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Abstract: This paper describes an integrated solid waste managdi8&kiM) model to assist in identifying alternative SWM strategies

that meet cost, energy, and environmental emissions objectives. An SWM system consisting of over 40 unit processes for collection
transfer, separation, treatmeietg., combustion, compostingand disposal of waste as well as remanufacturing facilities for processing
recycled material is defined. Waste is categorized into 48 items and their generation rates are defined for three types of sectors
single-family dwelling, multifamily dwelling, and commercial. The mass flow of each item through all possible combinations of unit
processes is represented in a linear programming model using a unique modeling approach. Cost, energy consumption, and environmen
emissions associated with waste processing at each unit process are computed in a set of specially implemented unit process models
life-cycle approach is used to compute energy consumption and emissions of CO, fossil- and biomass-deriNé&y (3@, , particulate

matter, PMy and greenhouse gases. The model is flexible to allow representation of site-specific issues, including waste diversion targets
mass flow restrictions and requirements, and targets for the values of cost, energy, and each emission. A companion paper describes 1
application of this model to examine several SWM scenarios for a hypothetical, but realistic, case study.
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Introduction Alternatively, if the community is currently recovering most of
the combustible waste items as recyclable material, then adding a
Management of municipal solid wastMSW) is getting in- waste-to-energy facility may not be the most efficient choice. Fur-

creased attention at national and local levels. Many communitiesther, the overall environmental benefit of a SWM strategy is not
and regulatory agencies are responding by considering a varietyexplicitly understood. For example, a recycling effort, in general,
of solid waste manageme(BWM) strategies, including volun- is known to reduce consumption of natural resources and save
tary and mandatory recycling programs, source reduction pro-some processing activities at manufacturing facilities. It is not
grams and alternative waste processing options. The specific obclear, however, whether these savings truly offset the environ-
jectives of each community for implementing SWM plans depend mental burdens associated with the additional collection activities
on site-specific conditions and issues. For instance, a communityss well as energy consumption at waste recovery facilities asso-
facing a landfill space crigis may set a goal to rgduce the amountgiated with recycling. Typically, the net benefit, if any, of each
of waste sent to landfill disposal and may consider source reduc-g\y\ alternative with respect to environmental issues is not well

tion, waste diversion through recycling, and volume reduction characterized, making it difficult to select an environmentally
alternatives such as converting waste to energy. The most approyaneficial choice.

priate choice, however, is often not clear. For instance, if the
market prices of recyclable materials are low, then a recycling
program may not be as economical as one of the other options

Several modeling studies addressing individual unit processes
or MSW management have been reported. They include model-
‘ing studies for: collection processés.g., Liebman et al. 1975;
Englehardt and Lund 1990; Chang et al. 199%kcyclable ma-
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a) The components of multifamily dwelling waste are the same as those listed for residential waste (Table 1 in Solano et al., submitted).

b) The components of commercial waste are given in Table 1 in Solano et al., submitted. Collection options for commercial waste are not shown but are
analogous to options 1 and 3.

*Transfer stations (truck and rail) are not shown due to space limitations. They are included in Table 1B.

Fig. 1. Mass flow diagram for integrated solid waste management system

erations or chosen based on cost consideratieiwgs, Tellus 1988; paths are presenSolano 1996 However, when considering a
Anex et al. 1996; Barlishen and Baetz 1996; Ferrell and Hizlan larger number of unit processes with numerous combinations of
1997, with limited or no explicit consideration of environmental waste flow paths, the mathematical equations to maintain a mass
emissions. Several researchers have reported studies consideringalance become nonlinear. Since waste can flow from a facility to
environmental implications of MSW management. In general, the multiple downstream facilities, the waste items may be sent se-
environmental factors were characterized, at different degrees oflectively to each facility. For example, after recovering recy-
detail, by the emissions associated with the waste handling activi-clables from mixed waste at a material recovery facillRF), it
ties. For example, the work reported by Chang e{#96 and is desirable to send only the high-heat content items in the re-
Chang and Wand1996, 1997a,bconsidered the emissions of sidual waste stream to a combustion facility so that the most
certain air pollutants from collection vehicles, but did not con- energy could be generated, and to send the remaining items to a
sider the emissions of the same pollutants from other activities, landfill. However, such separation will not take place at typical
such as fuel combustion in rolling stock, generation of electricity processing facilities. Mass balance equations can be introduced to
used in waste processing facilities, or emissions offsets associatedvoid this artificial waste flow splitting. Since simple implemen-
with the amount of electricity replaced by that generated at a tations of these equations result in a set of nonlinear equations, a
waste-to-energy facility. special and unique modeling approach to maintain linearity has
Lately, several researchers have adopted a life-cycle method-been developed for the model presented in this paper. This ap-
ology to characterize environmental considerations with respectproach is based on defining variables that represent collection
to an array of pollutantfPowell et al. 1996; and Powell 1997 combinations and, for each of them, the waste flow alternatives
The unit processes and mass flows in the SWM strategy are specithat specify a feasible set of unit processes to handle the waste.
fied a priori by the user and are not selected by the procedure. This paper presents an LP-based decision model designed to
Alternatively, Ljunggren and Sundbeld996, 1997 reported a aid in identifying environmentally and economically efficient
mathematical programming-based approach to determine the opstrategies for integrated MSW management. The economic and
timal MSW management strategy with respect to cost and envi- environmental burdens associated with SWM are estimated using
ronmental objectives. The environmental objective was character-a life-cycle methodology implemented using a set of unit process
ized using an empirical, life-cycle methodology. The solution of models(Weitz et al. 1999 The mathematical modeling frame-
the underlying model requires the use of a nonlinear program- work presented here can be used to represent a wide range of
ming procedure, which is highly sensitive to the starting solution MSW unit processes and their interrelationshipg. 1), to char-
and the size of the model. acterize the major activities that take place within each unit pro-
Linear programmingLP) models have been shown to be ap- cess, to estimate the economic and environmental factors associ-
plicable for cases where not many combinations of waste flow ated with each unit process, and to identify efficient SWM
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strategies. The life-cycle inventof{Cl) of a total of 32 environ- ucts. For instance, depending on the SWM strategy, old newsprint
mental parameters is tracked at all MSW unit processes definedset out at the curbside can k@) buried in a landfill;(2) recov-

below. Cost and nine environmental paramef{&®, CO, (bio- ered as a recyclable and sent to a remanufacturing faciBy;
mass derived CO, (fossil fuel derived, NO, ,SQ,, total particu- burned in a waste-to-energy facility where its BTU content can be
late matter(PM), particulate matter of size less than 10n recovered as electricity and the ash generated will be buried in a

(PM,;o), greenhouse gas equivalents, and energy consunjption monofill; (4) decomposed in a mixed waste composting facility
can be either optimized individually or constrained to meet speci- where it will become part of the compost produced;(®r con-
fied targets. The integrated solid waste managentS\MVM) verted to refuse derived fuéRDF) and used for energy. Simi-
model is designed to represent a site-specific system, incorporatiarly, each waste item can be processed by a large number of
ing local issues and restrictions based on information provided by combinations of unit processes. Fig. 1 shows a diagram of all
individual users. The size of this model, which varies depending possible flow paths of the different waste items through the SWM
on the MSW system, is on the order of 10,000 decision variables system, which includes all the waste processing options described
and as many constraints. above. The interrelationships among the different options are im-
An illustrative example is used to describe the features and plicitly represented in this figure.
capabilities of the model. A companion pag€olano et al. 2002 The primary use of the ISWM model is to explore and evalu-
discusses applications of the ISWM model and presents moreate the numerous SWM strategies that are feasible for the inte-
extensive case studies. grated SWM system represented in Fig. 1 and to identify alterna-
tives that are economically and environmentally efficient. Each
SWM strategy is defined by a set of appropriate unit processes
Problem Description and Terminology and the amounts of each waste item processed in each unit pro-
cess. The components and terminology used to describe the

The functional elements of a waste management system includdSWM model are discussed in the following subsections.
collection and transport, recyclable material recovery, treatment . L .
of waste prior to final disposal, and disposal in a landfill. For each Collection Combinations and Waste Flow Alternatives

of these activities, there are a number of alternative unit pro- “Collection Combinations” are formed such that each combina-
cesses. For example, various options will be used to collect MSW, tion can collect all of the waste generated by any portion of the
including the collection of mixed waste or the separate collection population or generation sector. For example, a combination of
of yardwaste, commingled recyclables, and the residual MSW. yard waste collection and residuals mixed waste collection can
Different types of separation or material recovery facilities will be collect all waste generated. Another example is the combination
required based on the manner in which waste is collected. A com-of yard waste collection, commingled recyclables collection, and
plete list of the unit processes considered in the model is pre-residuals mixed waste collection. In the first instance, all waste
sented in Table 1. items not collected as yard waste will be collected by the residu-

The MSW system includes three types of sectors: residential, als mixed waste collection. In the second instance, the residuals
multifamily, and commercial, and the collection unit processes mixed waste collection will collect all waste items not collected
are categorized by these generation sedftable 1a)]. Transfer as yard waste and recyclables. A collection combination including
stations, central facilities at which collected refuse is consolidated only commingled recyclables collection and yard waste collec-
for more efficient transportation, are also included. Transfer sta- tion, however, could not collect all generated waste since there is
tion alternatives were designed to receive waste from separateno option available to collect nonrecyclable and nonyard waste
collection alternativeETable 1b)]. Similarly, each MRF designis  items such as food waste. All alternative collection combinations
dependent upon the manner in which refuse is collected and de-composed of available collection unit processes are defined a pri-
livered to that MRF[Table ¥c)]. For instance, a MRF for pro-  ori. Example combinations and the corresponding waste flow al-
cessing presorted recyclablg®?) will require less sorting than a  ternatives are shown in Table 2. All collection combinations are
MRF for processing mixed wast&1). shown in Table 3.

All waste treatment facilities considered have the potential to  Each waste flow alternative includes a set of unit processes to
generate a product, such as energy or compost, and will reducehandle all waste collected by a specific collection combination.
the mass of waste to be buried in a landfilable Xd)]. Finally, For example, a collection combination consisting of yard waste
three landfills were considered: a traditional landfill operated to and residuals mixed waste collection must be followed by waste
minimize water infiltration, an ash landfill to receive combustion flow alternatives to handle yard wageg., yard waste compost-
ash only, and a bioreactor landfill operated to enhance decompo-ing) and mixed wastée.g., combustion and ash landfill, dry land-
sition [Table Xe)]. fill, RDF, bioreactor landfill, mixed waste MRF, and mixed waste

The generation of MSW is categorized by sector. This catego- composting. For each available collection combination, a set of
rization is necessary to represent the different waste generationyaste flow alternatives is definédee examples in Tablg.2
rates and waste compositions for each sector. Further, each com-
munity may have a unique mix of these sectors, and the waste
from each sector may be handled differently. The waste compo- Conceptual Model Formulation
sitions and generation rates are based on annual average values.

MSW is divided into 48 component&JSEPA 1997, which are
listed by Solano et al(2002 and Soland1999. This list indi-
cates which items are applicable in each sector. For example,The structure of the model is described using a simple example
residential sectors include 42 items and the commercial sectorsshown in Fig. 2. The collection combinatiofa1 andA2) and
include 24 items. the waste flow alternatived®311, B12, B21, andB22) for each

The ISWM model described here considers MSW from curb- collection combination are defined as follows:

side through final disposal or conversion to a set of useful prod- ¢« Al—mixed waste collection@1);

System Representation
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Table 1. (a) Unit Processes for Waste Management Activities: Collectibhtnit Processes for Waste Management Activities: Trangtgtnit
Processes for Waste Management Activities: Separatibrijnit Processes for Waste Management Activities: Treatment{@ridnit Processes
for Waste Management Activities: Disposal.

(@

Unit process Code

Residential Sector

Collection of yard trimmings for aerobic composting Cco

Collection of mixed waste C1

Collection of commingled recyclables sorted at point of Cc2
collection by collection crew

Collection of presorted recyclables C3

Collection of commingled recyclables sorted at MRF with old C4
newsprint ONP in separate compartment

Collection of commingled recyclables and mixed wagtagged C5
separatelyin single compartment truck

Collection of commingled recyclables and mixed wadtagged C6
separatelyin two compartment truck

Collection of mixed waste after removal of recyclables or yard Cc7
waste

Recyclables drop off by generator C8r

Collection of leaves using vacuum truck Cc9

Yard trimming drop off by generator C10

Collection of wet/dry components and commingled recyclables cl1
in separate compartments

Collection of wet/dry components in separate compartments after C12

collection of recyclables b2, C3 or C4

Multifamily sector

Recyclables drop off by generator C8m

Collection of mixed waste in one truck C13

Collection of presorted recyclables in multiple bins Cl4

Collection of ONP and other commingled recyclables in two C15
bins

Collection of mixed waste after removing recyclables through C16
C14 orC15

Collection of wet/dry components and commingled recyclables C17
in separate compartments

Collection of wet/dry components in separate compartments after c18

collection of commingled recyclables l§y14 or C15

Commercial sector

Collection of presorted recyclables C19
Collection of mixed waste before or after recyclables removal C20
(b)
Unit process Code
Transfer of mixed waste TR1
Transfer of commingled recyclables TR2
Transfer of both mixed waste and sorted recyclables brought in TR3
separate bags in single-compartment truck
Transfer of both mixed waste and sorted recyclables brought in TR4
separate bags in two-compartment truck
Transfer of presorted recyclables TR5
Transfer of MSW onto trains at transfer station RT1
Transfer of mixed waste from trains to vehicles that transport RT2
MSW to traditional landfill
Transfer of mixed waste from trains to vehicles that transport RT3

MSW to bioreactor
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Table 1. (Continued

(©

Unit process Code

MRE to process mixed refuse coming from mixed waste S1
collection options C1,C13), residual collection options
(C7,C16) and wet/dry collection optionsC11,C12,C17,C18)

MRF to process presorted recyclables collected thradDgh S2
C3, C14 or dropped off by the generato€8)
MRF to process commingled recyclables collected through S3

commingled recyclables collection optio@gl, C15 or wet/dry
optionsC11, C17

MRF to process commingled recyclables collecteddsy 4
MRF to process commingled recyclables collecteddsy S5
(d
Unit process Code
Aerobic composting of yard waste in a centralized facility T1
Combustion T3
Refuse derived fuel for combustion T5
Mixed waste composting T7
(e)
Unit process Code
Traditional landfill D1
Ash monofill D2
Bioreactor landfill D3

e A2—commingled recyclables collectionC@) and residual by waste flow alternativ®12. Similarly, x(A2) is allocated be-
mixed waste collection@7); tween waste flow alternative321 andB22 such that

e Bll—mixed waste to landfill@G1—D1); B

e B12—mixed waste to combustiolfc(—T3—D2); X(A2)=x(A2B21)+x(A2B22) ®)

e B2l1—commingled recyclables to presorted recyclables MRF
(C2—S2) and residual mixed waste to landfilC{—D1); Level 3

« B22—commingled recyclables to presorted recyclables MRF The mass allocated to a waste flow alternative is described in
(C2—S2) and residual mixed waste to combustioB7( terms of mass portions associated with each waste item included

—T3—D2). in the waste stream. In this example, we assume that ONP and
FW are the only two waste components in the waste stream. In
Fig. 5, the waste handled by the waste flow alternald, i.e.,

Mass Balance x(A1,B11), is shown as the sum of mass portions of waste items
in the waste stream. The mass balance for this case is then written

Level 1 as

A variable is defined to represent the portion of the total mass of

waste generated that is handled by each collection combination. X(A1B11)=x(A1B11,0NP+x(A1B11,FW) (4)

In Fig. 3, Maste represents the total mass of wasFe generated in where x(A1,B11,0NP)=mass portion of waste item ONP
tonsfyear, ank(A1) andx(A2) represent the portlor(sm tons/ handled by waste flow alternati&l1 in collection combination
yeay Of.M"VaS‘e handled by coIIecpon combl_natlomsl andA2, Al andx(A1B11,FW)=analogous mass portion of waste item
respectively. The mass balance is then defined as FW. Since each item is represented by a variable, different items

X(A1)+X(A2)=M yaste 1) may flow through different unit processes in the final solution.
Similarly, the mass balances for the other waste flow alterna-

Level 2 tives are represented as
The mass entering a collection combination is then allocated to

. . . . X(A1,B12)=x(A1,B12,0NB +x(A1B12,F 5
the different waste flow alternatives available for that collection ( ) =x( B+ W ®)
combination. This mass allocation is shown in Fig. 4 where x(A2,B21)=x(A2,B21,0NP +x(A2,B21,FW) (6)
X(Al) is allocated between waste flow alternatitsl andB12
such that X(A2,B22)=x(A2,B22,0NP + x(A2,B22,FW) @)

x(Al)=x(A1,B11)+x(A1,B12) 2 Level 4

wherex(A1,B11)=mass portion ok(Al) handled by waste flow  The mass of each waste item handled by a specific waste flow
alternativeB11 andx(A1,B12)=mass portion ok(Al) handled alternative is represented in terms of the mass portion of that item
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Table 2. Examples of Collection Combinations and Waste Flow Alternatives

Collection combination

Waste flow alternatives

Residential:
mixed waste collection@1)

Residential:
Commingled recyclables collectiorC@), residual
mixed waste collectionq7)

Residential:

Yard waste collection@0), commingled recyclables
collection (C2), residual mixed waste collection
(C7)

Residential:

Yard waste collection@0), presorted recyclables
collection (C3), residual mixed waste collection
(C7)

Multifamily:
Recyclables drop-off collectiond8m), residual
mixed waste collection@16)

Multifamily:
Presorted recyclables collectio€{4), residual
mixed waste collection@16)

Commercial:
Commingled recyclables collectioi©(9), residual
mixed waste collection@20)

Mixed waste collection to traditional landfillGl1—D1)

Mixed waste collection to combustiolCl—T3—D2)

Commingled recyclables collection to presorted recyclables MBRE S2) and
residual mixed waste collection to traditional landfi€{—D1)

Commingled recyclables collection to presorted recyclables MBE S2) and
residual mixed waste collection to combustidd7(—T3—D?2)

Yard waste collection to yard waste compostin@0(—T1); commingled
recyclables collection to presorted recyclables MRE2{>S2) and residual
mixed waste to traditional landfillG7—D1)

Yard waste collection to yard waste composting0(—T1); commingled
recyclables collection to presorted recyclables MRE2{>S2) and residual
mixed waste collection to combustio€{—T3—D2)

Yard waste collection to combustio€Q— T3); presorted recyclables collection
to presorted recyclables MRIEB— S2) and residual mixed waste collection to
mixed waste MRF and then MRF residuals to traditional landf@l7( S1
—D1)

Yard waste collection to combustiorCQ—T3—D2); presorted recyclables
collection to presorted recyclables MRE3— S2) and residual mixed waste
collection to mixed waste transfer station and then to traditional land@ifl (
—TR1—D1)

Recyclables drop off collection to presorted recyclables MRBr— S2) and
residual mixed waste collectiorC({L6) to traditional landfill D1)

Recyclables drop off collection to presorted recyclables MRBrt— S2) and
residual mixed waste collectiorC(L6) to combustion 3—D2)

Presorted recyclables collection to presorted recyclables MRFES2) and
residual mixed waste collectiol©(L6) to mixed waste transfer station and then to
traditional landfill C16—TR1—D1)

Presorted recyclables collection to presorted recyclables MRES2) and
residual mixed waste collectiol©(L6) to mixed waste transfer station and then to
combustion C16—-TR1—-T3—D2)

Commingled recyclables collection to presorted recyclables MRE9( S2)
and residual mixed waste collection to traditional landi@i20—D1)

Commingled recyclables collection to presorted recyclables MRE9( S2)
and residual mixed waste collection to combusti@20—T3—D?2)

in each collection unit process used within that waste flow alter-

native. For instances(A1,B11,0NP), the mass of ONP handled

by waste flow alternativ811, is allocated among all the collec-
tion unit processes used in that alternativeBltil, the only col-
lection unit process used is mixed waste collecti@1). There-

X(A1,B11,FW) =x(A1,B11,FWC1) 9)
x(A1,B12,0NP=x(A1B12,0NPC1) (10)
X(A1,B12,FW) =x(A1B12,FWC1) (11)

fore, x(A1,B11,0NP) will be fully allocated to this collection
unit process, resulting in E@8)

x(A1,B11,0NP=x(A1,B11,0NPC1) (8)

wherex(A1,B11,0NP{1)=mass portion of the waste item ONP
handled by the collection unit proce€4d within the waste flow
alternativeB11 in collection combinatioA1. Similarly, alloca-
tions of mass of all waste items in all other waste flow alterna-
tives within collection combinatiolA1 are represented by Egs.
(9-(11

986 / JOURNAL OF ENVIRONMENTAL ENGINEERING / OCTOBER 2002

The mass balances described by these equations for collection
combinationAl are shown in Fig. 6.

A similar set of equations exists for each collection combina-
tion. In the example, the mass portions of each waste item
handled by collection combinatiok? are allocated among all the
collection unit processes in that collection combinatioe., C2
andC7). Consider the mass of ONP handled by waste flow alter-
native B21 within collection combinatio®2. That mass of ONP
can originate from both collection unit procesgg® andC7. In
waste flow alternativeB21, x(A2,B21,0NPC2) represents the



Table 3. List of All Collection Combinations

Sector type Collection combinatichs

Residential C1 co/c7 co/cz/c7
C5 c2/c7 co/cs/Cc7
Cc6 c3/Cc7 co/calc7
Cl1 c4/Cc7 co/c8r/C7
C12 c8r/C7 cio/ca/c7
c1o/c7 cio/cs/c7
cio/c4a/c7
cilo/csr/C7
Multifamily C13 C8m/C16
C1l7 C1l4/C16
c18 C15/C16
Commercial C20 C19/C20

aCodes for collection unit processes are defined in Tatde 1

mass portion of ONP collecteths commingled recyclableby
collection unit operatiorC2 andx(A2,B21,0NPC7) represents
the mass portion of ONP collectdds residual mixed wastédy
collection unit proces<7. Then the mass balance for ONP
handled by waste flow alternativg21 within collection combi-
nationA2 is represented by E@12):

X(A2,821,0NP =x(A2,821,0NPC2)

+X(A2,B21,0NPLC7) (12)
Similarly, mass balances can be written for all waste items

ternatives. For example, the mass allocation of ONP betwan
and C7 is constrained by household capture rates and participa-
tion factors. The capture rate is the fraction of each recyclable
component that a participating household actually separates for
collection (or drop offf as a recyclable, while the participation
factor is the fraction of households that set out recyclables for
each collection cycle.

Level 5

For each waste flow alternative, the mass portions entering the
unit processes downstream of collection unit processes are de-
scribed in terms of the mass collected by the corresponding col-
lection unit process. For instance, the mass of ONP entering the
combustion facility in waste flow alternativi@12 within collec-

tion combinationAl [x(A1,B12,0NPT3)] is equal to the mass

of ONP collected byC1 corresponding to that waste flow alter-
native[ x(A1,B12,0NPC1)]. Downstream of the combustion fa-
cility, the mass entering the ash landfill will be a function of the
mass of all waste items entering the combustion facility. The mass
remaining after combustion is calculated as a function of the en-
tering mass, the extent of combustion, and a coeffigigtrep-
resenting the item-specific ash content. The mass balances for
collection combinatiorAl are illustrated in Fig. 7. Similar mass
balances exist for collection combinatié?®.

Mathematical Model Formulation

The model formulation described in the previous section is rep-
resented by a set of linear equations, which form the basis for a

allocated among all available collection unit processes in each a4y programmingLP) model. These linear equations enforce

waste flow alternative within collection combination A2.
x(A2,B21,FW) =x(A2,B21,FWC2)

+x(A2B21,FWCT) (13)
x(A2,B22,0NP =x(A2,B22,0NPC2)
+x(A2,B22,0NPC7) (14)
x(A2,B22,FW)=x(A2B22,FWC2)
+Xx(A2B22,FWCT) (15)

feasible mass flows of waste through the MSW system. Addi-
tional equations are introduced to ensure that these feasible mass
flows also meet other conditions, such as capacity restrictions at
unit processes, minimum diversion requirements, and other waste
management goals. All feasible alternatives are then evaluated
using an objective function, which represents either cost or the
LCI for one of the nine environmental parameters. For example,
an objective function could represent the net cost oy 8Qis-
sions. The solution to the LP model then identifies the optimal
solution for the selected objective function. For example, SO
emissions could be minimized.

These mass balances are subject to other model constraints that The approach used to construct the equations for the example

ensure that waste flow is consistent with technically feasible al-

Residential Mixed
Waste Collection
(CH

Landfill
@O

\

Residential .
. Commingled
Commingled Recyclables pER——
Recyclables MRF (52) ombustion (T3)
Collection (C2)

Ash Landfill

Residential o
Mixed
gelslldufdls Recyclable
ollection Materials to a
(o) Remanufacturing

Facility

Fig. 2. Unit processes considered in illustrative example.

problem in the section “Conceptual Model Formulation,” can be
extended to construct the LP model for a larger SWM system. The
LP model for the example includes 40 constraint equations and 40
variables, while the LP model for a system that would include
typical process options and waste items would have on the order
of 10,000 constraints and that many decision variables.

Objective Functions

Two major types of objective functions are considered: minimi-
zation of cost and minimization of environmental emissions or
energy consumption.

Cost Objective
The cost objective function is defined as follows:

Net_Cost= E Cost,— Revenue (16)

ueU

where Net Cost=net system cost$/yeay; U=set of unit pro-
cessesy=CUSUTUD; C=set of collection unit processes; in
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x(Al)

A4

M
Total MSW Waste

Collection combination Al
(Mixed waste collection)

MSW X(A2)

Generation

System

Collection combination A2
(Recyclables collection and
residuals mixed waste
collection)

Fig. 3. Mass balance for MSW system

the exampleC={C1,C2,C7}; S=set of separation unit pro-
cesses; in the exampl®={S2}; T=set of treatment unit pro-
cesses; in the example={T3}; D=set of disposal unit pro-
cesses; in the exampl@={D1,D2}; Cost, is the total cost of
unit procesa ($/yeap; and Revenue is from sales of recyclables
($lyead as described in Eq18).

Each unit process cost is defined as

Cost,= kE ayYuk YueU a7
eW

where o, = cost coefficient for processing waste itdnat unit
processu ($/ton); y, = mass of waste iterk processed by unit
process u (tons/yeay; and W=set of waste items:W
=WRUWN, in whichWRis the subset of recyclable waste items
and WN is the subset of non-recyclable waste items. In the ex-
ample:WR={ONP} andWN={FW}, representing old newsprint
and food waste.

Revenue is defined as

when processing a ton of a waste item per year in a unit process,
and energy consumption is estimated in terms of BTU consumed
per year when processing a ton of a waste item per year in a unit
process. Using these parameters, an environmental emigsions
energy consumptignobjective function is defined as follows:

Lc:|<|o>=u2U LCI(p),

LCI(P)y= >, &(P)uwYux YUeEU

keW

whereU =set of unit processes and L@I,=energy consump-
tion or the net environmental emissions of pollutgnat unit
process U.

LCI(p), is defined as

where&(p), x=energy consumption or the emission of pollutant
p per ton of waste itenk processed in unit processandy, y

19)

(20)

Revenue >, A2, ds,kYs,k
ke WR

seS

(18)

=mass of waste iterk processed by unit process(tons/yeay.

While only one objective can be optimized at a time, the val-
ues of all environmental parameters and cost are obtained for
each solution. Furthermore, constraints can be added on these

where Revenuetotal revenue from the sale of recyclable mate- functions to support a multiobjective analysis.

rials ($/yeap; N =revenue coefficient for recyclable itekn ($/
ton); 3 =fraction of recyclable waste itet actually separated
at the separation unit process1=3,=0; ys=mass of recy-
clable itemk processed at separation unit procegsons/yeay,
and S={S2}, a MRF in the example.

The revenue associated with energy recovery at a combustionequations:
facility or landfill is accounted for within the cost coefficiednf
in Eq. (17).

Constraints

Mass Flow Constraints
The mass flow constraints are defined by the following set of

. . . x(Al,B11, ONP) | Flow of ONP in waste
Environmental Objective «ALB | ween flow alternative B11
The LCI values of the nine environmental parame{&®, CO, aste oW | (A1, B11, FW) -

: : ; : alternative Flow of FW in waste flow
(biomass derive CO, (fossil fuel derived, NO,, SQ,, PM, BI1 ‘ aitornative B11
PM,,, greenhouse gas equivalents, and energy consungien
calculated for each unit process by individual waste component. ALBI2 X(Al,B12, ONP) | Flow of ONP in waste
The emissions are expressed in terms of mass generated per year™"®'? | wage fiow AL BIZFW) 7| flow alternative B12

—> ; (A1, B12,
alternative »| Flow of FW in waste
B12 flow alternative B12
Al,B11 A2,B21, ONP :

x(A1) Collection X ) Waste? flow X(A2, B21) X ) » Flow of ONP in waste

— »] combination Al alternative B11 _ 1 Wasteflow flow alternative B21

(Mixed waste X(Al, BI12) alternative X(AZ, B21, FW)
i ’ Waste flow B21 Flow of FW in waste
collection) .

alternative B12 flow alternative B21
x(A2) Collection x(A2, B21) Waste flow X(A2, B22, ONP) | Flow of ONP in waste

—»| combination A2 »|  alternative B21 x(A2, B22) flow alternative B22

(Recyclables/ | x(A2, B22) ———— Wasieflow 105 poo Fw)
Residuals » Waste flow alternative » Flow of FW in waste tlow
collection) alternative B22 B22 alternative B22

Fig. 4. Mass balances for collection combinations

Fig. 5. Mass balances for waste flow alternatives
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Flow of ONP

X(ALBILONP) [ gy of ONP in waste x(Al, BI1, ONP, Cl) through mixed
’ flow alternative B11 "] waste collection
unit process Cl

x(Al, B11, FW) Flow of FW in waste x(A1,BI1,FW, Cl) Flow of FW
¥  flow alternative B11 through mixed

x(Al, B12, ONP)

Flow of ONP in waste

waste collection
unit process C1

x(Al, B12, ONP, CI)

———»| flow alternative B12 »  through mixed
waste collection
unit process C1

x(Al,B12, FW) Flow of FW in waste x(Al, B12, FW, Cl) Flow of FW

———»| flow alternative B12

Flow of ONP

Xi j k= mass of waste iterk flowing in waste flow alternative

j within collection combinationi (tons/yeay and By is the

percentage of waste stream composed of waste ktem

Mass flows for each waste item collected by a collection unit

process in a collection combination

« If the collection combination includes only a mixed waste
collection unit process, then the total portion of mass of
each waste item is allocated to that collection unit process.

Xi,j,k, m:Xi,j,kViEAl VjEBi ,VkEW (24)
wherem=only mixed waste collection unit process within
collection combination andx; ; , »=mass of waste itenk

Fig. 6. Mass balances for individual waste

through mixed
waste collection
unit process C1

items handled in

collection combination A1

1.

x(A1,B11,FW.CI) ALBILFW.C1 i
T Ty Flowof FW through X ) » Lz‘;‘)dlf'”
mixed waste collection
unit process C1
Flow of ONP
x(A1,B12,0ONP,C1) through mixed
waste collection
unit process C1 -
Waste-to- Ash
Energy | Y(ONP) * XALBI2ZONPCD | jandpll
x(A1,B12,0NP,C1) T > D2
Flow of FW

X(ALBI2FW.C1)
—_—

Mass flows in collection combinations

z %=Mwaste
ieA
whereM .= total mass of waste generatédns/yeay; x;
=mass handled by collection combinatioritons/yeay, A
=set of collection combinations; and={A1A2}; Al
={C1} andA2={C2,C7} in the example.
Mass flows in waste flow alternatives within each collection
combination

(21)

= % VieA (22)

jeB;

where B; represents the set of waste flow alternatives that
can be established within collection combinationin the
example: Bi:{BAllBAZ}; BA1={Bll,BIZ}, and BAZ
={B21B22}; x; ; represents the mass handled by waste flow
alternativej within collection combination (tons/yeay.
Mass flows for specific waste items

Xi,j,k:BkXi,j ViEA, VjEBi,VKEW (23)
where

> B=1.0

keW

XALBILONPCL) Flow of ONP through

mixed waste collection
unit process C1

x(A1,B11,ONP,C1) Landfill
D1

through mixed
waste collection
unit process C1

Ash
Tandfilt
D2

Waste-to-

Energy
x(A1,B12,FW,C1) P

W(FW) * x(A1,B12,FW.CI)

Fig. 7. Mass balances for waste handled by collection unit processes
in collection combination Al

collected by collection unit procesa and flowing through

waste flow alternativgl within collection combinationi

(tonslyeay.

« If the collection combination includes two complementary
collection unit processe®.g., a recyclables collection and
residuals collections unit procesgethen the portion of
mass of each waste item collected through that collection
combination is allocated between the two collection unit
processes according to the following equations:

Xi’jyk‘r:d)kyrxi'j‘k ViEA, VjEBi, YkeW (25)
Xi,j,k,m:Xi,j,k_Xi,j,k,r ViEA, VjEBi, YkeW (26)

where r =either a recyclables collection unit process or a

yardwaste collection unit process within collection combina-

tion i; m=mixed waste collection unit proceg®r handling
the residualswithin collection combination; x; j , ,=mass

of waste itemk collected by collection unit processand

flowing through waste flow alternative within collection

combinationi (tons/yeay; X ; x m»=mass of waste iterk col-
lected by collection unit processi and flowing through
waste flow alternativej within collection combinationi

(tonslyea); ¢, the fraction of waste itenk collected by

collection unit process, ¢, =0 if ke WN and O<d,

<1l ifkeWR

5. Mass flows of waste items processed by each unit process.
For each mixed waste collection unit procéss., u=m)

Vo= D Xijxm VMeC, VkeW

ieA jeB;
wherey, (=mass of waste itenk processedtons/yeay at unit
processl and G=set of all available collection unit processes; for
the example

27)

c={C1,c2,C?
For each recyclable or yard waste collection unit prodess u

:r)

yuk—Z > Xijkr VYreC, VkeW

A jeB;

(28)

wherey, (=mass of waste itenk processedtons/yeay at unit
processy; C=set of all available collection unit processes; for the
example

c={c1,c2,C%

For each separation, treatment or disposal unit progess

yuk*E 2 2 X|ka+2 2 E lekl’

ieA jeBy meC ieA jeBjreC

Yue(SUTUD), YkeW (29)
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wherey, ,=mass of waste itenk processed at unit process collection unit process result in the release of several exhaust
(tons/yeay where in this casel is a unit process in waste flow pollutants as well as energy consumption. Similarly, operation of
alternative B which contains collection unit process and/or a waste-to-energy facility results in air emissions and net energy
collection unit process; SUTUD=set of all unit processes ex-  production. The methodology for calculation of the amounts of

cept for collection unit processes; for the example)TRD  environmental releases of pollutants from the MSW unit pro-
={S2,T3,D1,D2; and C is the set of all available collection unit cesses is described in the aforementioned documentation for each
processes; for the example, process model.

c={C1,Cc2,C? The net savings in environmental releases and energy con-

sumption realized at the manufacturing facilities that use recycled
Diversion Constraint material instead of virgin materials are also required to evaluate
Constraints to require diversion of a minimum amount of waste 20 SWM strategy that recovers recyclables. These savings are
from the landfill can be included. Mass diverted may include represented as the difference in the emission of an environmental
waste recovered as recyclable materials, waste combusted for enP@rameter or energy consumption between the recycle-based
ergy recovery, and waste diverted for composting. In the eXamp|e'manufacturmg process and the production process utilizing virgin

the diversion rate is determined by the sum of the mass of re- material. This value is negative when the process Ut|||Z|ng a re-
cycled material at S2 and the mass sent to combusfigh cyclable material reduces the environmental emission or the en-

ergy consumption. This same concept is also applied to energy.
(30) Energy may be recovered during waste combustion or from the
beneficial use of landfill gas. When energy is recovered, an
equivalent amount of energy generated from fossil fuels and the
corresponding emissions are avoided. A remanufacturing process
model, developed for each recyclable material, and an electrical
energy process model are used to compute environmental coeffi-
cients that are used to estimate net environmental releases and
energy consumptiofDumas 1998 The electrical process model
also calculates emissions associated with electricity consumption

The large array of inputs to the ISWM model was obtained in any part of the MSW management system based on the average

through a series of studies as part of a comprehensive program tg€gional fuel mix used for power generation.

develop life-cycle methods for use in SWiWeitz et al. 1999

These studies included efforts to represent cost and environmental

factors in terms of unit coefficients, , and&(p), « that are used Summary

in Egs. (17) and (20). In addition, numerous other parameters,

such as those describing the fractiods () of items separated at  This paper presents a comprehensive mathematical model for

a MRF, are needed. In total, several thousand coefficients arelISWM that accounts for cost, energy, and environmental emis-

generated to form the ISWM model. sions. This model is formulated as a linear programming model
Process models were developed for each MSW unit process tothat can be solved to identify an efficient SWM strategy, which is

relate the quantity and composition of waste entering a unit pro- defined by a complete set of unit processes and the amount of

cess to the cost, energy consumption, and environmental emiseach waste item handled within those unit processes. The variable

sions for that process. Each process model contains sufficientyefinitions and model equations are structured especially to avoid

input parameters so that it can represent site-specific situations,gnlinearities that would arise typically due to the types of deci-

For example, the process model for collection incorporates factorsgjqg being represented by this model. The modeling approach is

such as weekly collection frequency, collection vehicle capacity, yeserined using a small example problem. lllustrations of the use

nhumber of crew members, and number of houses served at eacr&f this model for a more extensive case study are presented in the
stop. For each process model, methods were developed to allocatgompanion papefSolano et al. 2002

costs, energy, and enwronmental emissions to |qd|V|duaI waste This model is intended for planning, or screening, purposes
components. For example, since recovered glass is not baled, the L P . .
cost and environmental emissions associated with the use of aanq thgre are !lmltatlons_ to the eX|st|ng_|mpIementat|on. One sim-
baler at a MRF are not allocated to recovered glass. Process modp“flcat'on’ for instance, is that economies of spale cgnnot b_e rep-
els for collection(Curtis and Dumas 1998waste transportation rg;ented. The model has F’ee” implemented in an mteractwe de-
(Kosmicki 19973, transfer stationgKosmicki 1997b, material cision sup.port.systemHarrlson et al. 2001to aIIovy tr|al-§nd- .
recovery(Nishtala and Solano 1997combustion(Harrison et al. error mpd|f|cat|0-ns, however, so 'that some e>_<per|ment§t|0n with
2000 and landfills(Sich and Barlaz 199%have been developed alterrlatlve s_olutlo_ns can be c_a_lrrled out. For _mstance, if a small
and incorporated in the ISWM model. and impractical size for a facility is selected in the model solu-

Economic factors are represented by the net cost of each stratlion, then the model can be modified to eliminate that facility or
egy. Net cost includes the amortized capital cost of facilities and t0 constrain it to be no smaller than a specified capacity. This
equipment; labor, operation, and maintenance costs; and revenuef§ial-and-error capability allows a user to explore the effects of
from the sales of recyclable materials, products, and energy assoeconomies of scale. Similarly, other simplifications can be ad-
ciated with the facilities that are included in an SWM strategy. dressed to some degree by modifying constraints or parameters to
The LCI associated with an SWM strategy is estimated in terms examine an issue more closely. In addition, of course, more de-
of net environmental releases and energy consumption that resultailed study and design would be required to produce the final
from activities associated with waste processing. For example,design for field-scale implementation of an SWM system based
activities (such as collection vehicle operatjomssociated with a  on the model solution.

E aszky52k+ E yT3,k = 6diversiorMWaste
ke WR keW

where 0 giversion IS the specified target diversion rate=® gyersion

<1.

Supporting Components and Parameters for
Integrated Solid Waste Management Model
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