J. A, 1991) and later standardized by the Intésnat Standardization Organization

through 1SO 14040 and ISO 14044. A key input ® EICA phase is the inventory of
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mass and energy usage within the boundary of tlaysia. Process-based life cycle
inventory approach uses LCI data on individual peses to trace back through the major
stages involved within the entire life cycle of eguct (from raw materials to ultimate
disposal) and to evaluate the environmental burdéresch stage. Commonly used LCI
data are available from the LCI database managedNdiyonal Renewable Energy
Laboratory (NREL) and from the construction materiaCl database from Building for
Economic and Environmental Sustainability (BEES)ickhis maintained by National
Institute of Standard and Technology (NIST). Howewecause of the complicated and
extensive nature of the underlying LCI source datanaging the evaluation of the
system accurately and efficiently is a challengtagk. To help with the LCI data
management and to translate between inventoriesngpacts, LCA software tools have
been developed. Two commonly used LCA tools areaBmo, developed by Pre
Consultants in Holland, and GaBi, developed by mErhational in Germany.

An alternative to the process-based LCI approacto ileverage economic data
about transactions between industry sectors. &mwiental input-output life cycle
analysis (EIO-LCA) adds environmental outputs tasslcal economic outputs,
apportioned by the dollar amounts involved in tfEs$actions between industry sectors
(Leontief, W., 1986, 1970, and Hendrickson, C.IBR98). EIO-LCA is an efficient way
to estimate system performance when an analystewisth consider the impact from
different sectors of the economy that might be daeraway from the original system
boundary Hendrickson, C. T., 1997, 2006, Hawkins, T., 2087d Lave, L. B., 1995).
However, since the EIO-LCA model contains aggregatastrial sectors of the economy

rather than individual operating processes, theeggdion level of most input-output
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models is too high for detailed product design. réf@e, process level information
associated with the production of key chemicalgtal to companies seeking to improve
their product performance by substitutions of cleaisi or manufacturing methods.

The aim of this chapter is to present a methodotbgt optimizes LCI measures
for products with complex process trees. The mailugy is implemented through the
explicit construction of alternative production Ipgithat are then selected to meet overall
production targets. Rather than looking at annsitee functional unit, we adopt an
extensive measure of the product volume over aifggeedife cycle boundary. This
allows the incorporation of the constraints ondbeolute amounts of materials available
along different process paths involved in the maatuire of products. This constraint
appears repeatedly for products that contain redyntaterials, either because there are
performance specifications that cannot be met withbending recycled and virgin raw
materials, or because there is limited availabitityrecycled materials compared to the
overall product volume. In Section 4.2, we deserdur approach to modeling the
chemical system using a mathematical programmiognigue that involves a process
network construction and a linear programming oation. In Section 4.3, we illustrate

how to employ the tool in the preliminary studyaofarpet production system.

4.2  Two-Phase Framewor k M ethodology for Process Synthesize

Our goal is to identify optimal production altetivas given that limited raw
materials may impact our ability to use only onéhp#én addition, we seek to optimize
our selections according to different objectivesur proposed two-phase synthesis
optimization framework will divide the whole compleproblem into two relatively

simple problems. The first problem is to identihetdifferent production paths and the
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second problem is to select the optimal path(s)reyrtbese. The framework uses LCI
information (Jiménez-Gonzalez, C., and Overcash,2d00, Jiménez-Gonzalez, C., and
Kim, S., 2000, and Overcash, M., 1994) organizediad individual process blocks that
is generated independently and hence can be easignded and maintained. One
alternative approach would be to simultaneouslytt®gize and select the paths, which
will lead to a more complex optimization algorithm/e have chosen to avoid this
complexity and instead incur the enumeration of gheduction paths. In addition, the

paths themselves contain useful information thatuldronot be revealed by the

simultaneous approach.

4.2.1 Overview

We start with definitions of terms used in thisrilwahat could have different
interpretations in other contexts.
Definitions:
1) A process is defined as a chemical or physical process thk¢s one or more
chemicals as input and produces one new chemicahtermediate product while
requiring some amount of energy and generating rbgiyrts and emissions. Basic
inventory information is used to calculate the Hiertlife cycle impact for assessment by
whatever impact categories are desired. The pramuctf one product from a process
means that any co-product allocations have alrésyn made (Curran, M. A., 2007).
There is no specific restriction on what allocatinathod should be used, as long as it is
consistently applied for all processes. It is as=il that none of the co-products provide
substantial limits on the use of product materatlser than those already reflected in

product constraints.

51



2) A desired product is the final product that is manufactured and sdidour analysis,
we assume that only one product is being considered

3) Raw materials represent materials that are utilized directlyresinput to the system
without a preceding manufacturing process. For gtencrude oil and air could be
categorized as raw materials while benzene anagsitr could be raw materials in
another context. This allows for the boundaryhef &analysis to be chosen at any point in
the supply chain. It is assumed that the LCI efiiasw materials is available as an input
to the system.

4) Alternatives represent processes that differ in some aspeotadérial and energy
usage. For example, there may be two alternatvgsroducing caprolactam, or two
alternatives that can be used to fill a specifmdpict need.

5) A processtree represents the manufacture of a desired prodowct the available raw
materials. The desired product is the root of thee tand is the only material not
consumed by a process. The raw materials areeidnees of the tree and are only
consumed. Intermediates are produced and consbymguiocesses that lie on a path
from raw materials to the desired product.

The basic idea is that the programs will read Xfdtmatted data in the form of
the LCI documented blocks. And construct the virttleemical tree automatically from
the blocks on the basis of the target end prodiiw. output matrix will be read into a
mathematical programming and then solve for thengit flows according to the
objective function. Consequently, the General Algéb Modeling System (GAMS)
program will find the best overall mix of flows fro alternatives for chemicals or

alternative routes (such as recycling) to speaifaterials.
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The two-phase approach is illustrated in Figude Phase-l is on the left hand
side, which consists of a process-library and &gss-tree-builder module; Phase-Il is on
the right hand side, which contains a processgetector module. In Phase-I, all the LCI
information that is required to manufacture a dmkiproduct is stored in the process
library. According to the LCI information stored the process library, which consists of
the desired product and available raw materiale, gfocess-tree-builder module will
construct all the possible process trees. In PHasige process-tree-selector module will
select the optimal process tree or a combinatioposkible process trees. The objective
can be any of the life cycle inventory measureshss energy used in various forms, or
the mass of certain components. The constraietsha mass balances over the process
tree and any limitations on the total flows of mtls due to their availability. The
bridge between Phase-I and Phase-Il are raw migtema a consolidated output matrix
of all available process trees generated by thegsstree-builder module. Next, we will

explain the overall framework with an abstract eglm
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Figure 4.1: The Generic Two-Phase Synthesis Op#iticin Framework

!

The framework has been implemented by using Jdeat, we will explain the

overall framework with an abstract example.

4.2.2 Phase-l: Process Tree Building

Often we have more than one way to manufactureesiratl product or
intermediate product, thus automatically constngtll the available process trees is a
challenge: the algorithm will be described in Smtt4.2.3. As an example, consider the
process library containing the process trees degiot Figure 4.2. The tree shown in

Figure 4.3 has two alternatives for prodBand the tree has three levels for illustration.
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A+2B - P C+D- A C+E-F
F+G- P C+2E- B 2D+4E - G

Figure 4.2: Simple lllustrative Process Transfororeg with Molar Units

Assume we need to produce one unitPofvith enoughC, D, andE as raw
materials. The process trees would be represestéallaws: the root node B, all leaf
nodes are raw materiald, D, andE, and the other nodd#, B, F,and G) represent the
intermediate products. The number within each noglgresents the amount. The
processes are represented by arrows that thetaiisput chemicals, and the head is the
directly generated chemical. When we have ins@fficiraw materials for either one of
the single process trees, the circle symbol reptesthe combination of these two
process trees as a new option. For example, iethez limits on the availability db,

then the left hand tree may be used in order topbete the demand fd?.

Figure 4.3: Example of a Process Tree for Processsiormation
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In our implementation, input files to the processe builder are written in
Extensible Markup Language (XML) format, which de=aa straightforward, searchable
structure of input LCI information. From the prosésee-builder module, two output
files are generated. One contains process emisstoiesgy consumption, and material
requirements for a functional unit of a desiredduci. The output data are consolidated
and stored in the form of a matrix that can belgasiported into optimization software.
The other output file contains a list of individyadocesses that are composed of each
entire process tree for the desired product.

XML is a general-purpose specification for cregtoustom markup languages.
The comprehensive XML Schema is used to reprebengate-to-gate life cycle blocks.
The following shows an example of XML Schema foaaton A+2B—P which
including the reaction coefficient, energy typed amergy quantity. As we expand the
model into a more general one, emission type, eomsgjuantity, and other

characteristics related to the reaction will beeztishto the XML Schema.

<?xml version="1.0" ?>
<reaction-set>
<l-- A1+A2=G1 -->
<reaction>
<reactant-set>
<reactant quantity="1">A</reactant>
<reactant quantity="2">B</reactant>
</reactant-set>
<resultant quantity="1">P</resultant>
<energy-set>
<energy quantity="60">electricity</energy>
</energy-set>
</reaction>
</reaction-set>
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From the process-tree-builder module, two outplgsfare generated. One
contains process emissions, energy consumption, raaterial requirements for a
functional unit of a desired product. The outputadare consolidated and stored in the
form of a matrix shown in Table 4.1 that can beilgamported into optimization
software. The other output file contains a listrafividual processes that are composed

of each entire process tree for the desired product

Table 4.1: A Matrix of Paths with Raw Materials

Material Materiab | ...... Material,
Path; 15 1 | ... 3
Path 0.5 o | ...... 15
Pathy 0 05 | ...... 1

The value in each cell shown in Table 4.1 reprisséime amount of the raw
material needed by the specific path in order twegate one functional unit of the desired
product. For example, the celPdth;,, Materiah) is 1.5, which means that 1.5 unit of

Material; is needed bfPathy in order to generate one unit of the desired prbdu
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4.2.3 Process-Tree-Builder Algorithm

To construct all available process trees frompilueess library with the obtained
raw materials and the desired product, we desigralgarithm for the process-tree-
builder module. The algorithm starts with the degiproduct as a seed and produces
process trees step by step until all the leavethefprocess trees are raw materials. If
more than one process for some non-leaf node eadtktional new process trees will be
generated. The pseudo-code algorithm “TreeConétimigresented as follows in Figure

4.4:
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Algorithm: TreeConstruct

Input: ma_list a list of raw materials
prod: the desired product
proc_lib: the process library
Output:tr_list: a list of process trees that can genepabel usingma_list
Begin
1. searclproc_libfor all processes that produgeod,
2. for each found procegsoc, do {
3. create a process tteavith prod as the root leaf;
4. extend the root leaf tnwith proc;
5. markir asincomplete
6. addr intotr_list;
7.}
8. while (there exishcompleteprocess trees im_list) {
9. select onmcompleteprocess tret;
10. while (there exist leaf materialstohot inma_lis) {
11. select one leaf materialf tr not inma_list
12. searcproc_libfor all processes that produce

13. if (no process found) {

14. marlr asinfeasible

15. break;

16. }

17. else if (only one procegssoc found)

18. extendin tr with proc;

19. else {

20. for each found procgs®c except the last procekgroc, do {
21. create a new process tree_trthat is the same as
22. extenkdin new_trwith proc;

23. markew_trasincomplete

24, addew _trintotr_list;

25. }

26. extendin tr with the last procedsproc;

27. }

28. }

29. if¢r is notinfeasible

30. markr ascomplete

31.}

32. for each process traein tr_list, do {
33. if ¢r isinfeasiblg

34. removér fromtr_list;

35.}

End

Figure 4.4: The Pseudo-Code Algorithm of the Predase Construction
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The algorithm’s inputs are a list of raw materjdlse desired product, and the
process library. The outputs are a list of prodeess that can generate the desired
product using the list of raw materials. Line 1dkes a function that can locate all the
processes in the process library that can dirgothgluce the desired product. The loop
from lines 2 to 7 creates the initial process tnegh a process that can directly produce
the desired product, marks these as incompletestmes these in a list of process trees.
The outer “while” loop from lines 8 to 31 “growsll ghe “incomplete” process trees, one
by one, into either the “complete” or “infeasiblstatus. Line 9 selects an incomplete
process tree from the process-tree list. The itwaile" loop from lines 10 to 28 extend
the selected incomplete tree by iteratively extegdihe non-raw-material leaves into
raw-material leaves, and at the same time, createpnocess trees, if these exist. Line 11
selects a non-raw-material leaf for extension. Li@dnvokes the same function as line 1
and finds all the processes in the process libtiaay can directly produce the selected
leaf. To extend a leaf, three possible outcomespassible: (1) Lines 13 to 16: no
process in the process library can directly prodheeselected leaf, which shows that the
selected incomplete process tree is infeasibleLif®s 17 and 18 describe the second
situation, in which only one process in the proclissary can directly produce the
selected leaf. In this situation, the algorithmeexts the selected leaf in the selected
incomplete tree with the only process found. (3)ds 19 to 27: more than one process in
the process library can directly produce the setetgaf. In this situation, the algorithm
(lines 20 to 25) first “clones” the selected incdete process tree for each found process
(except the last process) and extends the sameflda# cloned incomplete trees with the

corresponding process (except the last process)hEdast process, the algorithm (line
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26) simply extends the selected leaf in the sedeicteomplete tree with the last process.
Lines 29 and 30 mark the selected incomplete psotreg as complete, if it is feasible.
The “for” loop from lines 32 to 35 iterates througje process-tree list and deletes

infeasible trees from the list.

4.2.4 Process-Tree-Builder Implementation
Chemical synthesis is a big research area in damngineering. Given existing

raw materials, one can find numerous routes to ymeda product. Here, we define a
route as a sequence of chemical or physical presess generate a final product.
Process-Tree-Builder is designed to execute th&rboding process. The tool takes
input as a library file which contains a set of wieal or physical processes and a
capacity file which contains a set of raw materialsecutes a predefined route-finding
algorithm to search all possible routes, and ost@lit found routes and a matrix file
which can be used in the succeeding optimizatioocéss-Tree-Builder is a small handy
tool for chemical synthesis analysis. This sechadefly introduces Process-Tree-Builder

and its technical characteristics.

Programming Language: Process-Tree-Builder isemphted in Java 2 Standard

Edition, a programming language of "write once, eserywhere".

Development Tool: Process-Tree-Builder is a gregdhiiser interface (GUI) tool.

NetBeans IDE is used as the main development techise of its GUI design

convenience.
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Techniques:

Java Swing: Swing is a widget toolkit for Javaisltpart of Sun Microsystems'
Java Foundation Classes (JFC) - an API for progidiigraphical user interface (GUI) for
Java programs.

XML DOM : Java2 API provides two ways to handle XML files,>SASimple

API for XML) and DOM (Document Object Model). PraseTree-Builder uses DOM to

read/write XML files.

4.2.5 Phase-lI: Development of LCI Optimization

After Phase-l generates alternative process teg@soduce the desired product,
process network optimization will choose the optim@cess tree or a combination of
process trees. We use the process-tree-builder Imntal@xplicitly construct production
trees because we think these provide useful infoomaabout the structure of
alternatives. Another approach would be to impliciembed processes in a
superstructure from which the optimal product vadsnm each process would be solved
by a mathematical programming approach with integeiables representing whether or
not a particular process was chosen for inclusiothe process tree. This leads to a
smaller problem but more complex structure. Thadiirantage of the approach is that
some problems might have an overwhelming numberawdilable process trees.
However, modern software packages can solve lairggarl programs (millions of
variables and constraints), and hence solving thbl@m is not predicted to be a major
limitation. In addition, information of a specifiprocess tree is useful and allows
differentiation of the product volume into diffetelines with different environmental

profiles. These profiles can be screened, and sente unacceptable per unit
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performance can be eliminated prior to optimizatiBacause of the output matrix from
phase-one, the linear programming model is stringhard:
min ZEi P
st.  R=D
i

23R <M,

whereD is a parameter that represents the total amouthiegproduct the plant needs to
manufacturep; is the amount of the desired product that is geedrby process tre€g,
and M; is the provided amount of raw materig), E; is denoted as the energy
consumption for generating one functional unithe tlesired product by process t(ge
and coefficientsy;; represent the mass requirements of matgjjidor generating one
functional unit of the desired product by processet(i). The objective of the
optimization module is to minimize energy consumptiwith two fundamental
constraints: the constraint on the amount of martufad productP should satisfy
requirement quantityp, and the usage of certain raw materials shoulderoeed their
availability. This optimization problem can easibe represented by the General
Algebraic Modeling System (GAMS) program and solusthg CPLEX.

The optimization returns the best overall mix &ws from alternatives for
chemicals, or the alternative process trees fospleeific materials as an optimal solution
based on the appropriate objective function. Tp&mozation model can be created to
satisfy different requirements. For example, thective can be stated as minimizing one
particular raw material usage. An insufficient ambwf some raw materials will
influence optimization results as well. Sometimesnet only need to minimize the total

energy consumption, but also desire to minimizé isage. Then, the objective function
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can be posed winw, [ E [R +w; D F [R, in which ¢, «, are the weights between

total energy and fuel. This can also be addresseal raulti-objective problem through
goal programming (Azapagic, A., 1999). Additionahstraints can be incorporated that
represent particular problem features. For exajgdene products cannot incorporate
more than a certain recycled content without commsong product performance.

Therefore, a constraint represents that only 25%h@idesired produd® can come from

trees,R, is modeled aEPr <25%* D, The specific element dR can be chosen to
IR

include or exclude particular product sub-compos@entrecycling processes.

4.2.6 Summary

To sum up, a system for CTG LCI analysis and sgithfrom alternatives has
been developed. The approach has three main stppdse an XML format input to
represent the LCI block®). Design an algorithm to traverse the chemical pedece
and find all possible routes for the desired prod8L Build a matrix to represent the
constraints for the LP optimization and based o rtmatrix, find the optimal solution for
different objectives such as minimizing energy eongtion or minimizing emissions to
the environment. In the next section, a case sbfdgvaluating the alternative carpet
production system with different routes will be ieymented to demonstrate the

approach.
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43  Case Study

4.3.1 EcoWorxTM Carpet System

To illustrate the methodology, a case study invgvan office building carpet
product is described. A carpet life cycle considtdour basic stages: supply of materials,
carpet manufacturing, use phase, and disposal ayclreg. The use phase for office
building carpets is not distinctly different basaa the construction: carpets tend to be
cleaned on a periodic schedule over the life, aplaced after a certain time period
irrespective of the wear. However, there has desghtened interest in recycling of
carpet in recent years, driven by a multi-stake@oldgreement between the carpet
industry and various government and non-governnmggnizations (NGOs). They
signed a memorandum of understanding for carpetastiship (MOU), a ten-year
schedule to increase recycling carpet and reduggetcao landfills. Therefore, one
objective of the case study is to ensure thatehgaling of carpet is beneficial from a life
cycle perspective compared to using virgin raw migte

There are several types of office carpet constuand materials. In this paper,
we focus on one specific construction, a tile, angpecific suite of materials used by a
manufacturer, Shaw Industries, to produce EcoWrwhose initial design philosophy
and construction was presented by Segars, J.W3J2G0mmercial tiles have three main
components of an architecture, face fiber, prinegking fabric, and secondary backing.
The secondary backing is often composed of a samdefi two polymer layers and a
layer of glass fiber. The polymer layers are oftexavily filled with an inorganic
material to reduce the use of expensive polymer prayvide mechanical stability.

EcoWorX™ tile has a new polyolefin-based secondary bacgivlgmer that replaces the

65



PVC-based backing prevalent in the industry. Initaatd the tile can contain recycled
materials in various parts of the construction,hsas backing polymer, backing fabric,
backing filler, and face fiber. Figure 4.5 showe structure of Ecowof¥ tile with
recycled alternatives. For example, Shaw has rceastarted a depolymerization
facility in Augusta GA, which can produce limitediantities of nylon 6 from post-
consumer carpet, and recovers post-industrial seyégn 6. In addition, the polyolefin
backing polymer can be recycled as post-consumew&x ", and the backing fabric
can contain a PET/nylon6 blend with recycled contefhere is also a choice in the
fillers that make up a substantial fraction of taepet mass. The fillers can be a recycled
glass cullet from post-consumer glass, a fly asimfia coal plant or mined calcium
carbonate. In Figure 4.5, backing fabrics can lmelpeced with or without nylon 6, and
the backing from the post-consumer EcoWrcarpet is an alternative for the backing

polymeric system with backing fillers.
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Figure 4.5: The Structure of the Ecowb¥xTile with Recycled Alternatives.

4.3.2 Input and Output for Process-Tree-Builder Mied
The product information was put into the procdssaty in the form of the XML
file shown as follows:

<?xml version="1.0" ?>
<reaction-set>

<!-- Dyed nylon face fiber+ Woven/nonwoven backfabrics + Backing
polymeric system + Backing fillers + Additives =&&orx carpet tile -->
<reaction>
<reactant-set>
<reactant quantity="0.278Kg"> Dyed nylon fdiber</reactant>
<reactant quantity=" 0.071Kg"> Woven/nonwoveckiag
fabrics</reactant>
<reactant quantity="0.274Kg"> Backing polymeric
system</reactant>
<reactant quantity=" 0.455Kg"> Backing fillerseéctant>
<reactant quantity=" 0.034Kg"> Additives</reatta
</reactant-set>
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<resultant quantity="1Kg"> EcoWorx carpet tileagultant>
<energy-set>
<energy quantity="1,383KJ">electricity</energy>
</energy-set>
</reaction>

</reaction-set>

Table 4.2 shows the input limits of recycled mialsrbased on their availability.
Assume the desired output quantity of product terlaufactured is 7.22*1Kg of the
EcoWorX™ carpet, which is representative of the annual Emod carpet production
rate. This extensive functional unit, rather tharirdensive one, such as the resources per
square meter of carpet, is needed because ceetamled material availability is limited
and it is not known exactly how each recycled maltesource will be used under
different objective functions. It is assumed thi&% recovery of the annual carpet sales
(7.22*10 Kglyear) is feasible, and the material that camesevered from the carpet tile
is 50% of the total tile weight. Therefore, 7.22%Qy post-consumer Ecowor¥ carpet
could be used as part of the backing system. She is a limited availability of the
post-consumer nylon 6, we assume that the plantageeld of 48% of nylon, so the
maximum amount of post-consumer caprolactam is taP8&06 of this. As a result,
3.40*10 Kg post-consumer nylon 6 could be used as pathefface fiber. The post-
consumer filler is about 80% of the mass of th¢ oéshe stream that enters the facility,
so the limit for post-consumer filler is 3.00¥1Rg annually. The limit for post-industrial
material is 4.89*10kg, which can make 25% of the required nylon G, M., 2007).
Overall, to complete the process tree options tmufature the EcowolX carpet,

materials including natural gas, crude oil, bauxite, borax, copper ore, fly ash,
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limestone, oxygen, calcium carbonate, rutile, gjlievater, additives, post-consumer
EcoWorX™ carpet, post-consumer nylon 6 carpet, post-in@dustraterial, and recycled

fillers are required (Overcash, M., 2008).

Table 4.2: Recycled Materials Availability (kg) thfe Case Study

Recycled Materials Mass (Kg
Post-Consumer (PC) EcoWark 7.22E+06
Post-Consumer (PC) Nylon6 3.40E+H07
Post-Industrial Materials 4.89E+(6
Post-Consumer (PC) Filler 3.00E+p7

In summary, five main alternatives exist for prog the Ecowor¥” carpet.
First, the EcoWorX” carpet can be constructed either from the bagkatgmeric system
with backing fillers, or from the recycled backifaprics of the recycled Ecowark
carpet. Second, backing fillers can be composedlyofash, calcium carbonate, or
recycled fillers. Third, caprolactam used for tlaed fiber can be produced either from
the recycled nylon 6 carpets, or from the usuadimimaterials. Fourth, nylon 6 can be
produced either from caprolactam, or from post stdal materials. Last, woven/non-
woven backing fabrics can be produced with or withoylon 6. The flow of energy into
each manufacturing process was classified as ei¢gtisteam, and direct fuel. When
multiple products were produced in a single martufing process, energy use and
material inputs were allocated by mass (exceptémrolactam, which had micro-quasi

allocation).
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To optimize the material selection of the carpgttem, the LCI optimization

approach was applied. Given the output from thegss-tree-builder module in Figure

4.6 and the significant raw material limits, theigpzation formulation was created, and

the problem was solved in GAMS.

Path9

Path8

Pathl

Path10 12 + Path2

— Crude Oil

— PCEcoWorx Carpet
—— PCNylon6 Carpet
Path3 |=—PI

—PC Filler

—CO02

—— Electricity

Path4

Path6

Figure 4.6: Selected Raw Materials [Kg/Kg CarpEtjergy [LOOMJ/Kg Carpet], and

Emissions from Phase-I.
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4.4 Results and Discussion

4.4.1 Optimization with Different Energy Type

After the process-tree-builder module is run, masi process trees are generated
including recycling options. The LCI objectives wkose to explore in this study are
based on the consumption of different types of gneiThis is to illustrate that different
objectives are easily incorporated into the franwand to show that different process
trees do have different resource profiles. The d&th include four different measures of
energy consumption, the steam used in the proeésdricity, transportation fuel, and
high temperature heating often carried out throadghrnace. Figures 4.7 to 4.10 show
the optimization results of energy and major rawteamal consumption for minimizing
different energy type. In Figure 4.7, post-consufiller was chosen as alternative to fly
ash and calcium carbonate for fillers. Post-consumdgon 6 was not chosen when
minimizing steam in Figure 4.8. In addition, caloicarbonate and fly ash are used for
fillers. Figures 4.9 and 4.10 show that minimizingl or total energy consumption has

similar results for raw material usage which usaldiam carbonate for fillers.
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4.4.2 Optimization with the TRACI Method

Energy is part of the life cycle studies, and amiss are important for
environmental evaluation as well. In this case tufiool for the Reduction and
Assessment of Chemical and Other Environmental ttsp@ RACI) method (Bare, J.C.,
2006) is used for the assessment of emissions. TRAgEhod is one of the life cycle
impact assessment methods for carpets developéaehby.S. Environmental Protection
Agency. In addition, TRACI will help to expand thagplication to pollution prevention
and sustainability metrics. In the TRACI methodn teategories including global
warming, acidification, eutrophication, photocheatismog, human health, fossil fuel
depletion, ecological toxicity, criteria air polautts, stratospheric ozone depletion, and
solid waste that have potential effects to the rmvnent are used to measure the
product’s life cycle impact. Table 4.3 shows thet wf calculating TRACI impact for
each category. Table 4.4 shows part of the lifdecyopact factor value of emissions as
assessed by TRACI. Therefore, we can calculatepttential impact by multiplying

mass or energy by their corresponding factor vadueable 4.4 for each impact category.

76



Table 4.3: TRACI Units

I mpact Category Unit

Global Warming CQ equivalents Kg

Fossil Fuel Depletion MJ surplus MJ extractpd

Eutrophication Nitrogen Kg
equivalents

Ecotoxicity 2,4-D equivalents Kg

Acidification H+ moles Kg
equivalent

Photochemical Smog g NOx equivalents Kg

Human Health benzene Kg
equivalents

Table 4.4: Life Cycle Impact Factor Value for Glblarming and Fossil Fuel Depletion

Global Warming | Factor | Fossil Fuel | Factor

Value | Depletion Value
Carbon dioxide 1 Crude oll 0.144
Methane 23 Natural gas 0.15
Nitrogen dioxide 294

First, the objective is to minimize the mass @& #missions such as solid waste.

And the results are shown in Figure 4.11.
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Second, the objective is to minimize the globarmiag impact or fossil fuel

depletion from TRACI. The optimization formulati®échanged as follows:

min Zcozi [P +23* ZMethaneDDi +296* Z NOx [P
st. ZR = 722x10’

2R <M,
min 0.144* ZCrudeOil [P, + 015* Z NaturalGas [P

st. > R =722x10'

24P <M,

The results are shown in Figures 4.12 and 4.13.
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Figure 4.12: Major Raw Materials and Energy Usdge#inimizing Global Warming

Impact
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Tables 4.5 and 4.6 are the summary of energy ajodrmaw materials usage with

different objective in the unit of KJ/Kg carpet add/Kg carpet respectively.

Table 4.5: Case Study Summary of Energy ConsumptitnDifferent Objective

Optimization Steam| Electricity Fuel Total Energy
Min Electricity 10,953 14,103| 23,390 48,786
Min Steam 6,939 14,457 31,425 53,287
Min Fuel 10,647 14,173 23,384 48,547
Min Total Energy 10,647 14,173 23,384 48,547
Min Solid Waste 10,690 14,289 24,142 49,463
Min Global Warming 10,647 14,173 23,384 48,547
Min Fossil Fuel 10,647 14,186 23,4%2 48,627
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Table 4.6: Case Study Summary of Major Raw Mat&sgdge with Different Objective

Natural | Crude Fl
Gas Qil CaCo3 As);]
Min Electricity 0.016 0.321 0.000 0.00p
Min Steam 0.020 0.443 0.29¢ 0.023
Min Fuel 0.016 0.321| 0.319 0.000

Min Total Energy 0.016 0.321] 0.319 0.000
Min Solid Waste 0.016 0.333 0.31p 0.000

Min Global 0016 | 0321| 0319 0.000
Warming
Min Fossil Fuel | 0.016 | 0.321] 011l 0.205

Table 4.6: Summary of Major Raw Material Usage viifferent Objective (continued)

PC PC Post
Filler | EcoWorx PC Nylon6 Industrial
Min Electricity 0.319 0.100 0.471 0.068
Min Steam 0.000 0.100 0.000 0.068
Min Fuel 0.000 0.100 0.471 0.068
Min Total Energy | 0.000 0.100 0.471 0.06§
Min Solid Waste 0.00¢ 0.100 0.471 0.06§
Min Global | g 556 | (100 0.471 0.068

Warming

Min Fossil Fuel 0.000 0.100 0.471 0.069

4.4.3 Optimization with Different Post-Consumer &t&tl Capacity
Since the recycled materials all reached theiacidy for energy saving in the
previous experiment, we will increase the availablaterial to see how they will

influence the environmental impact. To change teeegntage of the recycled material
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content, we conducted experiments by increasingéhneentage of recycling materials as
shown in Table 4.7 Experimeng represents essentially unlimited availability e€ycled
materials, since the allowed percentage is equtdigonaximum allowed in the product

factoring in the yield of the final product compohé&om the raw material.

Table 4.7: Recycled Content Combination and Peagenof Energy Saving (Compare

with Virgin Process) with Different Recycled Contétercentage

Material Availability Experiment | Experiment | Experimeng
PC EcoWorx Carpet 10% 36% 36%
PC Nylon6 Carpet 47% 47% 47%
Post Industrial Material 13% 25% 27.80%
PC Filler 42% 41.60% 45.50%
Electricity 23% 39% 41%
Fuel 48% 58% 59%
Total 37% 59.89% 62.95%

Table 4.7 shows the percentage of energy savingpare with virgin process
with different recycled content percentage. Theltesre consistent with observations of
several energy types. The optimal solution explaety/cling could save energy. One
observation is that as the increase of recycledeobnsteam and electricity could be

saved more than fuel and total energy.
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4.4.4 Summary and Conclusions

This chapter has described a methodology to @#mslproduct design
architectures into material production pathway ceas that minimize different life
cycle impact objectives. The methodology first sxasizes all the alternative pathways to
make the product from the raw materials based patiand output connections of gate-
to-gate chemical plants. The life cycle informatis organized in this gate-to-gate
format and so can conveniently be compiled intceetar of coefficients for each path
that represent the life cycle inventory. In theaea phase of the method, a subset of the
pathways is selected to meet product demand qigmntivbey the limits on material
availability, and minimizing different life cycle @asures. When impact categories are
simple functions of the inventory of materials arkrgy, such as many of the measures
in TRACI, these can be incorporated into the oation and our approach extended to
multi-objective studies.

Procedures were illustrated using the EcoWdrcarpet case study, which
compares environmental burdens with and withougalety. The model user can set up
the criteria for sustainable development such asmizing the energy or emissions and
alters several of the parameters in the databastelnto explore which design and
material availability constraints are the most imigot to reducing the overall measures
of the product life cycle.

One limitation of this methodology is that it réx@s that all the processes in the
process library have only one output chemical gteoto exclude the possibility of a loop
in constructing the pathway. This implies thatgasses with multiple outputs have

already been factored into separate gate-to-gaiek®lby appropriate allocation of
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inventory between them. Recycled post-consumereniaéd do not pose a problem
because the source of these materials is not atatne stage in the process tree, and the
consumer requires a completely different processéncto recover them. The main issue
is if the consumption of one plant output woulddsamatically increased or reduced by
changing its use in a product, since many commexlgire constrained in their ratio of
production from a given plant. It is implicitly ®amed that the product being examined
is not so large a consumer of such commoditiesitlvauld alter the overall availability

of the commodity in the global marketplace.

The results revealed the importance of recovemagerials at the end of the use
phase, and designing products to be capable optiegehese recovered materials back
into their supply chain. The results also dematstthat viewing products from a
“functional unit” perspective needs to be carefullglibrated. The availability of
recycled materials may change the composition dymcal unit as the scale of
production is increased. For example, for a neadpct with unique chemistry there
may not be any material available for recycle uatdubstantial volume of the product
has been used and retired. There may be overdis [to the amount of recycled material
that a given product component can contain ancetber at small scales certain sources
of recycled material may be favored over otherg] #me composition of a typical
functional unit will change with scale. Our mettafy is well suited to examine these
kinds of issues and can rapidly assess the impdatsanging sources and quantities of

materials on the product life cycle.
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45  Conclusion

This chapter has described a two-phase-frameworkdemto analyze how product
designs and situational variables impact the dewisiaking strategies in terms of life
cycle inventory information. Procedures were iltagd in the EcoWorX' carpet case
study, which compares environmental burdens witth &ithout recycling. The results
revealed the importance of recovering materiath@tend of the use phase, which would
be useful to chemical plants because of environahestincerns. In addition, carpet
recycling is a promising alternative approach afueng life cycle impact and can be
practiced with a growing scale in the United Staté&se two primary objectives of this
research can be summarized as follows: First, weldp a methodology that integrates
LClI information among processes. Then, we emplayneethodology to investigate how
recycling can influence the environmental perforogrand overall contributions will be
in the applied domain of the life cycle assessnaemt its integration with optimization

tools and methods.
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CHAPTERS

POINT-BASED STANDARD OPTIMIZATION WITH LIFE

CYCLE ASSESSMENT FOR PRODUCT DESIGN

51 Introduction

Developing sustainable environmental policies amdtegies in government and
sustainable environmental processes in industeyddving towards a more quantitative
approach. One essential component is a life dgglentory, which serves as the input to
a number of activities such as process developméesign and synthesis, and
environmental assessments. The LCI data, such s tgnd amounts of energy and
material consumed, wastes, and emissions, areititainental base for the improvement
analysis and the life cycle impact assessmentdéntify the best environmental option,
the life cycle assessment approach provides gatwmét measures that are used to
compare and assess different design alternativépratcess pathways. LCI optimization
uses objective functions that reflect environmefitel cycle considerations associated
with all aspects of a production supply chain ireffiort to minimize those burdens while
satisfying operational constraints.

LCI optimization shares a similar objective withiqt-based standards, which aim
to minimize environmental impact by maximizing aded points. Point-based standards
have several common features. First, points aneedafor undertaking various activities

or using certain materials. Second, the pointsaggregated to achieve an overall score.
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Third, the score is compared to a threshold th&rdenes the rating. An important
component in awarding some of the points is thesmeaof environmental performance
within a table having different threshold valuesatership in energy and environmental
design (LEEB", 2008) and the carpet standard NSF/ANSI 140-2005F( ANSI 140-
2007, 2007) are two point-based standards developighd substantial life cycle
assessment metrics. LEEbDgreen building rating system is a point-baseddstethused
for evaluating all aspects of commercial buildirmpstruction. The NSF/ANSI 140-2007
standard is a point-based standard designed fpetproducts that provides benchmarks
for sustainable carpet improvement and innovatford the standard is intended to help
consumers identify certified carpets with lower ieowmental impacts.

An implicit assumption in point-based standardsthat points earned from
different activities or categories are equal inuealFor instance, one product that earned
N; points from category | anll, points from category Il is evaluated as the same a
another product that earn®& points from category | anl; points from category II.
However, the two products could have quite diffeamvironmental impacts. This would
be the consequence of assigning points to acsuvitiecategories without relating them to
underlying changes in life cycle inventories. Thiscurs because at the time the
standards were developed, such information waswvaitable to the stakeholder groups.
In time, the information to support the standardures, and the allocation of points to
activities can be changed. However, in the meamtitme lack of congruency between
life cycle impacts and points creates potential copmities for production design
distortions that maximize the performance agaihst standard, but have a less than

optimal life cycle impact. Scheuer, C.W. (2002) leated the LEED" standard using
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life cycle assessment methods. This study foundttieaoriginal LEED" standard had
that comparable outcomes in points did not havepewable outcomes in energy and
solid waste generation. They also found that kinesholds for measuring achievement
were unrelated to the measured environmental impddte studies of Azapagic, A.,
(1999) and Stefanis, S. K., (1997) have the foumdaontributions to the LCA
optimization field. Azapagic, A., and Clift, R.,999), described a method of combing
LCA method with multi-objective optimization teclouie to find optimum improvement
strategies and choose the best alternative frometiveonmental standpoint. Stefanis,
Livingston, and Pistikopoulos presented a methaglofor incorporating environmental
considerations in the optimal design and schedutihdpatch processes. Lu, D., and
Realff, M. (2007) developed a mathematical programgnframework that combines LCI
and optimization together in a straightforward waie framework first systematically
generates all possible alternatives to be analyZdeen it evaluates all generated
alternatives from an environmental perspective a@mtects the best or the best
combination by optimization. This allows the udelinear programming, rather than
integer programming, and hence supports the furtlemelopment of optimization of
points which requires integer structure. In thisrkyove use optimization methods,
coupled with LCI information, to explore how sustatility assessment standards are
related to life cycle measures and optimizatione Tarpet standard, NSF/ANSI 140-
2007, is used as a case study to compare life optlmization with optimization to earn
the maximum number of points in the standard.

The aim of this chapter is to present a methodotbgt optimizes the point-based

standard with LCI measures for products with compleocesses. The methodology is
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implemented through the explicit construction dlealative production paths that are
then selected to meet overall production targets environmental constraints with the
point-based standard. In Section 5.2 and 5.3, werie our approach to modeling the
chemical production system using a mathematicajnaraming technique that involves
mixed integer linear programming (MILP) optimizatioand the process network
construction. In Section 5.4, we illustrate how démploy the methodology in the
preliminary study of a carpet product. In Sectioh Wwe analyze the results and present
our conclusions. Our studies also can be extetwlslow how sustainability assessment

standards can be re-designed to make them congmiteritfe cycle measures.

5.2  Methodology

Our goal in this chapter is to identify whethee hoint-based standards actually
promote products that are better from a life cymespective, or whether the standards
are biased towards certain activities based on raepgBon that some activities are
inherently better than others. Therefore, we seebptimize our selections according to
two different objectives: minimizing energy consuiop, or maximizing the awarded
points. In addition, our proposed point-based steshdoptimization modeling will

connect the standard with life cycle inventory meas directly.

5.2.1 Point-Based Standards

Generally the points in a point-based standard banclassified into two
categories, check-off-points and threshold-poittkeck-off-points are earned when a
manufacturer, process, or a product complies wotines pre-defined rule. They do not

play a direct role in life cycle optimization asthare often associated with providing
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information rather than the product compositionrne@heck-off-point example from the
NSF/ANSI 140-2007 standard is as follows,

"A manufacturer shall receive one point for idgmtig material composition for
components present at 1% (10 parts per thousandjreater of the incoming raw
materials, including materials identified as peesit bio accumulative, and toxic (PBT)
as found in Annex B.”

Threshold-points are earned according to a priexel@f threshold-point table
which specifies the points that a process or aywbéarns when the results of the
activity exceeds a given threshold. Table 5.1 ithr@shold-table example from the
NSF/ANSI 140-2007 standard, which shows the threlsh@and their corresponding
points a carpet product can earn when reducingnigsgy consumption. For example, if
the product saves more than 75% energy, it wilalvarded 12 points. Table 5.2 has a
similar structure as Table 5.1, which shows thegholds and their corresponding points
a carpet product can earn when using bio-basedrialater recycled contents, and has a
total of 20 points. Table 5.3 shows the threshalud their corresponding points a carpet
product can be awarded for product reclamationafenaximum of 17 points. In this
case the percentage is the volume of reclaimeduptodompared to the volume of
production of the new product. The threshold-mstheme encourages standard users
earn more points by achieving higher levels of \segiactivity, and it is hypothesized
these activities will eventually minimize produchveonmental impacts. Table 5.2
explicitly rewards bio-based and recycled contentadly without further assessment of
their environmental impacts, which reflected thatesiof knowledge, and the opinions of

the stakeholders, when the standard was developéd. relative maximum number of
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points earned by the activities, 12, 20 and 17 a&ftects the relative weight that
stakeholders put on these activities at the tiraer than any explicit knowledge about
how much of an impact change the use of renewal#egg versus the use of renewable

materials or recovery of materials has on the petsgwverall impact.

Table 5.1: Points Awarded for Manufacture’s Us&ehewable Energy and/or Energy

Reduction, Adapted from Table 7.1 in the NSF/AN&D-P007 Standard

Percent Renewable Energy .
and/or Energy Reduction of Pomtli Awarded
Total Energy Production (J (Ni)
21%
=>2%
25%
=8%
210%
215%
220%
225%
235%
250%
275%

el
NREhEBowoNvNoorwN
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Table 5.2: Points Awarded for Manufacture’s Us8mf-based, Recycled Content, or

EPP Materials, Adapted from Table 8.1 in the NSFAAN40-2007 Standard

Bio-Based Content,
Recycled Content, or EPP Points Awarded
Materials Feedstock (Cy)
Composition (Q)
=>5% 2
=210% 3
>15% 4
5
6

220%
225%

Table 5.3: Points Awarded for Product Reclamatfuagpted from Table 10.1 in the

NSF/ANSI 140-2007 Standard

Product Reclamation Points Awarded
PercentageReclamation) (Preclam,)
=2% 1
24% 2
= 6% 3
28% 4
210% 5
211% 6
215% 7
>20% 8
>25% 9
250% 14
260% 15
=>70% 16
280% 17
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5.2.2 NSF/ANSI 140-2007 Sustainability Assessnigbampet

The purpose of the NSF/ANSI 140-2007 sustainaladepet standard is “to
provide a market-based definition for a path totaunsble carpet, to establish
performance requirements for public health and renwent, and to address the triple
bottom line, economic-environmental-social, thromgh the supply chain”. The
NSF/ANSI 140-2007 standard includes a total of paihts. The points are available in
five different categories as shown in Figure 5.hdAhere are three sustainable carpet
achievement levels: silver, gold, and platinumaredgg awarded points greater than 37,

52, and 60 respectively.

Bio-based conter
recycled content,
and EPP materia

(MATLS), 22 pts
i Manufacturing

(MFG), 17 pts

Energy and enert L
efficiency (EN),
20 pts
Reclamation an
End of life
: management
e N (EOL), 25 pts
Public health and ™~ - Ll
environment (PHE
30 pts

Figure 5.1: Points Distribution in the NSF/ANSI 32007 Sustainable Carpet Standard
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Our study focused on four major point-based tabiethe NSF/ANSI 140-2007
standard. These tables represent 57 out of thé tdtad1l4 points, indicating the
importance of this mechanism for rewarding the podd The rest of the points are
earned for activities that are not directly relatexd life cycle measures but for
environmental quality systems adoption, socialdgatbrs, innovation and other aspects of
company and product performance related to suftditysassessment.

The “reduction of specified life cycle impact agoeies (for the years 2000-
present)” table is a special point-based table,clwvhiepresents the life cycle impact
categories in Table 5.4. In this table, if morentls& and less than ten impact categories
are crossed at each range indicated, one pointbeihwarded accordingly. In addition,
another one point will be awarded if all ten impeategories are crossed at each range.
In the carpet case study, the manufacturing presess not have impact on stratospheric
ozone depletion, and the major air pollutants tsogen oxide, which has already been
considered in the categories of global warming pimatochemical smog. Therefore, eight
impact categories instead of ten were used in ase study. And if more than four and
less than eight impact categories are crossedcht rage indicated, one point will be

awarded accordingly.
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Table 5.4: Points Awarded for the Reduction of St Life Cycle Impact Categories
(for the years 2000-present), Adapted from Taliarbthe NSF/ANSI 140-2007

Standard

Percent AcCross six Across Ten
Reduction (four) Impact (eight) Impact

(WD) Categories Categories
2 10% 1pt 2pts
2 25% 1pt 2pts
2 50% 1pt 2pts
2 75% 1pt 2pts

5.3  Point-Based Standard Optimization

In this chapter, we will focus on optimizing poimdsed standards mainly based
on threshold-point tables, in which stakeholdergtvelifferent environmental impacts.
We will re-evaluate the standards by coupling LCa#séd mathematical programming
techniques, developed in our previous work, witlxedi integer representations of the
standard. Therefore, the contribution of this wisrko develop a normative optimization
model that can explore the relationship betweendstals setting and life cycle inventory
calculations, which is important for standards depment. We propose a new model to
optimize point-based standards with LCA analysise Thajor challenges in developing
such a model are: how to represent different thaigspoint tables, and how to combine
LCA optimization with the point-based standard. Tiedel will be used to test the
hypothesis that the standard point reward systednliéan cycle inventory measures are

not completely aligned for carpet. The optimal soluwill be used to suggest changes to
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the point allocation scheme that could bring trendard and life cycle assessment into

closer agreement.

5.3.1 Point-Based Standard Optimization Modeling

The optimization model is shown as follows,

Maxzkj N, *X, +;cb *Y, +|2Preclan|1 *Rg, +Y U +>°S (1)
u L L

D P T D (2)
My 2D 8 % B s (3)
> (P * Percent)
' 5 2 I OO 4)
k
D Xy S L (5)
k
(D* Benchmark-> R * E))
i > L 7 6
D* Benchmark z Zb:Qb b ©
D Yy S Lo (7)
b
Z(F)I * Z a(i,p(oduct for reclamaticn)J
i product for recIDamatlcn > Z Reclamatior,L * un (8)
lu
D RG Shiiin e 9)
lu
Z*(A-U )+ R ~UU) 20 (10)
Z*U | +(UU =1=> R ) 20 (11)
Z*(1=S)+ Q. Rt =S =0 (12)
Z*S +(SS=1-D R )2 0 (13)
cat

D* Average,, - Z(P, * > Emission (, * Cat, J
f

=W * (14
D* Averaggm L Rcat,L ( )
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Nomenclature

Indices:

k List of thresholds in the standard table for reegatontents.

b List of thresholds in the standard table for eneeagluction.

lu List of thresholds in the standard table for pradeclamation.

L List of thresholds in the standard table for crost®gories of emissions.
i Alternative pathways of manufacturing the product.

f Chemicals involved in emissions.

] Raw materials.

cat  Emission categories.

Decision variables:

P; The amount of product manufactured through path{yay

Xk Binary variable (0,1): if thresholg) is crossedXy=1, otherwiseX,=0.

Yo Binary variable (0,1): if threshol@) is crossedYy,=1, otherwiseY,=0.

Rcy  Binary variable (0,1): if threshol@u) is crossedRg,=1, otherwiseRg,=0.

S Binary variable (0,1): if SS categories exceeéshold(L), S =1,
otherwiseS_ =0.

UL Binary variable (0,1): iJU categories exceed threshéld, U =1, otherwise,
U|_=O.

R (cat ) Binary variable (0,1): if threshol is crossedR (cat =1,
otherwiseR (car 1=0.

Parameters:

D The production demand.

Percent; The recycled percentage of feedstock for eachnzathi).

M The amount of available raw matergl

aij The coefficient of raw materig) to manufacturing one functional unit of prodd
for pathway(i).

Tk Thresholds value in the recycled content table.

[\ Awarded points in the recycled content table.

(O Thresholds value in the energy reduction table.

G Awarded points in the energy reduction table.

Reclamation, Thresholds value in the product reclamation table.

Preclam;, Awarded points in the product reclamation table.

Ei The amount of energy consumption for each pathiiyay

Z A big number (For the NSF/ANSI 140-2007 standa&refl 0 in the cross
categories table).

Caty The environmental potentiétat) of chemical(f).

UU  The lower number of crossed categories (For the/NIS&I 140-2007 standard,
UU= 4 in our case study).

SS  The higher number of crossed categories (For tHe/AI$SI 140-2007 standard,
SS= 8in our case study).

WL Thresholds value in cross categories table for g€oms.

Benchmark Benchmark value of energy consumption.

Averageca Benchmark value of the environmental impact forghession category

(cat).

Ict

Emission s, The amount of emissions of the chemigafor each pathwayi).
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The above approach applies mixed-integer mathealatiodeling techniques to
build the optimization model of sustainable protuctstandards with LCI information.
In the model, all environmental burdens are exgesss a function of the continuous
decision variabld® and parameter§; and Emissiors The binary decision variableg,
Yb, R cat 1y S, andU, denote whether the corresponding threshold issedsr not, and
appear linearly in the objective function and ailsathe constraints. The inequalities,
Equations(3) to (14), include raw material limits, which are also lingaequalities.
Generally, the representation of emissions comgranay lead to very complex models.
Our framework helps to avoid this situation. Insgteapecific LCI databases, which
contain the inventory of emissions of a wide ranfjechemical processes, are used to
establish the overall emissions for each pathwayd #&is lumped value is useful in
further calculations.

The objective function of the optimization modsl to maximize the sum of

awarded points in terms of LCI calculations fronurf@erspectives. The first one, which

is denoted bzk:Nk* Xk, is the total points awarded by using recycledteon The

second part;c:b*Yb represents the total points awarded by redu@ngrgy

consumption. The third paZPreclam *Rg, represents the total points awarded by

lu

product reclamation. The last paZL:UL +;SL represents the total points awarded by

reducing emissions of the environmental impactaddition, the constraints are divided
into four sub groups. Equatio®) and(3) are the basic material balances as mentioned

in optimization model. Equation@) and(5) are incorporated with Table 5.3 of recycled
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contents, while Equation) and (7) represent Table 5.1 of energy efficiency, and
Equations(8) and(9) represent Table 4.3 of product reclamation. EqQuai{10) to (14)
deal with Table 4, which evaluate the system fromeavironmental impact perspective.
Among those constraints, constraif43, (6), (8)and(14) link LCI calculations with the
point-based standard. The model can be solved ubmgeneral algebraic modeling
system (Brooke. A., 1998) combined with a mixeeégar solver such as CPLEX (IBM,

2009).

5.3.2 Life Cycle Assessment Background

Different manufacturers could have different prctthn lines or pathways to
produce the same product or deliver the same fumaitiunit. When producing the same
amount of the final product, different pathways fiome different raw materials and
energy, while generating different amounts of wasted emissions. Therefore, it is
valuable to evaluate the performance of each plespéthway from the environmental
perspective and choose the pathways that are mergyeefficient, consume fewer raw
materials, and release less waste and emissioosr jprevious work, (Lu, D., 2007) , we
developed a mathematical programming model andectlechniques to automatically
generate all possible pathways and select pathwagsed on different environmental
objectives. The proposed two-phase synthesis qmtion framework breaks the
complex problem into two relatively simple sub-pesbs.

The framework uses LCI information organized aburdividual process blocks
that is generated and validated independently.hims®-1, all LCI information about the
processes that are required to manufacture a depnaduct is stored in the process

library. All possible production alternatives aatiog to available processes and raw
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materials will be identified in Phase-1 through gees-tree-builder module. In Phase-ll,
the process-tree-selector module will select thama) process tree or a combination of
possible process trees in terms of different og@atdon requirements. The bridge
between Phase-l and Phase-Il are raw materialsaammhsolidated output matrix of all
available process trees generated by the proasdtilder module as shown in Figure
5.2. g is the coefficient of raw materig]) to manufacturing one functional unit of

product for pathwayj).

1 Qp Qy
=P
ail alj

Figure 5.2: The Output Matrix of the Phase-I

54  Case Study-NSF/ANSI 140-2007 Car pet Products

In this case study, a carpet production systemamasyzed in terms of life cycle
optimization and standard optimization. The evadattandard is NSF/ANSI 140-2007,
which is a point-based standard designed for cgpmtucts that provides sustainability

assessment of carpet. As the case study, we wilinme a carpet design according to
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NSF/ANSI 140-2007 using the optimization model emuns (1-14). The carpet design
resulting from the maximization of points will berapared to the design minimizing the
environmental impact directly from life cycle meessito see whether these two models
are consistent. The environmental impact is medstm®ugh the tool for the reduction
and assessment of chemical and other environmengct (TRACI) method (Bare,
J.C., 2003), which is a reasonable reflection & turrent state of the art in LCA

methodologies and applications.

5.4.1 The TRACI Method

The TRACI method is one of the life cycle impass@ssment methods for carpets
developed by the U.S. Environmental Protection Agein addition, TRACI will help to
expand the application to pollution prevention andtainability metrics. In the TRACI
method (Bare, J.C., 2006), ten categories includyhgbal warming, acidification,
eutrophication, photochemical smog, human healbissif fuel depletion, ecological
toxicity, criteria air pollutants, stratosphericooe depletion, and solid waste that have
potential effects to the environment are used tasuee the product’s life cycle impact.

Table 5.5 shows the life cycle impact factor vadfiemissions as assessed by TRACI.
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Table 5.5: Life Cycle Impact Factor Value for Commimissions in Carpet Products (a)

Photochemical Factor Human Factor

Smog Value Health Value

Acetaldehyde 1.79 Acetaldehyde 3.91
Aluminum

Benzene 0.246 oxide 30,425

Butane 0.354 Ammonia 3.18

Carbon

monoxide 0.017 Benzene 16.58

Cumene 0.612 Copper 17,267

Ethane 0.087 Cumene 0.312

Hexane 0.416 Hexane 0.607
Hydrogen

Methane 0.0037 chloride 0.388

Methyl Hydrogen

methacrylate 0.968sulfide 0.051

NOX 1.24 Mercury 18,917,511
Methyl

Pentane 0.43 methacrylate 0.139

Phenol 0.915 NOx 0.0101

Propane 0.159 Phenol 0.057

Propylene 3.067 Propylene 0.007

Toluene 1.032 Toluene 1.332

Vinyl Vinyl

acetylene 0.968 acetylene 1.927

Xylene 1.916 Xylene 0.234
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Table 5.5: Life Cycle Impact Factor Value for Commemissions in Carpet Products (b)

Global Factor Fossil Fuel Factor
Warming Value Depletion  Value
Carbon dioxide 1 Crude oil 0.144
Methane 23 Natural gas 0.15

Nitrogen
dioxide 296

Table 5.5: Life Cycle Impact Factor Value for Commiémissions in Carpet Products (c)

Factor Factor Factor
Eutrophication Value Ecotoxicity Value Acidification Value
Ammonia 0.119 Copper 50 Ammonia 95.5
Ammonium Hydrogen
molybdate 1 Mercury 120 chloride 44.7
BOD 0.05 Phenol 0.038 NOx 40
COD 0.05 Toluene 0.0097 SOx 50.8
NO 0.0443

5.4.2 Life Cycle Inventory Optimization and PoirdsBd Standard Optimization

Given the output matrix from the process-treedmriimodule and the recycled
material limits in Chapter 4, the optimization farlation was created as follows, and the
problem was solved in GAMS. The objective functioan be any of the life cycle

inventory measures, such as energy used in vafiouss, or the mass of certain
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components. To optimize the material selection loé tcarpet system, the LCI

optimization approach will be applied as follows:

min ZEi 1 2 Y a3
st Zpi =3 S 14
Y aPR <M, ... (15)

wherekE; is the amount of energy consumption for each paghiyaP; is the amount of
product manufactured through pathw@y M; is the amount of available raw mate§y
a;,j is the coefficient of raw materig) to manufacturing one functional unit of product
for pathway(i); andD is the parameter of the annual production demand.

In the above LCI optimization model, the objectiuaction in Equatior{13)is to
minimize the total energy consumption for manufanty the required amount of final

product in terms of electricity, fuel, and totaleegy. The two constraints are the basic

material balances: the sum of manufactured pro@ﬂ should be equal to the required
i

amountD in Equation(14), and the usage of raw materials should be withenlithit of

available raw materials in Equati¢ib).

55  Resultsand Conclusion

Two sets of optimization programming experimentgyevconducted in this case
study. One is based on life cycle measures withadihjective of minimizing energy
consumption directly from life cycle inventory imfoation. The other is focused on
maximizing the awarded points from the standarchtplbased tables, which has four
sources: using recycled or bio-based content, ugidlgimed materials, reducing energy

consumption, and reducing emissions to the enviemtnEnergy use is categorized into
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three types: electricity, fuel, and total energy.atdition, we track various emissions to
the environment, such as carbon dioxide, nitrogedey and solid waste. In this case
study, five main alternatives exist for producirtte tEcoWorx™ carpet. First, the
EcoWworX™ carpet can be constructed either from the backislgmeric system with
backing fillers, or from the recycled backing faisriof the recycled EcoWolX carpet.
Second, backing fillers can be composed of fly athss cullet, calcium carbonate, or
recycled fillers. Third, caprolactam used for tlaed fiber can be produced either from
the recycled nylon 6 carpets, or from the usuajimimaterials. Fourth, nylon 6 can be
produced either from caprolactam, or from post gtdal materials. Last, woven/non-
woven backing fabrics can be produced with or withoylon 6. Among the different
alternatives, most of them have recycled contemtsch can be awarded points from
using recycled materials, using reclaimed materatsl reducing energy consumption.
Therefore, recycled materials are favorable noy anLCI optimization models, but also
in the point-based standard optimization modelsic&ia maximum availability of
recycled materials is a constraint for the systdsam,consumption of recycled materials is
reached at the upper bound of the constraint. \Wosld not necessarily happen if the
recycling processes consumed more energy and pesotran virgin material production
— although the wisdom of adopting such processgaestionable. If economic objectives
or constraints were imposed, this could also causeduced adoption of the recycling
pathways since they frequently involve expensivgiskics and relatively small scale
processing of heterogeneous material streams.

Table 5.6 shows the awarded points and energyuogpion of the case study:

optimizing the LCI uses less energy but gains pessts in the standard. The results are
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consistent across the use of different energy oatgas the objective function. Using
total energy as an example, maximizing points @ét 26 points, while minimizing
energy will get 24 points. This indicates that #gtecation of points is not solely based
on the environmental goal of minimizing energy ubket could be consistent with a
different set of objectives that the stakeholded im mind, such as encouraging recycled
content to reduce solid waste. Therefore the redtp support analyzing whether the
allocation of points to different impact categorie$lects the underlying values of the

stakeholders.

Table 5.6: Results of the LCI Optimization Verses Point-Based Standard

Optimization

Total
Points Energy
Awarded [KJ/Kg

Carpet]

Electricity Fuel
[KJI/Kg [KJ/Kg
Carpet] Carpet]

Maximizing

Standard Total Energy
Optimization Awarded
Points
Minimizing
Total Energy 24 5.04E+04 1.43E+04 2.69E+04
Consumption
Minimizing
Electricity 21 5.02E+04 1.42E+04 2.70E+04
Consumption
Minimizing
Fuel 23 5.02E+04 1.43E+04 2.69E+04
Consumption

26 5.10E+04 1.45E+04 2.73E+04

LCI
Optimization
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The different results from the standard optim@matand the LCI optimization can
be used to determine if there are legitimate vanassues underlying and help to justify
the point-based system. If the awarded points doafign with the LCA approach as
shown in Table 5.7, this could be because the atdneimbeds values of the stakeholders
that are not expressed solely in LCA terms. Inipaldr, the standard has evolved
through several generations of stakeholder inpubhaee a certain number of points
awarded in different categories of activity, withausystematic understanding of whether
the point allocations actually reflect improved eommental performance. However, the
difference in the point and energy LCI optimizatisrrelatively small. The accuracy of
life cycle inventory data over the complete carpepply chain is unlikely to lead to
overall results that are better than +/- 20%. Henavould be reasonable to conclude
that the differences are not significant. Thisvilies an unbiased way to assess the
standard and its alignment with measures of lifdecynventory improvement. The use of
life cycle inventory information can therefore hatpthe construction of the standard and
could be useful in guiding the modification of pebased systems to align them with the
LCA.

Table 5.7 shows the environmental impact of treectudy: the major emissions
of the system from the point-based standard opé#tiaa model and the LCI optimization
model according to energy categories of electridityel, and total energy. Table 5.7
shows the amount of emissions of carbon monoxiaddon dioxide, toluene, NOx, and
SOx from the results of the point-based standatdnigation model are more than the

ones from the LCI optimization model. Meanwhileg tiesult from the LCI optimization
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model has more emissions of solid waste. Overadl production system from the results
of the point-based standard optimization model wobdve more impact on global

warming, photochemical smog, and acidification.

Table 5.7: Major Emissions from the LCI Optimizatiand the Point-Based Standard

Optimization on a Square Yard of Carpet Basis

[Equivalent Carbon  Carbon
Kg/SY carpet] Monoxide Dioxide  Toluene
LCI Minimizing
Obtimizati Electricity 2.08E-02 2.78E+001.05E-02
ptimization ,
Consumption
Minimizing
Fuel 2.50E-02 3.25E+003.31E-02
Consumption
Minimizing
Total Energy  2.50E-02 3.25E+003.31E-02
Consumption
Maximizing
Standard o Energy  2.66E-02  3.28E+003.37E-02
Optimization

Awarded Points
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Table 5.7: Major Emissions from the LCI Optimizatiand the Point-Based Standard

Optimization on a Square Yard of Carpet Basis (ooed)

[Equivalent Kg/SY

carpet] NOX SOx Solid Waste

LCI Minimizing Electricity 1 11E-02 1 06E-02 3.17E-02
Optimization Consumption ' ' '

Vinimizing Fuel 2.30E-02 1.21E-02 2.43E-02

onsumption

Minimizing Total Energy 2 30E-02 121E-02 2.43E-02
Consumption ' ' '

Standard Maximizing Total 2 34E-02  1.20E-02 255E-02

Optimization Energy Awarded Points

Table 5.8 shows the major raw materials of thelpetion system from the point-

based standard optimization and the LCI optimiradccording to energy categories of

electricity, fuel, and total energy. The productgystem from the point-based standard

optimization model will consume more crude oil aratural gas than the one using the

LCI optimization model from the results in TableB5but again the results are not

significantly different given the potential inacacres of assessing complex chemical

supply chains.
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Table 5.8: Major Raw Materials from the LCI Optimiion and the Point-Based

Standard Optimization on a Square Yard of CarpstB@)

[Kg/SY Bauxite Copper
Carpet] Ore Borax Ore

Minimizing
Electricity 8.42E-01 1.37E-01 3.60E-01 3.18E-01
Consumption

Limestone

LCI
Optimization

Minimizing

Fuel 8.42E-01 1.37E-01 3.60E-01 3.18E-01

Consumption

Minimizing

Total Energy  8.42E-01 1.37E-01 3.60E-01 3.18E-01

Consumption

Maximizing
Standard Total Energy

Optimization Awarded
Points

8.41E-01 1.37E-01 3.60E-01 3.16E-01

Table 5.8: Major Raw Materials from the LCI Optimiion and the Point-Based

Standard Optimization on a Square Yard of CarpstB@)

[Ka/SY
carpet] Rutile Silica Water
Minimizing
Electricity 8.99E-03 4.40E-014.97E-01
Consumption
Minimizing
Fuel 8.99E-03 4.40E-014.97E-01
Consumption
Minimizing
Total Energy 8.99E-03 4.40E-014.97E-01
Consumption
Maximizing
Standard Total Energy g gor o3 4 38E-014.99E-01
Optimization Awarded

Points

LCI
Optimization
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Table 5.8: Major Raw Materials from the LCI Optimiion and the Point-Based

Standard Optimization on a Square Yard of CarpsiB@&)

[Ka/SY Calcium

carpet] Carbonate Natural Gas  Oxygen

Crude Oil

LCI Minimizing
Optimization  Electricity = 0.00E+00 5.21E-02 9.96E-02 1.07E-00
Consumption
Minimizing
Fuel 9.27E-01 5.21E-02 9.96E-02 1.07E-00
Consumption
Minimizing
Total Energy 9.27E-01 5.21E-02 9.96E-02 1.07E-00
Consumption

Standard  Maximizing

Optimization Total ENergy g oee o 503e.02  1.01E-01  1.09E-00
Awarded

Points
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Table 5.8: Major Raw Materials from the LCI Optimiion and the Point-Based

Standard Optimization on a Square Yard of CarpstSal)

Post- Post-

[Ka/SY consumer consumer POSt. Recycled
M Industrial .
carpet] EcoWorX Nylon6 Nylon6 Filler

Carpet Carpet

LCI Minimizing
Optimization  Electricity 2.49E-01 6.06E-01  1.96E-01 0.00E+00
Consumption
Minimizing
Fuel 2.49E-01 6.06E-01 1.96E-01  0.00E+00
Consumption
Minimizing
Total Energy 2.49E-01 6.06E-01 1.96E-01 0.00E+00
Consumption
Standard  Maximizing
Optimization Total Energy 2 49E-01
Awarded
Points

6.06E-01 1.96E-01 8.41E-01

In this chapter, we described a standard optimizatnodel together with life
cycle inventory information to synthesize produetaning the maximum number of
points in a standard and analyzed how producti@igds impact the decision making
strategies in terms of life cycle inventory infotioa. A number of alternatives of
manufacturing the product are examined accordinthéopoint-based standard in our
model. Procedures were illustrated in the Ecobmarpet case study, which compares
environmental burdens according to the resulthefdoint-based standard optimization
and the life cycle inventory optimization. The rigsurevealed the importance of
allocating points in the standard, which would keful to standard design. Our proposed

method is intended to guide the decision-makersaatdwhe adoption of a sustainable
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production design from a standard-based perspecorsequently leading to a reduction
of the overall environmental impact. In additiome tmodel user can set up the criteria for
sustainable development and alters several ofdhengeters in the optimization model to
discover if the system is preferable when asseagaihst the standard. The two primary
objectives of this research can be summarized #ewk first, we developed a
methodology that integrates LCI information with séandards design. Then, we
employed our methodology to investigate how poilcation in the standard can
influence the decisions of chemical company’s pesfee of their environmental
performance to reflect the goals of the stakehsld€nhe overall contributions are in the
applied domain of the life cycle assessment andéhiesgration with optimization tools
and methods. In the future we intend to study lecating the awarded points of the

point-based standard to ensure congruency ofyiféeampact and points.
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CHAPTER 6

STANDARD DESIGN USING LCI INFORMATION

6.1 Introduction

The previous chapters have outlined two importativances. First, how a
product architecture that minimizes life cycle meas can be implemented by material
production routes. Second, how to evaluate a pdiased standard against life cycle
impact minimization to assess how congruent thedstal is with life cycle impact
reduction. The second advance allows someonealgzmnhow well a particular standard
design works to align life cycle and points, bueslaot shed any light on the design of
the standard in the first place. This chapter wddress the systematic derivation of
points-based standard components based on life ayakntory and assessment.

From an environmental perspective, emissions anailgy consumption are the
major evaluation subjects when conducting the lifgcle assessment. Therefore,
standards related to the life cycle studies oftemtains tables with threshold values for
life cycle measures or improvements and correspgndiedits, we term these category-
based tables. Another type of table in points-basaddards usually have thresholds with
certain percentage of decrease or increase wigeceso different activities, for example
energy consumption, emissions, bio-based contenteaycled content, we term these

activity-based tables.
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The current carpet sustainability assessment atdndn its first version, was
developed with substantial insights from the J&ommittee on what product changes
might lead to sustainability improvement. In geethese potential product changes
were simply intuitive concepts by which points wetdsequently awarded. Some of the
sustainability improvements (and points) were eglaio organizational level categories
(such as for environmental management systemswere vital to achieve change. The
other improvements (and points) were directed aterizd and energy improvements
(such as for bio-based materials). Other natiowaidards such as LEEW also began as
intuitive point systems for change. However thesganizations then recognized that a
science-based approach was ultimately needed éomtprovements related to material
and energy changes for sustainability. The campadistry has a national leadership
position in the science-based information systeros their products from their
investment in a life cycle database. The use isfdhtabase for material route selection
and evaluation of the NSF 140 standard has beewomsgnated in earlier chapters. Thus
the NSF 140 standard is well-positioned to traosito a science-based point system for

material and energy issues.

6.1.1 General Issues in Standards’ Design

Standards are tools to measure and calibrate gradwsystem performance and
are often used to regulate and certify them. Anrging area for standards development
is sustainability assessment. Standards in tkis bave several features that are common
to many products and some which play a more promimele. First, as with many
standards, the stakeholders interested in the atdntbme from diverse groups with

different values and interests. Second, the dimassalong which the product or system
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has to be measured are numerous. However, unl&eystandards, the underlying
metrics for sustainability are not well understoadreed upon, or defined. The metrics
encompass technical product performance, oftenrdasons of safety and longevity,
company or facility performance, such as sociaicebf corporate responsibility or use
of environmental management systems, and produgtioness performance, such as
energy, resource use, and waste.

The diversity of product, process and company goerdnce metrics creates
unique problems in how to balance the metrics awd to synthesize a single measure of
performance. This latter point, the conversioraaet of categories into a single multi-
category measure, is a feature of the sustainalsiliindards such as LEEband the
NSF-140 Carpet Sustainability Assessment Standattese two standards resolve this
by using points awarded for performance along ediofension and then adding the
points to give a total score. This creates arrasteng challenge for the development of
this kind of points-based standard: how best terdanhe the point allocations across the
performance dimensions?

We start with the basic assumption that overaddpcts with lower life cycle
impact should be rewarded with more points in tfeedycle component of the standard
than a product with a higher life cycle impact,agivall other things being equal. This
does not mean that overall the product with a loiwwgract will achieve a higher point
total — since there are often many factors outdidempact that are considered.

The ideal approach for points-based standardsngetin be summarized as
follows. The stakeholder group agrees on a cayeget that they feel reflects the

sustainability of the system. For example, thaciox of the materials, the amount of
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waste, the energy use in manufacturing, the safetlyhealth of workers and the social
and financial performance of the company. The griven decides how many points in
total that the standard will have. Then they divigiethe points between the categories,
reflecting the importance they assign to them.eAthat they decide how many points a
given attribute level should receive and allocdte points to the different levels of
achievement. Unfortunately this is very diffictdtdo. Often the division or allocation is
implicit, arrived at by developing a set of actie#t that can be taken to improve a
category, and then allocating points to the adtisit The points are then totaled for the

activities.

6.1.2 Principles and Requirements in Standards’igres
Two formal principles should be enforced in thesige of the point-based
standard to assure our method of standard desiganisistent with the notion that we

prefer products with overall lower life cycle impac

Principlel:
If an activitya, causes the same or better improvement in eachagteompared
to activity &', activity a should be awarded the same or more points in the

standard.

If this principle is not enforced then it is pddsifor a product that improves the
life cycle of a product the same or more in evategory than another to have a worse
point total. This implies that certain relationshibetween activity tables must be

implicitly obeyed within activity-based standard&n issue with point-based standards is
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the assumption that points earning from differestiegories are equal based on which
those earned points are summed up. According tpdive-based standards, one activity
earningN1 points from Category | anli2 points from Category Il is evaluated as the
same as another activity earniNg points from Category | and1 points from Category

I, this could cause an undesirable outcome, aaogr Principlel, when two activities
have different environmental impacts. This issuavés potential opportunities for
production design distortions to maximize the penfance against the standards but have
a less than optimal life cycle impact. Therefohe, tables must be designed a certain way
in order to avoid a contradiction of Principle 1.

Principle 2:

An agreed upon reference state LCI for each progiatform. This would only

be necessary in the case of the percentage reduodion the baseline, or where

an absolute standard is used where the baselirys plarole in defining the
minimum or maximum values of the impact.

If the standard allows for companies to make inapnoents relative to their own
products rather those of the entire industry, thes possible to have products which
have higher impacts to earn more points in thedstah This demonstrates that agreed
product platform baselines for a company are ingefit to guarantee that lower LCI
products are preferred in a standard.

In summary, the minimum information required tesida LCIA category-based
standard is as follows:

Requirement 1: Impact category §ej=1,2...... n.

Requirement 2: Relative weights on categovigg=1,2...... n.
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Requirement 3: Total number of LCIA-based points.

If it is required to use percentage reductions) theaddition:
Requirement 4: Baseline/reference LCIA values.

If we want to use an LCI based frameworks, themwillealso need:

Requirement 5: Relationships between LCIA and L&hsures, for exampl€,;

in equationl ; = Zcqj *m,, Where g represents the emissions and j repredents t
q

impact categoriegj=1,2...... mj=1,2...... n.

6.1.3 Definitions
We start with definitions of terms used in thisapter that could have different
interpretations in other contexts.
1). An activity is defined as a chemical or physical process It certain
materials such as bio-based materials, post conmrsame post industrial material,
or an operation that uses renewable energy or égamation of end of life
materials.
2). A category is the environmental influence such as global viagm
acidification, and hazard waste. In our analysis, assume that the overall
environmental impact is being considered.
3). Total points represents the total points that can be alloctatedll the tables
with different activity.
The threshold and tabular threshold types of pgoiate reasonably easily

represented in mixed integer form (see Chapter 5).
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2 Xip<1
|

where arepresents a property of intereg, represents thi, threshold value, ang,
represents a binary variable that indicates whetrethreshold has been crossed. Note

that only one of the binary variables will be 1dathe highest one of these will be

selected because the objective functitax » Num, X, will be to maximize the
ip

number of points awarded, whelum, represents the cumulative number of points
awarded for reaching thg threshold for the property.

The overall approach is to examine the quantgatife cycle inventory link
between carpet sustainability change and envirotehanprovement. That is, if 2 points
are awarded for some increment of bio-based mai@n@ if 2 points are awarded for
some increment of recycled content, what are thenpewative environmental
improvements from these changes? If there arerdift improvements in such things as
energy use, CTG mass efficiency for the same 2tpadinen the life cycle would suggest
different points that should be awarded.

The life cycle approach should be as simple anttaasparent as possible. We
proposed a approach to evaluate potential mai@nidlenergy changes from a life cycle
perspective using

» Life cycle inventory data as
The simplest expression of the product improvement
The most directly related to plant manufacturinigimation

The most directly related to cost

121



* Natural resource energy (total fuel from naturaorgces to implement
change) including the energy utilized prior to fhant of energy
use (delivery)

* Natural resource mass requirements (total mateifriais nature, such as

fossil fuel, mined materials, etc.)

The proposed mechanism has two-step proceduramgiruct the table for each
category. The product manufacturing system wilelaluated both on the environmental
impact level and the activity level. The proposeetimd is used to allocate points fairly
among different categories and keep the threshmicttare of tables. In addition, the

proposed approach can be applied to the system wothbination of different

substitutable production routes.

6.1.4 Activity-Based Verses Category-Based Standard

A point-based standard can be classified as &gctddsed or category-based
standard. A category-based standard is one thats rpants to life cycle impact
categories, such as global warming potential, &cation, eutrophication etc. In the
category-based standard, the points are awardeed bars categories which may be
contributed by different activities. On the contraia the activity-based standard, the
points are awarded based on activities insteachtgfgories. An activity-based standard
takes the mapping one step further to consideathigities themselves that lead to the
life cycle impacts. There are different activitplas with corresponding threshold values
and points for improvements. The difference betwbenactivity-based standard and the
category-based standard is how to map the actiaityhe category. Generally, the

mapping is generated from the LCI to the LCIA. Gikerit will be seen that category-
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based standards are easier to design and maibtaithat this places a high burden on

the producer to map their “natural” way of appraaghimproving products, through

activities, on to the more abstract space of eeimpact categories.

6.1.5 From LCI to LCIA in the Standard Design

First, we give a formal definition of a LCI. Figu6.1 shows all information

included in the LCI, wherem, is the amount of emissiprm  is the final produc®;

mr

aw

energy consumption.

Raw Material rpy

>

is the amount of raw materiain, is the amount of by produc€Eis the amount of

Energy E l

P

>

By Product gy

Final Product i
Product C-t-G LCI >

Emission ma J

Figure 6.1: General Product Cradle-to-Gate LCI Bloc

We propose the use of a linear relationship batw&& and LCIA. If the impact

category j) has a linear relationship with certain functioneafissionm, 4 in mass, then
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given the coefficientCy;

eq’

the impact can be expressed in equatiqn= Zqu *m
q

transforming the LCI to LCIA, wheré, is the value of impact categojy C, is the
characterization factor for impact categgryfor emissiong; m,, is the amount of
emissiong.

For example, the LCIA approach of TRACI has thmilsir linear relationship

such as NV,

0y = 2.CF(j),s*e, » whereNV(j) is the normalized value for impact

category(j); esis the emission or resource depletion of stregsdior the spatial scale
(s); CF(j)sis the characterization factor for impact categ@)yyfor stressoir(x) within
spatial scalés).

The rest of this chapter will focus on how to desthe standard tables using LCI
information. Category-based standard and activéiyelol standard will be discussed in
section 6.2 and 6.3 respectively. How to employrtteehanism in the preliminary study
of the NSF-140 carpet standard will be illustraitedection 6.4. Then a discussion and

conclusion is given in section 6.5.

6.2  Category-Based Standard Design

Category-based standard design is based on tkehstders view on the relative
importance of LCIA categories such ag,w,...... , W. It is expected that the
stakeholders will be able to agree on a set of sjgalthough arriving at this agreement
may require significant effort. The threshold &bwill be generated given the total

points in the standard. Figure 6.2 shows the cayelgased standard framework.
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Category
Level

Total Points

W1

A

Category 1

Table 1'

W Wi
Category 2 |Category j
Table2 ~ Tablej

Wh

A

Category 1

Table n
A

Figure 6.2: Category-Based Standard Frameworks

N

For each impact categojya weightw; is given from stakeholders. Each impact

category will be allocated to certain points acaogdo the given total points and weights

w;. Then, the standard tables with the structureTikele 6.1 will be formed linearly with

percentage of improvement in each impact category.
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Table 6.1: A Standard Table Structure in the Stech8aamework

Impact Improvement % for | Point awarded
Category 1
0~~5% 1
5%~~10% 2
95%~~100% 20

LCI impact can be expressed las Zqu*me’q, given the coefficientCy;
q

transforming the LCI to LCIA, specifiegh, o from LCI information, and weights; from
the stakehbolders perspective. A category-basechdatd can be designed
straightforwardly — given an absolute range of galthat the impact category can take
[Imine Imad - Essentially, the life cycle inventory can berduor a product and then the
value for each impact category computed. The btakers will have assigned points to

each category, and the fraction of those pointg@edhto the product will be based on:

=1 .
PN g — L i e e 2)

The difrf??:xult;/m\i:vith this absolute basis for theipts is that finding the appropriate
values for the minimum and maximum impacts is @mging. Zero could be taken for
the minimum and then one approach would be usesaliba product to define the
maximum, this would then lead to a standard basedhe fraction of impact of the

baseline product. Another alternative design faategory-based standard is to reward

the percentage of improvement from a baseline. ageline or reference sta®) for

categoryj, 1,°, is shown in Equation (3).
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After a series of transformations from Equatiol, the standard with incentive
for improvement can be designed given the baseline.
o
| ©—1. ZCQJ*me'q _chj*me,q
—_9g q

5 PSR- R TR PP PRSI ETPREPRPRPRPPRLS
I j ZCQI' Megq
q

Category-based standards are relatively straightial to stakeholders but less

transparent to manufacturers. When consideringirtiprovement of the standard for
continuous development, the category-based standamhsy to expand with a new
category, while the activity-based standard mayehditficulties with introducing new
activities. However, the activity-based standard #re category-based standard can be
transformed between one another, when the conmedtam LCI to LCIA is well

characterized and obeys the linearity relationship.

6.3  Activity-Based Standard Design

This section addresses two aspects of activitedasandards design. First, the
problems of design these standards are highlight€den, despite these problems, it
demonstrated that it is possible to design starsdacdording to the principles laid out in
section 6.1.2.

There are at least two significant problems thaeafrom the generation of
points-based standards by an activity-based proee#ust, allocating points to activities
shifts the focus from improving the categories ewvarding specific activities. These
activities may actually improve (or worsen) severalhe categories that were originally
of interest to the stakeholders, but this will bettransparent to the standard because the

activity receives the points — not the improvemeinthe category. In other words, an
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activity-based standard mixes the rewards for iwipigp categories together in the
rewards for the activities, which may then be mbender to interpret. For example,
recycling may lower material resource use, eneysuomption and landfill waste, but
may receive points that do not reflect the origic@hcern of the stakeholders for each of
these categories. Second, new activities that coodove the original categories, such
as reducing the material use of the product, magive no points at all because this
activity was not considered as part of the origistakeholder discussion. Recycling of
the product may not change the recycled contemhefproduct itself, if the material is
used in some other secondary stream, yet the regy saving material resources
overall. However, the standard may reward onlyabtkvity of increasing the recycled
content of the product, hence the recycling agtwibuld not be rewarded in this context.

In general it seems unlikely that we will think alf the activities that might be
taken to improve categories. Thus it will be difflit to avoid constant adjustment of the
standard and to make sure that activities are dda@ppropriately, because new
activities may require adjustments to the existagvity rewards, to avoid inflating the
total number of points available in the standard.

The goal of this section is to develop a morergidie approach to the generation
of activity-based standards that address thesedmoerns. First, the approach keeps the
focus on rewarding product category improvemernt téfects the original values of the
stakeholders. Second, it admits many different foofactivity, and constructs the points
reward scheme to ensure that different activities rewarded proportionately to their
improvement of product categories, as opposediora arbitrary view of how good it is

to do something. The focus will be on those comptef life cycle assessment that are
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directly related to life cycle inventory measurssch as global warming potential, and
other emission or resource use categories. Frorio8e®.3.1 to 6.3.3, we describe our
approach to allocating the point-based standardh ftbree different scenarios that
involves simple category, multi-category, and utaiaty with introducing a new

activity. In Section 6.4, we illustrate how to emyplthe mechanism in the preliminary

study of the NSF-140 carpet standard.

6.3.1 Case 1 — Single Category Activity-Based Desig

For a standard to be consistent with Principlb&,dame amount of points earned
by each activity should reflect an equivalent emwimental impact. To achieve this goal,
two assumptions are made: the awarded points shave a linear characteristic within
the same category and the relations among diffexaegories are known. Assume there
aren+1 activities. Given the relations of reduction amaiifferent activities for the same
impact as shown in Table 6.2, the coefficient &f &... a, that represent the
improvement percentage of each activity i compaité activity 0. For example, using
5% recycled materials is equal to 1% of electrigiguction from an environmental
perspective. This ratio can be established thrdabgHife cycle information as explained

later.
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Table 6.2: Algorithm of Awarded Points AccordingEquivalent Percentage Reduction

among Different Activities

Activity 0 O m
% of Reduction 1 a | ... a
% of Reduction to
Gain 1 point X agx X | e A X
Maximum
Achievable % | % | P |- b

Take category 0 as the baseline: x% of reductiom factivity O will earn 1 point.
Thereforea;*x% of reduction from activity 1 will earn 1 point agll. Therefore, from

Equation (1), the points of each activity n will &ldocated as follows:

b, + b + b, o +&:TotalPoints .............. 1)
ao*x ai*x az*x am*x

whereb; represents the maximum percentage of an actiaty achieve. For example,
activity 1 stands for using recycling materialssome system the maximum percentage
of recycling materials being used can not exceéd.ZEhereforep, is equal to 25% and
the upper bound of the threshold in the recycliragamals table is 25%. The constructed
table will have the same structure as the exisstagdard as shown in Table 6.3 and

Table 6.4.
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Table 6.3: Activity 0's Standard Table Structure

Threshold Point awarded
0~~x 1
X~~2*X 2
(bo-X)~~hy by/x

Table 6.4: Activity i's Standard Table Structure<G=m

Threshold Point awarded
0~~a,*X 1

B X~~2*a X 2

(- an*x)~~ by b/(an*X)

The coefficientsy; are considered known and are determined from Istddters'
experience. However, because of the developmeb€a{ LCI information can be used
to determine the relation coefficieng for those categories for which relationships
between LCI and LCA are known and for which aciggtLCl values are knowi; are
based on the product system's condition which meahdb; of the limit can be reached.
Theby’s are typically determined by manufacturer perforneasgecification for material
content, or can be set as goals for the systemaitht These can be adjusted with time as

the ability of manufacturers to meet the currerdglgancreases.
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Once the tables have been set up, we can usevatoate the system by getting
the total points from the standard. The point-baséte structure is especially useful for
the system when having a combination of differenitvdies that are substitutable. Figure
6.3 shows processes with multiple recycling methdéisthe production system is
performed only on one recycling method, the awarng@dts will be read through Table
6.5. However, if the system is a combination of twahree different recycling methods,
for example, 20% of product from using the recyglmethod 1, 30% of product from
using the recycling method 2, and 50% of produminflusing the recycling method 3 as
shown in Table 6.6, then we need some means ofioorglthem. Also, each recycling
method has certain energy reduction: 20%, 15% afb. 2As a result, the system

performance for combination of different methods ba calculated.

Process 1 —» Process 2 ——» Process 3

R3 R1

Recycled | =

Recycled 2 |-

Recycled 3 =

Figure 6.3: An Example of Multiple Recycling Pros&dystem
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Table 6.5: An Example of Energy Reduction Table

Energy Point
Reduction % Awarded
10%~~15% 1
15%~~20% 2
20%~~25% 3

Table 6.6: Percentage Combination of Multiple RéogcProcess System

R1 R2 R3

% of Combination 20% 30% 50%
0,

B OfEnergy | o400 | 1506|250

Reduction

Point Awarded
Based on 100% of | 2

this Activity Type

reduction of thestesy s

The combined percentage energy

20%*20%+30%*15%+50%*25%=21%. Therefore, the combingystem will get 3

points by looking up the threshold value from Table.

6.3.2 Case 2 — Multiple Category Activity-BasediDes
Case 1 represents the single category standarch wan have different activities

but within the same category. However, normally adtvity affects has different impact

categories instead of just one. This raises theeig$ how to construct multi-category
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tables in the standard. To normalize the processreéting standard, a four step

procedures based on impact level and activity lavelproposed as shown in Figure 6.4.

Total Points
Categor ) ) )
y
Level N=3 Categoryl Category2 Category3
. A 4 v . v A 4
Activity Activity 1 Activity 2 Activity 1 Activity 2 Activity 1 Activity 2
Level M=2 Tablel1l Table21 Table12 Table 22 Table13 Table 23

Figure 6.4: Multiple Category-Based Standard Fraorks/

The first step is to generate the matrix having tategories (the number of

impacts is n) as column and the activity (the nunabectivities is m) as row.

Category Category ... Category,
Activity, Tablg, Tablg, ... Tablg,
Activity, Table, Table, ... Table,,
Activity,, | Table, Table,, ... Table,,
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The second step is to get the impact weights fstalkeholders and allocate the
total points to each impact category. For examassume three impact categories are
included in the standard with weights, w,, andws respectively. Given the total points
asT, each impact category will get poirftsw,, T*w,, andT*ws3 respectively.

The third step is to allocate points within eastpact category. After knowing
how many points gained for each impact categoryntpowithin the same impact
category will be allocated through different adias as shown in section 6.3.1 for single
category activity-based design.

Then, we haven*n tables with respect to each impact and each activinally,
we will integrate them*n tables into m activity tables. And each table Heesfollowing

structure in Table 6.7.

Table 6.7: Activity i's Standard Table Structure<G=m

Impact Improvement % for Point
Activity i Awarded
0~~5% 1
5%~~10% 2
95%~~100% 20
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The following shows how to integrate two impadeegmry tables into one activity
table as an example. Assume activityl can congibmimpact category 1 and 2. And the

two impact category tables for activityl has bemmied as Table 6.8 and Table 6.9.

Table 6.8: Impact Category 1 Standard Table forvitgtl

Category 1 Impact Point
Improvement % for Activity 1]  Awarded
0~~20% 1
20%~~40% 2
80%~~100% 5

Table 6.9: Impact Category 2 Standard Table fortgtl

Category 2 Impact Point
Improvement % for Activity 1]  Awarded
0~~10% 1
10%~~15% 2
90%~~100% 10

The above two tables can be integrated into Téle for activityl.
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Table 6.10: Integrated Activity Standard Table

Overall Impact Improvement Point
% for Activity 1 Awarded
0~~10% 2
10%~~20% 3
20%~~30% 5
30%~~40% 6
40%~~50% 8
50%~~60% 9
60%~~70% 11
70%~~80% 12
80%~~90% 14
90%~~100% 15

The sequence of allocation also can be changedinktance, the activity level
can be allocated first and then assign the powontsnipact level. The advantage of this
procedure is that we can use the LCI informatiortt@nactivity level to get the weights
which will have more support content from the chtion. Also, this is a useful

interpretation of how the LCI can help us from stam point view.

6.3.3 Case 3 — Dealing with Uncertainty in Activitypact

Often, it is difficult to get the exact values fgr Instead, we know the range of
the weights, characterized by an upper bound amndrlbound. The range will introduce
uncertainty into the system and make it more diffitco specify the standard threshold
value. However, we can use the interval arithmegierations as shown in Equations (1)
to (4). Assume there are three activities, actiQitwhere the percentage of improvement

will gain one point is x known from pervious stuslieand activity 1 to n with lower
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bound and upper bound of their activities improvemea O[a,,a],a, O[a,,a,])

compared to activity 0. After a few steps of caitian from Equation (5), we could solve

and find the interval of x as shown in Equation. (Bherefore, the new percentage of

improvement for getting one point for activity Ondae estimated as in a rafige] .

Assum:
a,0[a,a,],a, 0[3,,a,]
[a, 8] +[2,,8,] =[(3, +8,), (3 +8,)]corrvemvereerreieeereieeneeenas 0
EI R L (G N G ) ) SO @
[, 8] * [8,,8,] =[(8,* 8,), (3, B)]cecvverrcesecsscsceseseee )
M:[i,g]*[i,i,] ..... if 8, % 0.2 % Orrorreeeeeoerrnn @
[a,,2.] a &
Then
b‘; + til +ot b: =Total..oooooeeeeee 6)
a*X a*x a,* X

1

Then the percentage of activity O reduction taxgaie point is in the range

below:

uﬁ-{l W%+Z w°+2 =)

Total =) Total =] }
The next step is for stakeholders to choose theepeage improvement value x’

from the above rangex x] for activity O to get one point, where the maximamount of

points for activity 0 to gain rtsjo— And the standard table for activity O will be
Xo

constructed in Table 6.11.
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Table 6.11: Activity O Standard Table

. Point
0,
Impact Improvement % for Activity O Awarded
0~~x' 1
Xo'~~2*X¢’ 2
H bo
(PoXo')~~ by V)

Activity 1 and 2 will have the same standard taditeicture as Table 6.11. Take

activity 1 as an examplga, * xo',a_l* X,'] will be the percentage improvement range of

activity 1 to get one point. Therefore, stakehadddeeed to choose the percentage
improvement x for activity 1 to get one point. After knowingyxfor activity 0 and X

for activity i from 1 to n-1, X for activity n-1 can be calculated through the

equationb—ol+ﬁl+ ...... +b—”,:TotaI.
X X X,

An abstract example is given in the following Hostrate the above machinery.
Assume there are three activities 0, 1, and 2;take points for allocation is 30; x of
reduction for activity O can gain one point;ia in the range [2%, 5%], and & in the
range [5%, 8%].

After calculation, the percentage reduction rafogeactivity O is [4.42%, 5.67%].
Then we choosegkof activity 0 to be 5%, which means 5% of redaatiwill gain one

point for activity 0. And activity O will gain 20gnts maximum. Subsequently activity 1

139



will have the percentage reduction range [10%, 254¢ choose 20% of activity 1 to get
one point, so activity 1 can get 5 points in totalccording to the

100% . 100% , 100%
+ +

equation =30, x2'is 20% as a result.
5 20% X,

Overall, Table 6.12, Table 6.13 and Table 6.14] W& constructed as the

standard.

Table 6.12: Example of Activity O Standard Table

- Point
0,
Impact Improvement % for Activity O Awarded
0~~5% 1
5%~~10% 2
95%~~100% 20

Table 6.13: Example of Activity 1 Standard Table

- Point
0,
Impact Improvement % for Activity O Awarded
0~~20% 1
20%~~40% 2
80%~~100% 5
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Table 6.14: Example of Activity 2 Standard Table

. Point
0,
Impact Improvement % for Activity 2 Awarded
0~~20% 1
20%~~40% 2
80%~~100% 5

6.4  Case Study

The NSF-140 standard is an example of a pointeebatandard with activities
and with categories. The standard awards poirgeveral different ways.

1. Process/Documentation — the standard awardstspor following certain
processes in documenting product activities anchamaging the product, such as using
an environmental quality control system.

2. Threshold properties — the standard awardstgdior crossing certain
thresholds, such as eliminating toxics from thedpaot. Once the specific threshold is
crossed no more points can be earned in the cgtegor

3. Tabular threshold properties — the standardr@gsv@oints on the basis of
crossing thresholds but an increasing number ofitpaare awarded according to the
highest threshold crossed. This is typically agplio materials and energy usage in the
product. Higher amounts of using desirable materasdd energy and lower overall

energy usage will be rewarded. However, the NSFstd0dard mixes both category and
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activity tables, which in general is not a goodaideecause it will lead to double counting
of LCl improvements and may make it difficult todeaa consistent standard.

From an optimization perspective, the points itegary 1 are not really
significant as they do not interact significantlitwother decisions and are focused more
around company policy than the actual materialsearetgy content of the product. The
points in category 2 can be calculated throughotstemization model of Chapter 5 and
may interact with other product life cycle decisoio achieve a threshold in category 2,
you may increase or decrease the inclusion of Bpeauiaterials in the product. The
points in category 3 are the most interesting oom fan optimization perspective. In the
NSF-140 standard these points are earned in thag® wategories, product reclamation,
recycled or bio-based content, and renewable ersrdyenergy efficiency. A substantial
number of points are distributed in these categpaed they are awarded for increasing
performance.

In the NSF-140 standard, the total awarded paamés 114, among which 32
points are awarded by direct material and energyonement from LCI perspective.

Our focus is on the 32 points awarded with threslalues in Table 6.15 and 6.16.
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Table 6.15: Manufacturer’'s Use of Renewable Enargy/or Energy Reduction

Percentage of Points
Energy Awarded
Reduction
>1%
>2%
>5%
>8%
>10%
>15%
>20%
>25%
>35%
>50%
>75%

I
RIE[Blo|o|N|oju|s|win

Table 6.15 is not consistent with a linear relsidp between renewable energy
and impact categories especially under 10% userswable energy or energy reduction.
The reason that more points are distributed atb#ginning of the energy percentage
reduction in Table 6.15 is to encourage manufactaréake on changes from energy
perspective. Moreover, since the last two points lard or never going to be earned,

35% probably represents the b value for this table.
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Table 6.16: Points Awarded for Manufacturer’'s UgBio-Based, Recycled Content, or

EPP
Percentage o Points

Recycled Awarded
Content

>5% 2

>10% 3

>15% 4

>95% 20

Table 6.16 is much more consistent than Table.@d&nufactures can earn 1
point per 5% of recycled content. However, manufiaag cannot get a point below using
5% of recycled content, because manufacturers gelyubelieve that they could get to
100% recycled, bio-based or EPP materials.

With a life cycle approach, the algorithm of poatibcation shown in Table 6.2,
threshold value and awarded point will be allocaaatbmatically through Equation (1).
a;....a represents the reduction equivalent relations éetweach activity (for example a
15% use of biomaterials or a 10% use of renewaldegy).b; is the maximum extent
that each activity can achieveis the extent of activity O reduction that willtgae point
for activity 0, and activity 1 will get one pointifthe reduction of;*x. Assume there are

m+1 activities andk of activity O reduction will gain one point.
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From the mathematical programming tool for LCI dshgprocess design, all
possible production process flow pathways werertEmbas an output file with mass and
energy information. Data were sorted and compaseedb on different process options:
using bio-based material, using recycled mategal] using energy efficient method.
And the equivalent percentages from different otizvere generated as the first row in
Table 6.17 with three different options: using pastustrial material, using post
consumer backing material, and using post consdater fiber material. Therefore, in

the proposed standard, three tables will be craattdad of just two tables.

Table 6.17: Case study of Awarded Points Accordiingquivalent Percentage Reduction

among Different Activities

Activit PC Face PC Post
y Fiber Backing | Industrial
Coefficient 1 0.537 0.064
Use of materia 0537 x | 0.064 x%
to gain 1 point
Maximum use| g9, 1.32 0.278
of material

0894+ 132 + 0278 _
X 0.537*x  0.064* x%

(@)
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Solving Equation (2) fok, we getx=0.239 kg. Therefore, Tables 6.18 to 6.20 are

created, and total points allocated are 32.

Table 6.18: The Post Industrial Materials Table

Usage of Post Industrial Awarded
Material (kg per 1 kg product) Points
>0.015 1
>0.031 2
>0.046 3
>0.062 4
>0.077 5
>0.093 6
>0.108 7
>0.124 8
>0.139 9
>0.154 10
>0.170 11
>0.185 12
>0.201 13
>0.216 14
>0.232 15
>0.247 16
>0.263 17
>0.278 18

146



Table 6.19: The Post Consumer Backing MaterialdeTab

Usage of PC Backing Awarded

(kg per 1 kg product)]  Points
>0.13
>0.26
>0.39
>0.52
>0.64
>0.77
>0.90
>1.03
>1.16
>1.29

'SOCD\ICDU'I-POOI\)I—\

Table 6.20: The Post Consumer Face Fiber Materaiide

Usage of PC Face Fibef Awarded
(kg per 1 kg product) Points

>0.24 1
>0.48 2
>0.72 3
>0.95 4

The case study reveals several important featfresdesigning tables according
to the goal of rewarding life cycle impact equadligross different activities. First,
reducing the actual energy consumption of the prbchanufacturing earns a very high
percentage of the overall points, whereas recyciimjerial earns a relatively small
number of points. The relative improvement fofetiént activities is captured in the a
values. This reflects the fact that recycling takesignificant amount of energy and
transportation and therefore its benefit is nothégh as directly reducing energy

consumption, particularly electrical energy. Secahé maximum reduction that can be
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achieved by the activity does play an importane riol the assignment of points. Two
activities with similar relative impacts will besagned different points if one can only be

undertaken at a rate half that of another.

6.5 Discussion and Conclusion

Standards are a general tool to measure a prodacsystem performance and are
used to drive industry towards superior outcomes.tie chemical industry, energy and
emissions are the most important issues. And emwiemtal impact is a significant
session that reflects both the energy and emissadna chemical product system.
Therefore, major points of the chemical industrgnstard will be allocated to the
environmental side which including energy, recygliand bio-based materials. The
standard settings of point allocation across dffiercategories are mostly based on the
stakeholders’ previous experiences and often lagbirical evidence as to the impacts of
different product activities.

The stakeholders’ experiences are indeed valuabl\egver, there is a desire to
have a more scientifically based standard thanslidpe standard with environmental
impacts, particularly when points are assigned taleutaking different activities.
Moreover, since these points are rewarded cumelgtiaccording to corresponding
threshold, how to award the point equally amonéedit category for the same impact
such as using recycling or bio-based material fe same impact is a key issue.
Therefore, a standard generating mechanism foit pdlocation has been developed and
could be utilized broadly for many points-basechdtads. Consequently, we focus on
creating the mechanism of setting up the standardntfically and build in the

stakeholder experience and values through speweiiightings of impact categories.
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Therefore, a standard generating mechanism fot pblotation was proposed and can be
utilized broadly among many industries.

From the standard design point of view, activiaséd standard and category-
based standard have their own advantages and disiages. For instance, manufacturers
may prefer activity-based standards, because tAeynost easily map their day-to-day
decisions to activities. And it is clear for maratfaers to earn points by improving their
activities directly. However, if the category-basst@dndard is used, the manufacturer
would have to do extra work, such as LCI and LChalgsis, to translate their activities
to each environmental category to get points. @rctintrast, there are other stakeholders
who participate in standards design who would préfe category-based standard,
because they understand the categories better theaspecific activities of a given
industry.

An advantage for category-based standards isitthetelatively straightforward
and practicable to expand the standard when inojudi new category in the standard.
But for the activity-based standards, introducingea activity to the standard will dilute
the points awarded for other activities. If thenp® are maintained as before, then adding
new activities increases the ways to earn pointsnaay dilute the standard. Overall, the
major difference between the two kinds of standarthat either manufacturers or the
standards developer performs the transformatiom ft€I to LCIA measures. However,
since the transformation is feasible for matureaanehere well accepted LCl and LCIA
measures exist, then category-based activity is atively simple. In
developing/understanding areas for LCI and LCIAhodt then activity-based standard

is relatively simple. In addition, it is recommenddthat the stakeholders either create
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activity only standard or category only standamtsia mixture will incur the issue of
points double counting for improvements in the saategory.

Another issue from the standard design is thagalinrelationship is required
between points and percentage of improvement tarerthe equal points allocation of
the standard. Nevertheless, the stakeholders witeldo deviate from this linear design.
For two reasons, concave points-awarded structute €éncourage early adoption of the
standard, while convex points-awarded structur isromote for greater improvement
later on.

There is an existing standard, NSF-140, to evaltla carpet production system.
A case study for NSF-140 carpet standard was daaug to demonstrate the ability to
reconstruct tables based on life cycle informationthe NSF-140 standard, two tables
(manufacturer’s use of renewable energy and/orggn&duction and manufacturer’s use
of bio-based, recycled content, or EPP material) 82 points were reconstructed. In
the case study, three tables (using post industréérial, using post consumer backing
material, and using post consumer face fiber majenstead of two were created with
linear characteristic. The set of new tables en#tdemanufacture to use the standard
straightforwardly and encourage them to earn poasrly by performing process

improvement.
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CHAPTER 7

CONTRIBUTIONS AND FUTURE WORK

7.1  Contributions

The objective of this thesis was to develop a gdaneethodology for the
selection of product chemical production systemsgusCl information that can identify
optimal process pathways. This objective was addnto examine the design of
products in the context of sustainability assessm&mandards that incorporated
significant life cycle assessment measures. Hindlhe design of the standards
themselves to be congruent with life cycle measwvas considered. Each of these
objectives was met.

First, we developed a two-stage approach to stieabptimal production strategy
(that is defined by a process tree) considerinditbeycle impact (measured in terms of
emissions or energy usage) of alternative produategjies that are implicitly defined for
a product. The first stage enumerates all feasfiecess trees taking important
constraints (e.g., material availability and/oryeed material content requirements) into
account for the product. Using the output of thst fstage, the second stage uses a linear
programming model to select the optimal process wih the objective of minimizing
total energy/fuel/electricity usage while ensurthgt the total demand for the product is

satisfied and respecting the availability of reegcmaterials. This avoids problems that
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intensive life cycle functional units incur: theyagnnot be capable of being scaled up to
production volumes because of the unavailabilitthefinput material mix.

The approach was illustrated for a carpet sysfm. numerical results from the
case study illustrate how the proposed approachbeamsed to evaluate the energy use
impact of increasing the recycled material cont#rthe product. The key advantage of
this approach is that rather than embedding tregraltives into a mixed integer linear
programming optimization that can be difficult tol\se, we de-couple the generation of
alternatives from their selection. The framewaeakily extends to other products and the
addition of alternative ways to produce chemichkst form part of the tree that leads
from raw materials to the final product.

Overall, Chapter 4 presented a novel approachddust design combining LCI
information and mathematical optimization with agmiate physical constraints and
sustainability objectives. The systematic framewask coupled to an optimization
algorithm that is a simple linear program. Thislges choices of product compositions
and routes that can be evaluated against differejectives based on the inventories of
mass, energy and emissions. Therefore, the finstribation of this work lies in the
development and implementation of the processkugieler module and the
implementation of a linear programming model fag 8election of the optimal process-
tree among all the alternatives presented.

Second, we introduced an optimization model caupléh life cycle inventory
information to explore whether sustainability assesnt standards actually promote
products that are better from a life cycle pergpecor whether the standards are biased

towards certain activities based on a perceptiah sbme activities are inherently better
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than others. This enables choices of product coitipos and routes that can be
evaluated against life cycle optimization and pdiased standard optimization based on
the inventories of mass, energy and emissions.ndael is used to test the hypothesis
that the standard point reward system and life ecyidventory measures are not
completely aligned for carpet. The optimal solutisnused to suggest changes to the
point allocation scheme that could bring the stash@ad life cycle assessment into closer
agreement. The key advantage of this approachatsvwte connect LCA with the point-
based standard in optimization. Our work was exdntb show how sustainability
assessment standards can be re-designed to make divegruent with life cycle
measures in Chapter 6.

In general, Chapter 5 compared points-based and-h&3ed approaches for
product design, with application to carpets. Psimdsed standards have become quite
popular, but there is a perception that they aseth@n subjective criteria that may not be
better from a life cycle point of view. This woik useful for guiding decisions toward
sustainable engineering and enabling the modiboatf point-based systems to align
them more closely with LCA principles. As a resthie second contribution of this work
is to develop a normative optimization model that @xplore the relationship between
standards setting and life cycle inventory cal¢ated, which is important for standards
development. This provides an unbiased way to astes standard and its alignment
with measures of life cycle inventory improvememhe use of life cycle inventory
information can therefore help in the constructidrthe standard and could be useful in

guiding the modification of point-based systemalign them with the LCA.

153



Third, this work developed a methodology for desig a standard using LCI
information, which is another application of usihg framework described in Chapter 4.
Chapter 6 discusses the activity-based and catdgmgd standard design from life cycle
analysis perspectives. This contributes to estaltfie design strategy of a standard from
life cycle knowledge.

In conclusion, this work addressed some critisaliés such as optimization and
modeling in the design of product systems using @brmation and developed a
standard design strategy from LCI/LCIA perspectivEhis work contributes to
simplifying the optimization process, the use dé Icycle information to help design
early in the product life cycle, and identificatioh regulatory needs to address public

concerns for chemical industry.

7.2  FutureWork
Future work on the optimization, modeling and d&ad design that could have

the most impact includes the following subjects.

7.2.1 Product Portfolio Design

One extension for LCI optimization would be to Koat multiple products
simultaneously — a portfolio, where we still have tsame limited resources that we
would have to spread over multiple products witlhtase constraints on the product
compositions ( such as having a minimum of 10% cletly content). This would mirror
the problem faced by companies who want to havartagimum amounts of different
product lines that meet certain environmental perémce criteria. Assume the company

plan to produce a series prod(atB,C...... N)ith the same kind of raw materidlM ;)

but different compositions
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(Percent, recycieamateriay » PEICENL, Percenty, for recycled

recycledmaterial) """ *** recycledmaterial) )

material. The objective is to minimize energy canption with different products. The

optimization formulation would have the structusefallows:

min > E, (A, + D Eg By + Y By [Ty, +.t D Ey [Ny,
Ai Bi Ci

Ni
st. Y A, =D,
Ai
Z (AAi * a'(Ai,recycledmateri.alb)
N
I 2 Percen?:A,recycledmaterial)
DA

; Bg = Dg
Z(A& * a'(Bi,recycledrna\teriab)

B
l 2 Percena:B,recycledmaterial)
DB
ZCCi =Dc
Ci
Z(AAi * a'(Ci,recycledrrateriab)
G
I 2 Percen{C,recycledmaterial)
DC

Ni
z (N Ni * a(Ni,recycledmateriab)
N 2 Percen&\l recycledmaterial) ’
Dy ‘
ZaAi,jAAi-'-zaBi,jBBi+Zaci,jCCi+ """ +ZaNi,jNNiSMj
Ai Bi Ci Ni

whereAi is the set of pathways to produce prodlci is the set of raw materiald,; is
the amount of produch manufactured by pathwagi; E, is energy consumption for
productA from pathwayAi; D, is the demand for produ& given by manufacture;
a.; s the coefficient of materiaj for product A from the process pathway;
A pi recyceamateriay 1S the coefficient of “recycled material” for prociuA from the process

pathway Ai. The objective is to minimize energy consumptiomdAthree sets of

constraints are included:
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(1) The amount oA produced from pathwai should meet the demand, (

Z Ay =D,);

Ai
(2) The composition of produ@& should at least have certain percentage of

Z(AAi * a(Ai,recycIedmateriaD)

recycled material (-2 5 2 Percent, rocedmateriay) ;
A

(3) The wusage of raw materials should be withlre raw material

availabilities() a, Ay + > ag By + D 8 Co +oomnt D 8y Ny SM)).
Ai Bi Ci

In addition, given a product portfolio demand fefoptimization models could
be used to discover the best way to meet that deénfiom a material selection

perspective. The objective is to minimize the mate@onsumption such as crude oil.

st. Y A, =D,
Y
S A <My
; B, = Dg
;awlsBi < My
;cq =D
;aq,q% <M

ZNNi =Dy

Ni

zaNi,NjNNi <M Nj
Ni

where @, cueon 1S the coefficient of crude oil for produétfrom the process pathway

Ai; M is the raw material limit for product A. In this tipization model, the objective
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is to minimize the total crude oil usage to medtedent product demand. The above
optimization models could be implemented straightbrdly given enough information

or requirements from the manufacture.

7.2.2 Standards Design

Some new issues arise and need further studiddbign of standards.

One of the concerns in the standard design is whaduct range is allowed within a
certification? This has typically manifested itselfthe definition of the product platform
undergoes certification. The competing concernshfe product platform are:

1. The cost of certification for a product. Noteey product can be put through
certification. Instead manufacturers seek to cenlfatforms that will give them the
broadest set of products that meet certificatiandrds.

2. The integrity of the standard. If we defin@latform as a group of products
then we have to come up with a definition of thatfolrm. If this is too broad then we
will certify products that do not earn a sufficiemimber of points for the certification
level. Therefore it is important to come up witlplatform definition that does not allow
the system to be gamed in this way.

The naive approach to ensuring the integrity efdtandard is to define the worst
possible product that can be in a given platform @ien ensure that this product meets
the minimum point threshold. This is obviously liligconservative and many products
within the platform may exceed the threshold byubstantial margin. |If it is assumed
that we value the integrity of the standard abdVelse, we would want to ensure that
every product within the platform meets a giverelan the standard. This would define

combinations of properties that the platform woluiédve to meet. We can think of this as
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an optimization problem where the goal is to findet of relationships between the
product qualities such that if one quality is reglliothers must be increased by sufficient
amounts to compensate. The activity tables tretanstructed to ensure that points are
appropriately awarded implicitly contain the ratibstween activities. It might be
possible to leverage this idea to design a proeeénr defining product platforms. In
addition to the problem of ensuring fairness in ploét thresholds, we will have certain
physical constraints that we would want to resgech as not allowing product platforms

to span across different backing types for the efagpstem.

7.2.3 Standard Design and Mapping LCI to LCIA
Another interesting subject for future exploratisrto expand the transformation

from LCI to LCIA. As discussed in Chapter 6, theelar relationship between LCI and

LCIA (I, :ZCij* f,(m,;))is a core assumption in our standard design. Thezatlv

environmental impact could be expressed in the fooh the following

equationd w, * 1, =Y @, *> C * f,(m;)=> O w *C)* f,(m,;). And given
j j 0

the reference statej@ = ZCH *f, (me;®), the expression for percentage improvement

is shown as follows:

| @_I ijzcij*(fj(me]ie)_ fj(rne,i))
ij* J'I - i— i 5
S @Gy * (f(me®) - f,(m,)))

[e)
I ]
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The question of whether or not the standard desigthod will work if there are

other forms of function for LCIA could be addressedfollows. Another generalization

of the transformation from LCI to LCIA (Soares, S.R006) isl ; = > C,, * f,(E?)

The overall environmental impact could be expressedhe form of the following
equation)_aw * I, =Y w*Y C *f(E)=> O w*C)* f,(E’). And given the

i i i i
reference staﬂqe:ZCij* fj(EiOZ), the expression for percentage improvement is

shown as follows:

ooy Z@XC,T(H(ET) - EY
ij* JI S =1 i | =

j j

> wC)* (F(E™)- 1, (EY)

[9)
I j

The above expression is a non-linear equation watinesponding to Ei, which
could require some adjustment to the standard desiggthod. Overall, if the
mathematical conversion between LCI and LCIA is ilabde, more environment

influence can be incorporated into the standardydes
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