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Abstract: A companion paper described the development of the integrated solid waste management~ISWM! model that considers cos
energy, and environmental releases associated with management of municipal solid waste. This paper demonstrates the applic
ISWM model to a hypothetical, but realistic, case study. Several solid waste management~SWM! scenarios are studied, including th
variation in energy and environmental emissions among alternate SWM strategies; the effect of mandated waste diversion~through
recycling and other beneficial uses of waste such as combustion to recover energy! on environmental releases and cost; the trade
between cost and the level of waste diversion; and the tradeoff between cost and greenhouse gas emissions. In addition, the fl
the model is illustrated by the identification of alternate SWM strategies that meet approximately the same objectives using
different combinations of unit processes. This flexibility may be of importance to local solid waste management planners w
implement new SWM programs. Use of the model illustrates the potential impact of solid waste management policies and regul
global environmental emissions.
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Introduction

Many municipalities around the country are faced with the
sponsibility of finding more efficient ways to manage municip
solid waste~MSW! while meeting both budget constraints an
tighter environmental goals. There are multiple alternatives
the collection, treatment, and disposal of MSW including the c
lection of mixed waste together with or separate from recyclab
and yard waste, materials recovery facilities~MRFs! for recy-
clables recovery, yard and mixed waste composing, combus
and landfills for MSW or the ash remaining after combustio
Given the large number of available options for MSW mana
ment, identifying solid waste management~SWM! strategies that
meet economic and environmental goals is a complex task.
integrated solid waste management~ISWM! model described in
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the companion paper~Solano et al. 2002! is designed to identify
efficient SWM strategies that meet site-specific conditions a
local planning goals. The ISWM model incorporates an array
planning objectives, including minimizing cost, energy consum
tion, and emissions of an array of pollutants~e.g., CO, NOx ,
particulate matter, and SOx! and constraints for meeting wast
diversion targets. Environmental emissions and energy consu
tion are evaluated using a life-cycle methodology to calculate
life-cycle inventory~LCI! of complete SWM strategies.

The ISWM model incorporates over 40 unit processes t
cover major activities associated with waste collection, transp
tation, separation, treatment, and disposal. Wastes from t
types of generation sectors are considered: single-family resi
tial ~referred to as ‘‘residential’’!; multifamily residential~referred
to as ‘‘multifamily’’ !; and commercial. Waste composition is ca
egorized using 48 waste items. The ISWM model, which is str
tured as a linear programming~LP! model, varies in size depend
ing on the MSW system. A typical implementation of the mode
expected to have on the order of 10,000 decision variables an
many linear constraints. The constraints describe the mass flo
each waste item through each unit process, represent site-sp
constraints, and evaluate the economic and environmental
dens of an SWM strategy. Solution of a typical model using
CPLEX® software package on an MS Windows-based PII-4
personal computer with 258 MB RAM takes 10–20 s. A strate
identified by the ISWM model specifies the set of waste proce
ing options, the waste flow paths through them, the amoun
each waste item processed at each processing facility, and
amount of each recyclable material that is recovered.

The purpose of this paper is to illustrate the use of the ISW
model for examining SWM scenarios for a realistic, but hyp
thetical case study. These scenarios examine SWM strategies
minimize both cost and greenhouse gas emissions, consider
ferent diversion targets, and examine the trade off among th
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Table 1. Waste Stream Composition~By Wet Weight!

Item Abbreviation Residential~%! Multifamily ~%! Commercial~%!

Yard trimmings, leaves YTL 5.6 5.6 N/A
Yard trimmings, grass YTG 9.3 9.3 N/A
Yard trimmings, branches YTB 3.7 3.7 N/A
Old newsprinta ONP 6.7 6.7 2.2
Old corrugated cardboarda OCC 2.1 2.1 36.0
Office papera OFF 1.3 1.3 7.2
Phone booksa PBK 0.2 0.2 0.3
Booksa BOOK 0.9 0.9 N/A
Old magazinesa OMG 1.7 1.7 N/A
3rd class maila MAIL 2.2 2.2 2.3
Paper-nonrecyclable PNR 17.1 17.1 N/A
CCCR-otherb CCR O N/A N/A 1.9
HDPE-translucenta HDT 0.4 0.4 N/A
HDPE-pigmenteda HDP 0.5 0.5 N/A
PET beverage containersa PPET 0.4 0.4 0.2
Plastic-nonrecyclable PLNR 9.9 9.9 N/A
CCNR-otherc CNR O N/A N/A 4.1
Ferrous cansa FCAN 1.5 1.5 0.7
Ferrous-nonrecyclable FNR 3.2 3.2 N/A
Aluminum cansa ACAN 0.9 0.9 0.4
Al-nonrecyclable ANR 0.5 0.5 N/A
Glass-cleara GCLR 3.9 3.9 1.9
Glass-browna GBRN 1.6 1.6 0.8
Glass-greena GGRN 1.0 1.0 0.5
Glass-nonrecyclable GNR 0.7 0.7 N/A
CNNR-otherd NNR_O N/A N/A 2.4
Food waste FW 4.9 4.9 N/A
CCCN-othere CCN_O N/A N/A 17.1
Miscellaneous combustiblef MIS_CNN 7.5 7.5 N/A
CCNN otherg CNN_O N/A N/A 11.3
Miscellaneoush MIS_NNN 12.3 12.3 N/A
CNNN-otheri NNN_O N/A N/A 10.7

Note: The waste composition was adopted from@USEPA 1997#.
adenotes an item considered for recycling in this case study.
bCCCR-other represents commercial wastes that are combustible, compostable, and recyclable.
cCCNR-other represents commercial wastes that are combustible, noncompostable, and recyclable.
dCNNR-other represents commercial wastes that are noncombustible, noncompostable and recyclable.
eCCCN-other represents commercial wastes that are combustible, compostable, and nonrecyclable.
fMiscellaneous combustible represents wastes from the residential and multifamily sectors that are combustible but nonrecyclable.
gCCNN-other represents commercial wastes that are combustible, noncompostable, and nonrecyclable.
hMiscellaneous represents wastes from the residential and multifamily sectors that are noncombustible and nonrecyclable.
iCNNN-other represents commercial wastes that are noncombustible, noncompostable, and nonrecyclable.
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objectives. The use of the model to generate alternative strate
is also demonstrated.

Description of Case Study

A hypothetical case representing an urban region of medium
was defined. Waste generation rates and compositions were
egorized in three sectors: residential, multifamily, and comm
cial. The key parameters and waste composition that define
case are summarized in Tables 1 and 2. The MSW system de
tion also required specification of many other input parame
~e.g., distances between waste processing facilities, collection
quencies, recycling participation factors! that are described else
where~Solano 1999!. The unit processes included in this case a
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C0-C7, C8r, C8m, C13-16, C19-20, TR1-2, TR5, RT1-2, S1
T1, T3, and D1-2, and the following collection combinations a
included: C1, C0/C7, C2/C7, C3/C7, C4/C7, and C8r/C7 for
residential sector, C13, C8m/C16, C14/C16, and C15/C16 for
multifamily sector, and C20 and C19/C20 for the commerc
sector@the codes are defined in Table 1 in the companion pape
Solano et al. 2002#. Items that are considered for recycling a
indicated in Table 1. Where an item is considered for recycli
an offset analysis was used. To quantify the LCI in the manuf
turing step, the LCI was calculated as the difference in emiss
between the manufacturing processes that rely on virgin and
cycled material, and negative LCI values result when recyclin
beneficial. A similar analysis is used to account for energy rec
ered from combustion or recovery of landfill gas for energy ge
eration.



Table 2. Solid Waste Generation Data

Sector name Population Residents per home Unitsa Waste generationb Total generation~metric ton/year!

Residential 450,000 2.63 171,103 1.2 196,687
Multifamily 150,000 N/A 750 1.2 65,562
Commercial N/A N/A 2,000 1678 174,542
aFor residential sectors: houses; for multifamily sectors: storage points; for commercial sector: commercial locations.
bExpressed in kg/person/day for residential and multifamily sectors and in kg/location/week for commercial sector.
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Minimum Cost and Minimum Greenhouse Gas
Emissions Scenarios

The ISWM model was applied to this case study to analyze
base scenarios. One of these scenarios was used to identif
minimum-cost SWM strategy, and the other was used to iden
the strategy that minimizes greenhouse gas emissions expre
in carbon equivalents. GHE, an optimizable environmental
rameter in the ISWM model, is defined as a weighted sum of C2

and CH4 emissions as follows:

GHE5~12/44!* $E@CO2~ fossil!#163E@CH4#% (1)

where E@CO2(fossil)# and E@CH4#5emissions~in kg/year! of
fossil-derived CO2 and CH4 , respectively. Biomass derived CO2

was assigned a weighting factor of zero and is not shown in
~1!. The user may adjust these weighting factors. Other optim
able environmental parameters that were calculated for each
nario include: CO, CO2 ~fossil derived!, CO2 ~biomass derived!,
NOx , SOx , particulate matter~PM!, and energy. The base sc
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e
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narios have no site-specific restrictions or requirements impo
The LP models for these scenarios consist of approximately 8
decision variables and 6,400 constraints. The resulting opti
SWM strategies for the minimum cost and minimum GHE sc
narios are summarized in Tables 3 and 4, respectively, and
corresponding waste flows are shown in Figs. 1 and 2.

The minimum-cost SWM strategy indicates that the residen
and multifamily sectors are served by a recyclable materials d
off facility and mixed MSW collection for handling the residua
waste. Approximately 5% of the waste from each of these t
sectors is recovered as recyclable material, and the remai
95% of the waste is collected as mixed MSW and disposed o
a landfill. In the commercial sector, approximately 26% of wa
is collected as presorted recyclable material, while the rest is
lected as mixed MSW and disposed of in a landfill. The c
breakdown shown in Table 3 indicates that the collection a
landfill costs constitute 83% of the net cost. Although recycli
operations are typically more expensive than mixed waste col
s indicate
Table 3. Cost and Emissions for Minimum Cost Solid Waste Management Strategy

Unit Process

Cost
(106 $/
year)

Energy
(109 BTU/

year)

PM
(103 kg/

year)

NOx

(103 kg/
year)

SOx

(103 kg/
year)

CO
(103 kg/

year)

CO2

biomass
(106 kg/

year)

CO2

fossil
(106 kg/

year)

GHE
~carbon
equiva-
lents!

(106 kg/
year)

Residential collection
Residuals (C7) 11.7 61 0.69 55 4.6 9.0 1.131023 1.3 0.36
Recyclables drop off (C8) 0.3 1.53102 4.8 26 10 73 2.531023 1.1 0.31

Multifamily collection
Recyclables drop off (C8) 0.1 1.6 3.331022 1.1 0.12 0.47 2.831025 2.731022 7.531023

Residuals (C16) 2.4 15 0.18 15 1.1 2.4 2.631024 0.34 9.431022

Commercial collection
Presorted recyclables (C19) 2.0 17 0.20 16 1.3 2.6 3.131024 0.38 0.10
Residuals (C20) 6.7 37 0.43 34 2.8 5.6 6.531024 0.81 0.22

Separation
Presorted recyclables MRF (S2) 1.0 20 5.9 18 28 2.1 9.131024 4.6 1.3

Treatment — — — — — — — — —

Disposal
Landfill (D1) 10.0 1.93102 14 40 13 3.53102 3.53102 2.1 18

Transportation 0 9.2 0.83 5.8 1.6 5.7 1.631024 0.67 0.18

Recyclable revenues 6.3 — — — — — — — —

Remanufacturing emissionsa — 21.23103 261 22.83102 23.93102 26.73102 47 215 24.3

Net 27.9 27.43102 234 265 23.33102 22.23102 4.03102 23.6 8.2
aValues in this row represent difference between emissions associated with production from virgin and recycled materials. Negative value
avoided emissions attributable to use of recycled materials for remanufacturing.
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s indicate
Fig. 1. Mass flows for minimum cost strategy~the numbers in parentheses show mass in metric ton/year!

Table 4. Cost and Emissions for Minimum GHE Solid Waste Management Strategy

Unit process

Cost
(106 $/
year)

Energy
(109

BTU/
year)

PM
(103

kg/
year)

NOx
(103

kg/
year)

SOx

(103

kg/
year)

CO
(103

kg/
year)

CO2

biomass
(106

kg/
year)

CO2

fossil
(106

kg/
year)

GHE
~carbon
equiva-
lents!
(106

kg/
year)

Residential collection
Yard waste (C0) 7.1 40 0.39 27 3.0 4.6 7.031024 0.72 0.20
Commingled recyclables (C4) 9.2 37 0.37 26 2.8 4.4 6.431024 0.68 0.19
Residuals (C7) 11.2 57 0.64 51 4.3 8.3 1.031023 1.2 0.34

Multifamily collection
Presorted recyclables (C14) 0.9 5.9 6.231022 4.7 0.44 0.77 1.03104 0.12 3.231022

Residuals (C16) 2.3 14 0.17 14 1.1 2.3 2.531024 0.33 9.231022

Commercial collection
Presorted recyclables (C19) 1.1 7.4 7.331022 5.2 0.55 0.87 1.331024 0.14 3.831022

Residuals (C20) 7.9 46 0.53 43 3.4 7.1 8.031024 1.0 0.28

Separation
Mixed waste MRF (S1) 6.9 47 12 39 56 6.1 1.931023 9.7 2.7
Presorted recyclables MRF (S2) 0.2 2.7 0.77 2.4 3.7 0.29 1.231024 0.60 0.17
Commingled recyclables MRF (S3) 1.8 4.6 1.4 4.1 6.5 0.46 2.131024 1.1 0.30

Treatment
Combustion (T3) 33.2 22.83103 22.93102 26.23102 21.53103 1.53102 3.23102 21.63102 246

Disposal
Landfill (D1) ;0 1.831021 1.631023 1.831022 3.331023 6.831023 3.231027 1.331023 3.631024

Ash landfill (D2) 1.3 10 0.29 3.1 0.53 1.1 5.331025 0.22 6.131022

Transportation 0.8 16 1.4 9.7 2.8 9.6 2.731024 1.1 0.31

Recyclable revenues 5.4 — — — — — — — —

Remanufacturing emissionsa — 21.93103 21.73102 21.831022 24.13102 22.53102 30 255 216

Net 78.3 24.33103 24.53102 25.73102 21.83103 254 3.53102 22.03102 257
aValues in this row represent difference between emissions associated with production from virgin and recycled materials. Negative value
avoided emissions attributable to use of recycled materials for remanufacturing.
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Fig. 2. Mass flows for minimum GHE strategy~numbers in parentheses show mass in metric ton/year!
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tion, the minimum-cost strategy includes the drop-off option
recyclables since it costs very little and is easily offset by
revenue generated from the recyclable materials.

For most environmental parameters, the majority of burd
are associated with collection and landfill activities. For examp
collection activities consume the most energy, while CO2 ~fossil
and biomass! emissions are greatest from the landfill, where lan
fill gas was assumed to be collected and flared. The nega
values of some environmental parameters associated with
manufacturing’’ indicate reductions in net energy consumpt
and emissions resulting from offsetting of manufacturing fro
virgin material by manufacturing with recyclable material.

Compared to approximately 8 million kg/year GHE burden
the minimum-cost strategy, the minimum GHE strategy~Table 4
and Fig. 2! provides a net reduction of approximately 57 millio
kg/year. The net cost of the minimum GHE strategy, howeve
approximately three times that of the minimum-cost strate
Thus, there is a considerable tradeoff between these two po
objectives.

The major portion of the reduction in GHE is achieve
through combustion of residual waste to recover energy. Altho
JO
-

combustion flue gases contribute to GHE, the offset of fossil fu
based energy production~coal and natural gas! by the energy
generated at a waste-to-energy facility is significantly more th
the burden caused by the combustion process. This is in
because emissions from MSW combustion include signific
biomass CO2 that is assigned a weighting factor of zero in E
~1!. The user may examine the implications associated with
cluding biomass CO2 in the GHE definition by assigning a non
zero weighting factor and resolving the model.

In the minimum GHE scenario, the model selects recycling
some combustible~paper, plastic! and noncombustible~glass,
metal! items. The selection of recycling for noncombustible item
indicate that the emissions savings at the remanufacturing fac
are greater than the emissions associated with recyclables re
ery activities. The selection of recycling of combustible item
indicate that from a GHE perspective, recycling of these spec
items is more beneficial than combustion with energy recover
the current case study. Interestingly, a costly mixed waste MR
selected to recover those recyclables not separated by the w
generator, emphasizing the GHE benefit of recyclable recove
URNAL OF ENVIRONMENTAL ENGINEERING / OCTOBER 2002 / 997
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Table 5. Minimum Cost Solid Waste Management Strategies at Different Diversion~Recycling Only! Targets

Unit Processes

SCENARIOS

Minimum cost
~13.6% recycling!

15%
Recycling

20%
Recycling

25%
Recycling

Maximum
Recycling
~26.5%!

Cost
(106 $/
year)

Mass
(103

metric
ton/year)

Cost
(106 $/
year)

Mass
(103

metric
ton/year)

Cost
(106 $/
year)

Mass
(103

metric
ton/year)

Cost
(106 $/
year)

Mass
(103

metric
ton/year)

Cost
(106 $/
year)

Mass
(103

metric
ton/year)

Residential collection
Commingled recyclables (C2) — — — — — — — — 9.7 17.9
Residuals (C7) 11.8 186.7 11.8 186.7 11.7 186.3 11.7 186.3 11.5 178
Recyclables drop off (C8r ) 0.3 10.0 0.3 10.0 0.5 10.4 0.5 10.4 — —

Multifamily collection
Recyclables drop off (C8m) 0.1 3.3 0.1 3.3 — — — — — —
Presorted recyclables (C14) — — — — 0.9 6.8 0.9 6.9 — —
Commingled recyclables (C15) — — — — — — — — 1.4 7.5
Residuals (C16) 2.4 62.2 2.4 62.2 2.3 58.7 2.3 58.7 2.2 58.1

Commercial collection
Presorted recyclables (C19) 2.0 45.9 2.0 46.0 2.1 46.1 2.1 46.1 2.1 46.1
Residuals (C20) 6.7 128.6 6.7 128.6 6.7 128.4 6.7 128.4 6.7 128.

Separation
Mixed waste MRF (S1) — — 0.9 34.2 3.7 132.7 10.4 363.0 10.8 365.3
Presorted recyclables MRF (S2) 1.0 59.3 1.0 59.3 1.1 63.3 1.1 63.4 1.1 64.0
Commingled recyclables MRF (S3) — — — — — — — — 0.9 7.5

Treatment
Combustion (T3) — — — — — — — — 27.2 321.5

Disposal
Landfill (D1) 10.0 377.5 9.8 371.3 9.2 349.4 8.7 327.6 0.003 0.1
Ash landfill (D2) — — — — — — — — 1.2 82.3

Transportation 0 59.3 0.07 93.6 0.3 196.1 0.8 426.4 1.0 519

Recyclable revenues 6.3 — 7.0 — 9.3 — 12.2 — 12.7 —

Net cost 27.9 — 28.1 — 29.2 — 32.9 — 63.0 —
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Scenarios to Examine Effects of Varying Diversion
Targets

An array of scenarios was used to examine the effects of imp
ing different diversion requirements on the SWM system cost
LCI parameter values since diversion is often viewed as an
portant objective. The ISWM model includes a constraint t
represents a specified diversion requirement characterized
mass fraction of waste generated that is diverted from dispos
a landfill. This constraint ensures that the resulting SWM strat
achieves the diversion target if it is technically possible based
the waste composition and factors, such as participation rates
limit recycling. Scenarios describing a range of diversion targ
were examined.

For illustrative purposes, two different sets of diversion s
narios were considered. In one case, diversion is defined to
clude only waste diverted via recycling, and in the second c
diversion is defined to include recycling, yard waste compost
and waste combustion. Each case was analyzed for a seri
diversion targets.
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Table 6. Minimum Cost Solid Waste Management Strategies at Different Diversion Targetsa

Unit Processes

SCENARIOS

Minimum cost
~13.6% diversion! 20% Diversion 40% Diversion 60% Diversion

Maximum Diversion
~82.3%!

Cost
(106 $/
year)

Mass
(103

metric
ton/year)

Cost
(106 $/
year)

Mass
(103

metric
ton/year)

Cost
(106 $/
year)

Mass
(103

metric
ton/year)

Cost
(106 $/
year)

Mass
(103

metric
ton/year)

Cost
(106 $/
year)

Mass
(103

metric
ton/year)

Residential collection
Yard waste (C0) — — — — — — — — 7.1 16.5
Commingled recyclables (C2) — — — — — — — — 9.7 16.8
Residuals (C7) 11.8 186.7 11.7 186.5 11.7 186.3 11.7 186.4 11.1 163.
Recyclables drop off (C8r ) 0.3 10.0 0.4 10.2 0.5 10.4 0.4 10.3 — —

Multifamily collection
Recyclables drop off (C8m) 0.1 3.3 — — — — — — — —
Presorted recyclables (C14) — — 0.9 6.8 0.9 6.8 0.9 6.6 0.9 6.6
Residuals (C16) 2.4 62.2 2.3 58.7 2.3 58.8 2.3 58.9 2.3 59.0

Commercial collection
Presorted recyclables (C19) 2.0 45.9 2.1 46.1 2.0 45.9 2.0 45.9 2.0 45.5
Residuals (C20) 6.7 128.6 6.7 128.4 6.7 128.6 6.7 128.6 6.7 129.1

Separation
Mixed waste MRF (S1) — — 3.6 128.4 3.6 128.6 3.6 128.6 10.6 351.5
Presorted recyclables MRF (S2) 1.0 59.3 1.1 63.2 1.1 63.1 1.1 62.8 1.2 68.9

Treatment
Yard waste compost (T1) — — — — — — — — 0.3 16.5
Combustion (T3) — — 0.07 0.8 9.6 117.5 19.8 236.8 26.1 309.5

Disposal
Landfill (D1) 10.0 377.5 9.2 349.2 6.1 232.6 3.0 113.6 — —
Ash landfill (D2) — — — — 0.4 29.7 0.9 62.6 1.2 82.0

Transportation 0 59.3 0.3 191.8 0.3 221.7 0.4 255.4 1.0 506.

Recyclable revenues 6.3 — 9.2 — 9.2 — 9.1 — 12.3 —

Net cost 27.9 — 29.1 — 36.1 — 43.7 — 67.8 —
aDiversion is defined to include recycling, combustion, and yard waste composting in three sectors.
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Diversion Through Recovery of Recyclable Material

A set of scenarios was defined to consider diversion of waste f
a landfill by recycling. For each scenario, a target diversion r
was specified. This target was represented in the ISWM mode
a constraint to limit the amount of waste that can flow into t
landfill. As described above, the minimum-cost SWM strate
with no specified diversion target yields approximately 13.6
diversion. In addition, diversion targets of 15, 20, 25, and 26.
were modeled. The maximum possible diversion rate that ca
achieved by recycling in this case is 26.5%, which was de
mined by solving the ISWM model while maximizing the dive
sion rate. This maximum recycling level is determined by num
ous user-input parameters involving waste generation
composition, the extent to which waste generators participat
drop-off and curbside collection programs for recycling, and
ability to recover recyclables at a mixed waste MRF. For e
diversion target, the ISWM model was solved to determine
most cost-effective SWM strategy.

The minimum cost strategy for each diversion target is sho
in Table 5. This table lists the unit operations selected and
mass handled in each unit operation. As the diversion target
gins to increase, more materials are recovered from residual w
JO
s

-
e

that is processed at a mixed waste MRF. As the diversion ta
increases further, presorted collection from the multifamily sec
is utilized. At higher diversion targets, commingled collectio
which yields higher levels of capture, is selected for the resid
tial and multifamily sectors, and the residuals not recycled by
waste generators are processed through a mixed waste MR
recover more recyclable materials. To maximize diversion,
residue from the mixed waste MRF is processed through a wa
to-energy facility. Even though this is more expensive than la
filling, combustion is selected since the Fe metal recovered f
the combustion ash provides additional diversion. It is also in
esting to note that residential curbside recycling (C2) is selected
after multifamily (C14) and commercial recycling (C19). This is
likely due to the higher concentrations of materials available
each location in the nonresidential sectors.

As expected, the cost of the SWM strategy yielding the ma
mum diversion rate is relatively high~$63.0 million/year!—more
than twice as much as the minimum cost~$27.9 million/year!
~Table 5!. These results show that as the diversion target
creases, more expensive unit operations that yield higher leve
recyclable recovery are incrementally selected. The rapid incre
in net cost for diversion levels greater than 20% is associated
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Fig. 4. Mass flows for minimum cost strategy at maximum diversion rate of 82.3%~numbers in parentheses show mass in metric ton/year!
all

Fig. 5. Net cost and net GHE versus diversion rate~diversion
includes recycling, yard waste composting, and combustion in
sectors!
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Table 7. Alternative Cost-Effective Solid Waste Management Strategies

Unit processes

SCENARIOS

Minimum cost Alternative 1 Alternative 2 Alternative 3

Cost
(106 $/
year)

Mass
(103

metric
ton/year)

Cost
(106 $/
year)

Mass
(103

metric
ton/year)

Cost
(106 $/
year)

Mass
(103

metric
ton/year)

Cost
(106 $/
year)

Mass
(103

metric
ton/year)

Residential collection
Mixed waste (C1) — — 12.0 196.7 — — 12.0 196.7
Residuals (C7) 11.8 186.7 — — 11.7 186.7 — —
Recyclables drop off (C8r ) 0.3 10.0 — — 0.3 10.0 — —

Multifamily collection
Recyclables drop off (C8m) 0.1 3.3 — — — — — —
Mixed waste (C13) — — 2.5 65.6 — — — —
Presorted recyclables (C14) — — — — 0.9 6.7 0.9 6.8
Residuals (C16) 2.4 62.2 — — 2.3 58.8 2.3 58.7

Commercial collection
Presorted recyclables (C19) 2.0 45.9 0.3 6.8 2.0 45.9 0.2 4.6
Residuals (C20) 6.7 128.2 6.8 148.6 6.7 128.6 7.2 157.2
Mixed waste (C20) — — 1.1 19.1 — — 0.7 12.8

Separation
Mixed waste MRF (S1) — — 5.7 167.7 2.8 103.5 — —
Presorted recyclables MRF (S2) 1.0 59.3 0.1 6.8 1.1 62.7 0.2 11.4

Treatment
Combustion (T3) — — — — 5.1 58.8 — —

Disposal
Landfill (D1) 10.0 377.5 10.1 383.7 8.1 306.5 11.3 425.4
Ash landfill (D2) — — — — 0.2 15.9 — —

Transportation — 59.3 0.3 174.5 0.3 182.6 0 11.4

Recyclable Revenues 6.3 — 5.4 — 8.0 — 1.3 —

Net cost 27.9 — 33.5 — 33.5 — 33.5 —
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greater use of the separate collection of recyclables in the
dential and multifamily sectors and the use of combustion
26.5% diversion.

GHE values were also calculated for each SWM strategy
cluded in Table 5. Fig. 3 shows the variation of GHE and c
with increasing diversion. This and similar information can
used to examine the cost and environmental implications of
version. As the diversion rate increases, more recyclable mate
are recovered and sent to remanufacturing, which results in
creasing GHE reductions from offsetting emissions from ma
facturing processes using virgin materials. At the maximum
version rate, a rapid reduction in GHE and a sharp increase in
are seen. This results from the additional GHE reductions
correspond to energy offsets achieved at the relatively expen
waste-to-energy facility, which is only used at 26.5% diversion
contrast, a significant reduction in GHE can be realized at a r
tively small increase in cost at lower levels of diversion~Fig. 3!.

Diversion through Recovery of Recyclable Material,
Yard Waste Composting, and Waste-to-Energy

Another set of scenarios was defined in which required ta
diversion rates could be achieved via recycling, yard waste c
posting, and combustion. Again, a diversion target was re
sented in the ISWM model as a constraint to appropriately li
JOU
-

s
-

t
t
e

-

t
-

the mass flowing into the landfill. Diversion targets were set
increments of 20% from 20%, to 82.3%, the maximum possi
rate. The maximum rate was determined by using the ISW
model to maximize diversion. For each diversion target,
ISWM model was solved to determine the most cost-effect
SWM strategy~Table 6!.

Fig. 4 shows the mass flows for the maximum possi
~82.3%! diversion. Compared to the scenarios for diversion w
recycling only, a larger percentage of waste can be diverted f
the landfill because of the additional options available for div
sion. As in the previous case~Table 5!, in the maximum diversion
strategy recyclables are recovered both by recyclables collec
and by recovery of recyclables at a mixed waste MRF. Additio
diversion is achieved through yard waste composting. Recyc
is selected over combustion in strategies that maximize diver
since certain recyclables are not combustible and would thus
main in the ash~e.g., glass!, and there is a fraction of the com
bustible recyclables that will not burn because of inadequate m
ing. In addition, each material has some ash. These residuals
be landfilled.

Fig. 5 shows the behavior of net cost and GHE as increme
levels of diversion are imposed. As the diversion rate approac
the maximum level~82.3%!, the cost increases rapidly~approxi-
mately 50% for the last increment!. Again, an increase in diver
RNAL OF ENVIRONMENTAL ENGINEERING / OCTOBER 2002 / 1001



Fig. 7. Mass flows for SWM Alternative 1~numbers in parentheses show mass in metric ton/year!
rate
and
ifi-
the
GH
ich
0%
op-
W

ry o

o
um
e i
M
ng
egy
off
hat
-
to

ete

ies.
dif-
and

ing
be
ses
per-
ass

tly
For
r a
is

ble
le-

ree
um-

no
ini-

ot
sion of waste from a landfill leads to increased use of sepa
recyclables collection, yard waste collection, and composting,
the waste-to-energy facility, all of which, in this case, are sign
cantly more expensive than a landfill. At the other extreme,
zero diversion rate also leads to an increase in the cost and
compared to those values for the minimum-cost strategy, wh
has a 13.6% diversion rate. When diversion is constrained to
the recyclable materials that were recovered via the drop-off
tion in the minimum-cost strategy now enter the mixed MS
stream and the cost increases. Also, elimination of the recove
recyclables in this scenario leads to an increase in GHE.

Scenarios to Examine Trade Off between GHE and
Cost

Another set of scenarios was defined to generate the trade
between GHE and cost. The minimum cost and the minim
GHE scenarios, which are presented in Tables 3 and 4, rang
cost from $27.9 to $78.3 million/year, respectively. The ISW
model for the minimum GHE scenario was modified by includi
a cost constraint and solved to find the minimum GHE strat
for a given cost. By varying this cost constraint, the trade-
curve shown in Fig. 6 was obtained. This curve indicates t
GHE levels below255 million kg/year, however, require a rap
idly increasing cost. The ISWM model can be used similarly
generate tradeoff curves among other environmental param
and cost.
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Generation of Alternative Minimum Cost Solid
Waste Management Strategies

Using the modeling to generate an alternative~MGA! approach
~Brill et al. 1982, 1990; Chang et al. 1982!, the ISWM model was
extended to generate a small set of alternative SWM strateg
These alternatives were driven, using optimization, to be as
ferent as possible with respect to the choices of unit processes
the flows of waste items through them. The goal of analyz
these scenarios is to examine the flexibility, if any, that will
available to a SWM planner in selecting different unit proces
and waste management alternatives that will give comparable
formance. Given different selections of unit processes and m
flows in these alternatives, they are likely to perform differen
with respect to considerations that are not explicitly modeled.
example, the political implications of locating a suitable site fo
combustion facility may be undesirable even if combustion
selected in the optimal strategy. Alternatively, it may be possi
to make better use of existing facilities and equipment in imp
menting one of the alternatives.

For the minimum-cost strategy described above, a set of th
alternative strategies was generated starting with the minim
cost strategy. The cost of each alternative was limited to be
more than $33.5 million/year, which is 20% greater than the m
mum cost of $27.9 million/year~Table 3!. The ISWM model for
the minimum cost scenario was modified by:~1! converting the
cost objective to be a constraint~to ensure that the cost does n
exceed 120% of the minimum cost!; and~2! adding a new objec-



Fig. 8. Mass flows for SWM Alternative 2~numbers in parentheses show mass in metric ton/year!
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tive function that maximizes the differences between the decis
variables used in the new alternative strategy and previously
erated strategies. The resulting alternative strategies and
minimum-cost strategy are compared in Table 7. The mass
diagrams for the three alternatives are shown in Figs. 7–9. N
that a wide range of unit operations and mass flow were sele
among these alternatives. For example, each alternative sele
different unit process for multifamily waste collection. Also, th
full range of available unit processes is used among the
strategies, indicating the flexibility actually available in selecti
unit processes.

These alternatives were evaluated with respect to several
formance criteria including diversion rate, energy consumpti
JOU
-
e

d
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r-

and emissions of various pollutants~Table 8!. Although they were
not explicitly modeled in these scenarios, the alternatives sh
diverse performances with respect to some of these criteria.
example, the diversion rates vary from approximately 3 to 26
and NOx emissions vary from approximately20.073106 to
0.123106 kg/year. On the other hand, some emissions~e.g., CO!
do not vary significantly. Although these additional criteria can
into the ISWM model, many other unmodeled issues~e.g., social/
political acceptability and practicality! cannot. If unmodeled cri-
teria are considered to be important during decision making, t
these alternatives provide a set of choices at a relatively sim
cost. Also, such analyses provide a convenient way to exam
alternative management choices and their performance that c
Table 8. Emissions and Diversion for Alternative Solid Waste Management Strategies

Scenario
Diversion

~%!

Cost
(106 $/

ton)

Energy
(1012 BTU/

year)

PM
(105 kg/

year)

NOx

(105 kg/
year)

SOx

(105 kg/
year)

CO
(105 kg/

year)

CO2

Biomass
(108 kg/

year)

CO2

Fossil
(108 kg/

year)

GHE
(106 kg/

year)

Minimum Cost 13.6 27.9 20.7 20.3 20.7 23.3 22.2 4.0 20.04 16.4

Alternative 1 12.2 33.5 20.6 20.6 21.0 23.0 24.2 4.1 0.1 20.6

Alternative 2 26.3 33.5 21.7 21.0 21.8 26.2 23.4 3.9 22.7 6.8

Alternative 3 2.6 33.5 0.07 0.2 1.2 20.5 3.7 4.6 20.004 22.4
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Fig. 9. Mass flows for SWM Alternative 3~numbers in parentheses show mass in metric ton/year!
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be realized at marginal differences in budget. These analyses
indicate the considerable degree of flexibility available to pla
ners in developing strategies that meet given objectives.

Summary and Conclusions

This paper illustrates an application of the ISWM model. The
of this model in examining MSW management strategies w
consideration of both economic and environmental factors
demonstrated for a realistic, but hypothetical case study fo
municipality of medium size. A life-cycle-based methodolo
was used to calculate emissions of a set of pollutants, includ
CO, CO2 , NOx , SOx , particulate matter, and GHE, and ener
consumption. Waste generation from three different sectors
an array of unit processes for waste management were includ
the model.

Using this case study, several MSW management and plan
scenarios were examined to demonstrate the versatility of
ISWM model. These scenarios considered alternatives for div
ing waste from landfills and reducing greenhouse gas emiss
Through these scenarios, the trade off between cost and a d
sion target as well as the trade off between cost and GHE w
generated. These scenarios illustrated the large environm
~GHE! benefits associated with recycling for the specified con
tions. The ISWM model can easily be extended to carry out si
lar analyses with the other environmental parameters. Also,
flexible structure of the ISWM model that facilitates site-spec
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modeling capabilities provides the framework for examini
many other scenarios. For example, only traditional landfills wi
out energy recovery were considered. Inclusion of landfill gas
energy would influence GHE emissions. Similarly, mixed wa
composting was not considered in the scenarios analyzed.

This model has been integrated into a prototype decision s
port tool that provides interactive capabilities to allow a user
fully utilize the capabilities of this model in exploring and exam
ining alternative SWM strategies~Harrison et al. 2001!. The ex-
tensive capabilities of the ISWM model and the decision supp
capabilities provide for the first time a powerful tool for repr
senting and examining SWM policies in a systematic man
while considering cost and environmental implications. Also, t
tool is useful for exploring and identifying alternative strategies
address the many challenging issues faced by municipal s
waste practitioners.

Although the ISWM model is a very large LP model, the s
lution times on mid- to high-end MS Windows-based comput
are less than 20 sec. The LP modeling structure required se
simplifying assumptions in the linearization of the model. A
though these assumptions may be reasonable for the use o
model as a planning and screening tool, any particular solu
would need to be examined in more detail as part of an ac
design process.
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