
ABSTRACT

KUSA, JONATHON JOSEPH.  A Quantitative Assessment of Air Pollutant Releases
and Costs Associated with Increased Recycling in Urban and Rural Settings.
(Under the direction of E. Downey Brill and Morton A. Barlaz.)

Using a model to calculate the life cycle inventory of solid waste management

alternatives, this study quantifies the cost effectiveness and marginal damage of several

solid waste management strategies that involve recycling.  Although findings from this

study are not valid for any specific city, they are intended to provide decision-makers

with a template upon which to base future case studies.  The air emissions tracked in this

study include carbon dioxide from fossil and biomass sources (CO2), nitrogen oxides

(NOx), and sulfur oxides (SOx).  The research was conducted in two parts.  First, the

maximum potential tons avoided and marginal avoidance cost resulting from expanding

recycling programs for two settings, an urban and a rural area, are compared to emission

control costs at a hypothetical coal-fired power plant. Second, the marginal damage

associated with each recycling program expansion was calculated using published

marginal damage functions.   The study’s findings indicate that although solid waste

management (SWM) strategy upgrades are not as cost effective as additional coal-fired

power plant controls for reducing the specified pollutants, marginal benefits are incurred

by upgrading most SWM strategies to include drop-off recycling of waste material

because its collection costs are relatively low.
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1 Introduction

The rationale behind residential and commercial recycling programs has often

consisted of an alchemist’s mixture of environmental goals, perceived public demand,

and cost-benefit analyses.  Concerns regarding the environmental safety of old public

dumps has limited the number of new landfills sited since 1985, stimulating the search

for alternative disposal options.  Concurrently, the environmental movement promoted

recycling as “the right thing to do,” fueling the fledgling recycling movement.  When the

first curbside recycling programs were initiated, the basis for their support, promotion,

and justification was primarily founded in vaguely scientific qualitative studies

comparing various municipal solid waste (MSW) treatment alternatives to recycling

(Smith, 1972; Lusky, 1976; U.S. Environmental Protection Agency, 1989).  Such studies

are continually rewritten as recycling technology improves, yet most continue to calculate

the benefit of recycling in terms of the landfill cost avoided and recovered material

revenues, measures which vary widely by region and country.  A more effective and

comprehensive measurement of recycling programs requires the quantification of

environmental benefits derived from recycling a ton of a component of MSW as opposed

to other alternatives that may include land disposal or incineration.  This alternative has

proved daunting to researchers due to the immense amount of data required and the scope

of environmental emissions that must be accounted for.

Over the past four years, researchers at North Carolina State University have

developed a comprehensive life cycle inventory (LCI) model of municipal solid waste

(MSW) management strategies that includes incineration, landfilling, and recycling

(Solano, 1999).  The recently developed Decision Support Tool (DST) incorporates the

LCI model and calculates economic, energy, and environmental burdens (or savings) of a

specific management activity (Harrison et.al, 1999).  Based on the calculated LCI and

cost of various solid waste management (SWM) strategies, the costs of a SWM strategy

can be related to its environmental burdens.
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1.1 Objectives

Using a LCI-based decision support tool, a template for quantitatively assessing

several air pollution releases and costs from various MSW management strategies was

built.  Using the template, the potential economic justification for increased recycling

programs based on reductions in specific air pollutants were investigated.  Based on the

costs and environmental releases, policy and legislative measures for improving recycling

cost effectiveness were briefly explored.

The research was conducted in two segments.  First, a quantitative inventory of

various environmental releases and total energy use associated with the least cost

recycling SWM strategy applied to hypothetical urban and rural settings was conducted.

Using these results, the cost of emission reductions realized through recycling program

expansions were compared to the cost of air emission reductions achieved by heightened

emission controls in fossil fuel power production.  Second, the marginal damage (or

benefits) due to changes in recycling policies were calculated using published marginal

damage functions.  These results were used to explore potential federal government

actions that may increase recycling efforts nationwide with the goal of increasing

recycling cost effectiveness relative to other air pollution reduction activities.

1.2 Approach

In Section 2, “Beyond Traditional Recycling Studies,” a brief review of research

pertaining to SWM is presented.  The value and limitations of some of the existing

studies on SWM planning and design are discussed as well as the advantages of a life

cycle assessment approach.  Following the literature review, the problem description is

presented in Section 3.  This includes important definitions, description of data sources,

and explanation of assumptions required to calculate fossil fuel power plant emissions.

Section 4 describes the key elements of the DST, including important aspects of LCI and

cost analysis.  Section 5 presents the methods by which the emissions and costs

associated with MSW strategies and power plant controls were calculated.  In addition,

the marginal damage function is discussed and sample calculations are presented.  The

results from the DST model runs, comparisons with the power plant control costs, and
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marginal damage estimates are presented in Section 6.  Analysis of the results,

ramifications of the marginal damage estimates, and policy implications are presented in

Section 7.  Suggestions and recommendations for further study are presented in Section

8.
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2 Beyond Traditional Recycling Studies

2.1 Revenue-Cost and Cost-Benefit Limitations

Despite the emphasis placed on recycling by many environmental organizations

and moderate public participation, economic solvency of many municipal recycling

programs has been tenuous (Egan, 1997; Collins and Sutherland, 1996; Glenn, 1998;

Heumann, 1998).  A primary reason for the apparent economic shortcomings of recycling

programs is the limitation of the revenue-cost or cost-benefit models used to gauge the

various MSW treatment options.  The traditional model evaluates recycling based on the

net profit or loss after collection and processing costs are subtracted from recyclable

resale revenues, but this calculation does not capture the full picture.  Owing to the

complexity of monetizing environmental impacts such as air and water pollution, cost-

benefit analyses are typically unable to effectively incorporate environmental

externalities into the decision model, resulting in biased or incomplete conclusions.

Some studies simply ignore the environmental externalities in their models (see studies

by North Carolina Department of Environment, Health, and Natural Resources, 1997;

Leu and Lin, 1998), while others attempt to capture the broader picture by using various

economic estimates of environmental impacts.  Other models use consumer willingness

to pay or estimate the potential pollution avoided by not utilizing a different treatment

alternative (e.g., Huhtala, 1996).  Many of these “full cost” analyses conclude that

recycling programs cost more than other treatment options, prompting local governments

to question the continued funding of recycling programs.

Over the past twenty years, waste management studies have focused on

quantifying monetary costs and benefits without incorporating externalities such as air

pollution, noise, and traffic impacts.  Several waste management models published

recently considered environmental externalities, but none has considered the full costs

and benefits, both environmental and economic, of recycling. Chang et.al. (1997)

considered recycling as a MSW treatment option and determined a critical recycling cost

per ton for future comparisons.  The authors concluded that curbside recycling should not

be encouraged if the actual costs exceeded the calculated critical cost.  This critical cost,

however, is only based on direct costs, such as wages and fuel, and does not account for
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externalities such as air pollution, noise, or traffic increases.  In contrast, Hokkanen and

Solminen (1997) published a method for comparing various MSW treatment options

given eight different objectives including environmental emissions.  Although the

objectives were more comprehensive, the study did not incorporate the contributions

from recycling.  The authors concluded that a combination of landfilling, combustion,

and composting was the “most sensible option,” but based on the method used the exact

differences in cost and environmental emissions among various alternative solutions

could not be determined.

Two other studies published that same year come closer to quantifying the

environmental externalities of recycling.  The methods would need to be combined,

however, to provide more informative results.  Chang and Li (1997) presented a model

that minimized treatment costs and landfill space utilized, allowing recycling techniques

to play a key role in achieving those goals.  The capital costs of recycling equipment such

as trommels, screens, and magnets were included as were the operation and management

costs.  The results include estimated disposal costs per ton as well as predicted landfill

space used.  No specific environmental externalities, however, were accounted for in the

calculations.  Chung and Poon (1997) took the opposite approach, quantifying the

minimum size of external costs involved with landfilling and incineration.  The study

took into account externalities including global and local air pollution, water pollution,

and noise, but did not incorporate recycling as a treatment option.

2.2 Advantage of  a Life Cycle Assessment Approach

To underpin the development and implementation of sustainable waste

management practices, a standard method for assessing the environmental impact of

MSW management systems is required (Barton et.al, 1997).  The Life Cycle Assessment

(LCA) approach is the best means to account for the impacts of a process from “cradle to

grave.”   Unfortunately, the ability of scientists to quantify environmental and human

health impacts of pollution is limited; therefore a life cycle inventory (LCI) is currently

used as a first step in an LCA.  An LCI quantifies the environmental releases without

requiring the determination of the environmental impact of each pollutant.  A wide range

of environmental burdens are considered.  Some burdens, however, remain beyond the
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scope of the model.  For instance, environmental burdens associated with the fabrication

of capital equipment as well as the construction of a new facility are not included.

The LCI approach has two distinct advantages over the traditional economic

optimization.  First, both direct and indirect effects of a process are considered, whereas

traditional optimizations only consider the direct costs.  Second, the LCI approach

incorporates the environmental releases of a process without requiring the expression of

each environmental emission in monetary amounts.
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3 Problem Description

To create a template to quantitatively assess environmental releases and costs

from MSW management strategies a realistic problem was required.  The following

section defines the important terms used in the research, describes the data sources, and

enumerates the assumptions that were required to create the test scenarios.  Sections 3.5

and 3.6 explain the calculation of emission and costs from fossil fuel power plants and

list the policy options that were investigated.

3.1 Waste Stream

The U.S. EPA’s Office of Solid Waste defines the wastes accounted for in the

research as municipal solid waste (MSW).  This definition includes wastes generated in

the residential, commercial, institutional and industrial sectors, but excludes industrial

process waste, sludge, construction and demolition waste, pathological waste, agricultural

waste, mining waste, and hazardous waste (U.S. EPA, 1997). A list of the components of

MSW considered in this study is presented in Appendix 10.1.

The model currently considers twelve recyclables including: old newsprint

(ONP), office paper, old phone books, books, old magazines, 3rd class mail, old

corrugated cardboard (OCC), green glass, brown glass, clear glass, ferrous cans and

aluminum cans.  Other recyclables will be added as data are collected and integrated into

the model, but the lack of certain recyclables such as plastics is a limitation of the model

version used for this research.

The unit operations that were taken into consideration in the system include

collection, separation (to be conducted by the generator or at a MRF), and burial.

Although numerous collection techniques are available, only a limited number of options

were considered in this study.  The scenarios in this research stipulate that the generator

(individual households or businesses) separate mixed refuse from the recyclables, which

are collected as commingled from the residential and multi-family sectors.  The

recyclables are presorted in the commercial sectors since that is common practice in the

marketplace.  The material recovery facility (MRF) used to recover recyclables from the

commercial waste stream requires presorted recyclables.  Conversely, the residential and
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multifamily sector recyclables are collected commingled and sorted at a different MRF.

These inputs are presented in Table 1.

Table 1 Unit Processes Considered in Study

Waste / Residuals Recyclables

Residential Single Compartment Truck
Commingled 
Collection

Commingled 
MRF

Multifamily Single Compartment Truck
Commingled 
Collection

Commingled 
MRF

Commercial Single Compartment Truck Presorted Collection Presorted MRF

Sectors

RCRA 
Subtitle D 
Landfill

Separation BurialCollection

Data on cost and air pollutant emissions corresponding to individual processes

within each unit operation were compiled.  The landfill in the model was designed

according to RCRA Subtitle D and Clean Air Act Standards to receive mixed refuse and

operated to minimize water infiltration.  The gas emissions are flared starting in the

second year of operation up to 60 years after closure.  The study assumes flaring of

landfill gas because it is the most common practice at this time.

3.2 Settings and Sectors

Since the best practicable environmental and economic option will vary by setting

and waste stream, this study creates a template for future setting-specific applications of a

method to assess environmental releases and costs of MSW management strategies and

does not offer solutions or results for an actual municipality.  The analysis was conducted

using hypothetical data for a rural and an urban setting.  A “setting” in the context of this

study is defined as a geographic area in which the MSW management strategy is

implemented. Default values, which were based on U.S. national averages, were used for

all of the variables in both settings except for population size, number of collection

locations, residents per household, participation rates and vehicle travel times.  To
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simulate potential differences between a rural and an urban area, rural setting population

sizes, residents per household and vehicle travel times were adjusted further.

In addition to setting specific differences in input data, each setting was divided

into three sectors: residential, multifamily, and commercial.  The residential sector is

made up of single-family households; the multifamily sector consists of apartment

complexes and the commercial sector is self-explanatory.

Table 2 lists the population, residents per house, generation rate, and number of

collection locations for all sectors in both the urban and rural settings.  The travel time

and participation rate data for the urban and rural settings are presented in Tables 3 and 4.

Table 2 General Input Data

Population 400,000 people Population 120,000 people

Residents per house 2.63 people/house
Residents per 

house
2.88 people/house

Generation rate 3.42 lb/person-day Generation rate 3.42 lb/person-day

Population 50,000 people Population 25,000 people

Generation rate 3.42 lb/person-day Generation rate 3.42 lb/person-day

Number of collection locations 1,000 Locations

Number of 
collection 
locations

564 Locations

Number of collection locations 1,500 Locations

Number of 
collection 
locations

700 Locations

Generation rate 2300 lb/location-week Generation rate 2300 lb/location-week

URBAN SETTING RURAL SETTING

Commercial Sector

Multi-Family Sector

Commercial Sector

Residential SectorResidential Sector

Multi-family Sector
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Table 3  Setting-Specific Input Data – Urban

Mixed Waste / 
Residuals

Recyclables
Mixed Waste / 

Residuals
Recyclables

Mixed Waste / 
Residuals

Recyclables

100% 40% 100% 40% 100% N/A

100% 65% 100% 80% 100% 80%

0.17 0.26 1.5 1.5 5 5

20 20 20 20 20 20

Participation rates (curbside collection)

Travel time b/w service stops (min/stop)

URBAN

Participation rates (drop-off)

Residential MultifamilySetting-Specific Input Data Commercial

Travel time from Garage to Route, Route to Landfill 
or MRF, Garage to Landfill or MRF (min/vehicle-day)

Table 4 Setting-Specific Input Data – Rural

Mixed Waste / 
Residuals

Recyclables
Mixed Waste / 

Residuals
Recyclables

Mixed Waste / 
Residuals

Recyclables

100% 40% 100% 40% 100% N/A

100% 65% 100% 80% 100% 80%

1 1 3 3 10 10

30 30 30 30 30 30

Participation rates (curbside collection)

Travel time b/w service stops (min/stop)

RURAL

Residential

Participation rates (drop-off)

Setting-Specific Input Data CommercialMultifamily

Travel time from Garage to Route, Route 
to Landfill or MRF, Garage to Landfill or 

MRF (min/vehicle-day)
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3.3 Three SWM Strategies

To capture marginal benefits or damage due to various MSW management

strategies, discrete levels of potential SWM strategies were required.  The following

SWM strategies are based on actual management strategies and were considered in the

marginal damage study:

1. No recycling – All waste material in all three sectors is sent to the

landfill.  Mixed refuse is collected from the residential, multi-family, and

commercial sectors in a single compartment truck.

2. Low-Level Recycling – Recyclable drop-off programs are initiated

for the residential and multi-family sectors.  Collection of presorted

recyclables is conducted in the commercial sector.  All other wastes are

collected in a single compartment vehicle and landfilled.

3. High-Level Recycling – Recyclables are collected via curbside

collection programs in the residential and multi-family sectors.  Collection

of presorted recyclables from the commercial sector is the same as in

Low-Level Recycling.  Residual wastes from all three sectors are collected

by a single compartment vehicle and landfilled.

3.4 Air Emissions and Costs due to Recycling

For each scenario, the SWM-LCI model calculated environmental emissions

(CO2, NOx, and SOx), cost, and energy use.  The energy, costs and environmental

emissions associated with energy use were based on the Southeastern Electric Reliability

Council (SERC) electric grid, which services North Carolina, South Carolina, Georgia,

Florida, Alabama, Tennessee, and Mississippi.  The results are presented both with and

without the commercial sector included for a cost accounting reason.  Although costs of

the residential program are borne primarily by the public sector, costs in the commercial

sector are borne by both the public sector and the commercial entities.  Consequently,

decision-makers solely responsible for public sector activities are able to determine the
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distribution of costs and the associated air pollution benefits between public and private

activities for a proposed SWM strategy change.

The minimum cost solution was calculated using the DST and used as the base

case scenario for each pollutant.  The maximum reduction possible was also determined

using the DST by minimizing the amount of specific pollutant emitted.  For the model

runs conducted in Section 6.1, all three levels of collection options, described in Section

3.3, were allowed.  The trade-off curves for each pollutant were developed by

incrementally restricting the amount of pollutant released while minimizing cost,

beginning with the least cost scenario, and recording the resulting cost and emission

combinations from the DST output.

The DST was also used to calculate the changes in pollutants emitted and cost

associated with more recycling in each setting.  The changes in emissions were converted

to monetary values using marginal damage functions.  Further discussion of this

technique is outlined in Section 6.3.  When deriving the marginal damage for each SWM

upgrade, the most negative impact estimate of each pollutant was used; in other words,

the largest marginal damage and smallest marginal costs for each were summed to

approximate the total marginal damage (or benefit).

3.5 Power Plant Emissions and Costs

Using information from the LCI database, the bulk of the energy used in the

SERC control region is produced from coal combustion (56%).  A simplifying

assumption, that all energy is produced by coal-fired power plants, was made so that

initial comparisons with recycling could be made.  To compare the magnitude of the

emission reduction potential and determine the control technology costs for controls

priced based on electricity output, the quantity of electricity required in each setting was

calculated.  These calculations are shown in Section 5.1.

To calculate the emissions baseline for the hypothetical power plant, several

assumptions were made based on a literature review and discussion with professionals.

First, the efficiency of the power plants was estimated at 34% (Frey, 1999).  Second, the

baseline SOx emissions were based on the combustion of high sulfur coal (S=4%).

Although this type of coal is seldom used in current boilers, it was used extensively when
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most communities had not implemented emerging recycling programs.  Consequently,

the baseline emissions level for both the recycling programs and the power plants are

temporally similar.  Further discussion of this issue is presented in Section 7.  Three

different boiler types were used in the study to determine a range of potential emission

reductions.  They are listed in Appendix 10.2.

Additional impacts of a given control technology on other pollutants were ignored

in this research for the sake of simplicity.  In actuality, a given technology may reduce

several pollutants simultaneously, lowering the marginal cost per ton for a single

pollutant.  The control technologies used to reduce NOx and SOx are listed in Appendix

10.2.  Significant SOx emissions reductions are achieved by changing the fuel mix to

incorporate lower sulfur coal.

3.6 Recycling Costs vs. Power Plant Emission Reduction Costs

A comparison of the cost per ton reduction of listed emissions by expanding

recycling in each SWM strategy versus improving the aforementioned power plant for

each setting provides an initial cost effectiveness measure.  The marginal costs can be

used to determine which option, recycling or power plant controls, is the most cost

effective with respect to reducing each specified air pollutant.

3.7 Policy Options for Improving Recycling

To demonstrate the potential use of the approach, the environmental and

economic impacts as well as the potential political feasibility of the following federal

government options to increase recycling were briefly explored:

1. Provide federal assistance for educational programs to increase

participation rates.

2. Provide federal assistance to municipalities to change their recycling

program if it would result in significant air emission decreases.

3. Provide federal price supports or subsidies for specific recyclables to

increase the amount of material recovered.
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4 The Decision Support Tool and Life Cycle Database

The focal point of this research is the example application of the DST to assist

decision-makers in improving and designing SWM systems.  To fully utilize this tool, a

firm grasp of the capabilities and limitations of the DST and associated LCI analysis is

required.  The following two sections elaborate on the key elements of the DST and LCI

analysis in SWM strategy design.

4.1 The Decision Support Tool (DST)

The research was conducted using the DST, which provides a user-friendly

interface to the LCI and optimization program.  The computer based DST allows planners

to easily enter setting-specific data and examine hypothetical scenarios to make relative

comparisons between alternative MSW management strategies.  As illustrated in Figure

1, the DST consists of several components including process models, waste flow

equations, an optimization module, and a graphic user interface.  The process models

consist of a set of spreadsheets developed in Microsoft Excel.  These spreadsheets use a

combination of default and user supplied data to calculate the cost and life cycle

coefficients on a per unit mass basis for each of the 42 MSW components (ONP,

aluminum cans, etc.) being modeled for each solid waste management unit process

(collection, transfer, etc.).  For example, in the electric energy spreadsheet, the user is

asked to specify the fuel mix used to generate electricity in the geographic region of

interest, or select a default grid.  Based on this design information and the emissions

associated with generating electricity from each fuel type, the spreadsheet calculates

coefficients for emissions related to the use of a kWh of electricity.  These emissions

were then assigned to waste stream components for each facility that uses electricity and

through which the mass flows.  For example, MRFs use electricity for conveyors.  The

emissions associated with electricity generation would be assigned to the mass that

flowed through that facility.  The user also has the ability to override the default data if

more site-specific data are available (RTI, 1997).
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Figure 1  Framework for Decision Support Tool

The optimization module was implemented using the CPLEX linear programming

solver (Solano, 1999).  The model is governed by mass flow equations that are based on

the quantity and composition of waste entering each unit process, and that intricately link

the different unit processes in the waste management system (i.e., collection, recycling,

treatment, and disposal options).  The mass flow constraints preclude impossible or

nonsensical model solutions.  For example, the mass flow constraints will exclude the

possibility of removing aluminum from the waste stream via a mixed waste MRF and

then sending the aluminum to a landfill.  The user can identify the objective as

minimizing total cost or an LCI parameter (e.g., CO, CO2, energy consumption, NOx,

particulate matter, and SOx).  The optimization module uses linear programming to

determine the optimum solution consistent with the user-specified objective and mass

flow and user-specified constraints. Examples of user-specified constraints are the use of

existing equipment/facilities and a minimum recycling percentage requirement.
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To accurately compare SWM options, the capital costs of the required facilities

were included in the DST analysis.  The economic life of the facility was estimated at 20

years and the annual interest rate was 5 percent.  Without the capital expenses included,

costs of SWM options that require significant capital outlay would be underestimated and

the optimization tool would be ineffective to decision makers.  Conversely, the LCI

parameters (air emissions) were not included in the DST analysis because they are

considered insignificant over the lifetime of the project.  Although this assumption

simplifies the LCI calculations, it is now being questioned as a valid approach.

4.2 Life Cycle Inventory (LCI)

The LCI behind the DST provides the extensive amount of information

required for the environmental emissions, energy, and cost calculations.  By combining

the ability of a LCI approach to capture the detailed environmental benefits or burdens of

the “upstream” changes with a user-friendly interface, a planner can easily gauge energy

consumption and pollutant generation due to various MSW treatment options.

Researchers and policy makers are becoming increasingly aware of the importance of

using the life cycle analysis approach to solve complicated environmental problems.  The

consideration of “upstream” operations and impacts using life cycle analysis is necessary

to properly evaluate the full environmental and economic impact of alternative activities

and strategies.  For example, although recycling a specific material may appear

environmentally beneficial based upon initial analysis, a life cycle inventory may

conclude that the pollution costs of collection, separation, and remanufacturing exceed

the benefits of not producing the good from virgin materials.  Figure 2 shows some of the

activities that are accounted for in the SWM life cycle analysis model.

The goal of using this LCI is to evaluate the environmental burdens associated

with a process by identifying and quantifying energy consumed and air pollutants

released to the environment, and to evaluate and implement opportunities to effect

environmental improvements in a system.  The model provides estimates of cost, net

energy usage and emissions estimates on a per ton basis for products produced using

virgin and recycled material.  Consequently, the results from the DST capture the
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differences in cost and LCI parameters between recycled and virgin manufacturing

processes and not the absolute environmental burden.

All activities, from raw material acquisition through waste disposal or recovery

and remanufacturing, are included in the LCI analysis.  Where a material is recycled, the

resources, energy, and environment burdens associated with the manufacturing of a new

product through a closed-loop recycling system are calculated.  These remanufacturing

parameters are then compared against those from manufacturing the product using virgin

resources to determine the net environmental savings or burden (RTI, 1997).

Figure 2  Life Cycle of Municipal Solid Waste

In considering remanufacturing, LCI parameters are evaluated from the recovery

of a raw material through its conversion to a product.  Where petroleum is a raw material,
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the analysis includes all activity beginning with recovery of petroleum from the earth.

Where energy is required in a process, the energy associated with production of the

energy (precombustion energy) and the wastes associated with energy production are

considered.  In systems where forest products are utilized, it is appropriate to include

aspects associated with growing and harvesting timber, such as resources consumed and

environmental burdens (RTI, 1997).

Although environmental burdens are associated with the fabrication of capital

equipment and construction of new facilities, these burdens are not considered in the LCI

model.   For optimization purposes, the costs of MSW management associated with

private collection of wastes from the commercial sector are included despite the fact that

these costs are not a direct burden on the public sector.  For this reason, the study results

for each setting, rural and urban, are presented both with and without the commercial

sector included.  This feature allows public decision-makers to better interpret which

sectors will bear the costs of SWM strategy upgrades and provide the air pollution

reductions.  Although scenarios with the commercial sector included appear more cost

effective than those scenarios without commercial sectors, this may or may not be the

case in a real scenario.
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5 Power Plant Emissions and Marginal Damage Calculations

To compare the cost effectiveness of SWM strategy changes as an emission

control tool, costs from another emission control strategy were required.  In this study,

the SWM strategy costs were compared with those associated with coal-fired power plant

controls.  In addition to comparisons to another emission reduction strategy, the stand-

alone benefits and damages resulting from SWM strategy upgrades were explored using

marginal damage functions.  The following two sub-sections describe and present

examples of the derivation of the power plant emission avoidance cost and marginal

damage cost results.

5.1 Coal-fired Power Plant Controls

The calculation of control costs from a hypothetical coal-fired power plant was

broken into three steps.  First, the equivalent power demand from the population (urban

or rural) was calculated using data from the U.S. Energy Information Administration

(1999).  The 104 
household

MMBtu
 use rate is the 1993 U.S. average with commercial use

accounted for and industrial use removed.  The following conversions − 22

MMBTU/tons coal and 34% plant efficiency − are typical values for an average U.S.

power plant (Frey, 1999).

The following sample calculations were used to determine the coal combustion

requirement for the urban setting.

combusted
year

coaltons
Eefficiencyplant

year

coaltons
E

used
year

coaltons
E

coaltons

MMBtu
used

year
MMBtuE

used
year

MMBtuE
household

MMBtuhouseholds

households
household

peoplePeople

0638.2)(34.00509.8

0509.8220778.1

0778.1104102,171

102,17163.2000,450

+=÷+

+=÷+

+=×

=÷
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Based on these calculations, the amount of coal combusted to provide power for the

urban setting totals 2,380,000 tons / year.  Using similar calculations, the amount of coal

combusted to provide power for the rural setting totals 700,000 tons / year.

Second, EPA’s document number AP-42, “Compilation of Air Pollutant Emission

Factors” (1998) provided the baseline SOx and NOx emissions per ton of coal combusted.

These values were used to determine the quantity of each pollutant emitted from each

boiler.  The following is a sample calculation to determine a NOx emission baseline from

boiler type one in an urban setting:

year

NOxtons

year

NOxlb
E

coalton

NOxlb

year

coaltons
E 800,80776.14.70638.2 =+=×+

To determine the SOx baseline, the emission calculations were made for each setting and

boiler type using S = 4% for high sulfur coal.  ‘S’ is the weight percent sulfur content of

coal as fired.  The following calculation is an example for a rural setting, boiler type

three, using 4% sulfur coal:

year

SOxtons

year

SOxlb
ES

coalton

SOxlb

year

coaltons
E 200,530806.1)(438050.7 =+=××+

Third, the costs per ton of pollutant reduced and total mass emission reductions

resulting from the applied control techniques and control technologies were calculated for

each pollutant in each setting (rural and urban).  The technologies applied to control NOx

were LNB - Low NOx Burner, SNCR – Selective Noncatalytic Reduction, SCR –

Selective Catalytic Reduction, OFA – Overfire Air.  The reductions in SOx were

achieved through improved fuel mix, and wet limestone scrubbers.  The complete set of

control combinations is listed in Appendix 10.2.

Since the capital costs of the SWM facilities are included in the DST analysis, the

cost effectiveness values for the NOx control technologies were calculated as the sum of

the capital recovery cost and the annual O&M cost divided by the total emissions

reduced.  The capital costs were annualized over a 15-year economic equipment life

assuming a pre-tax marginal rate of return of 7 percent.  The costs cited for the NOx

controls include the capital costs, but the SOx costs were calculated based on typical
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capital cost.  The cost of the SOx wet limestone scrubber was estimated at $200/kW.  For

the urban setting, therefore, the capital costs were calculated as follows:

000,600,350$200$675.1

675.13412
1998.5

998.58760
11324.5

1324.5%341378.1

=×

=−×

=×

=÷

kWkWE

kWEBTU
hrkW

hour
BTUE

hour
BTUEhours

year
year

BTUE

requiredyear
BTUEefficiencyconsumedyear

BTUE

To annualize the present value costs over an economic life of 15 years at 7% interest a

capital recovery factor (CRF) equal to 0.110 was used.  Therefore, the capital recovery

cost was calculated as follows:

  $3.506E8  x  0.11 =  $38,567,476 / yr.

The capital recovery factor was summed with the O&M costs and then divided by the

tons of SOx reduced to obtain the cost per ton for SOx wet limestone scrubber controls at

the urban power plant.  Similar calculations were made for the rural setting and capital

recovery costs were determined to be approximately $11,335,228/yr.  Emission reduction

calculation tables for each pollutant are presented in Appendix 10.3 (Frey, 1999; EPA,

1998; Pechan, 1997).

5.2 Marginal Damage Calculations

A marginal damage function is an estimate of the global external costs of

environmental emissions.  Studies that have estimated marginal damage functions for air

pollutants used a range of techniques to quantify impacts, including “direct estimates of

human environmental health impacts, cost-benefit analysis, abatement costs for specific

pollutants, and contingent valuation of changes in human and environmental health

(Miranda and Hale, 1999).”  Marginal damage functions allow analysts to convert

different environmental emissions into a single measurement of monetary value.  This

technique can be beneficial when decision-makers must choose between pollution

reduction strategies that result in different environmental emissions and costs.

The uncertainties associated with marginal damage functions can be extremely

great; several drawbacks of marginal damage functions are enumerated here.  One of the
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primary problems with the development of damage estimates is the determination of the

monetary value of human health.  Economists attempt to value human health indirectly

by measuring loss of output due to sickness or death, loss of production, or other

economic indicators.  Unfortunately, these measures vary by area and individual,

resulting in high uncertainty.  A second issue, which is not addressed in often-used linear

marginal damage functions, is the non-linearity of many dose-response curves.  In other

words, the damage may increase or decrease non-linearly as the quantity of emissions

increase.  Third, the relative impact of an emission is also dependent upon local, regional,

and global climate conditions that are both uncertain and highly variable.  Finally, as

applied to this model, the benefits and damages calculated could manifest themselves at

any point in world, not necessarily benefiting or damaging the community that is

upgrading their SWM program.  Consequently, the use of marginal damage functions

should be viewed as producing rough estimates at best.

Nevertheless marginal damage functions do provide a measure of the non-

monetary benefits and damage resulting from changes in SWM strategies.  In this study,

the following calculations were made to estimate the marginal changes in LCI parameters

(SOx, NOx, and CO2) for three SWM strategy upgrades (listed below).  For each setting,

urban and rural, the model was run with specific collection requirements, described in

Section 3.3: no recycling, low-level recycling, and high-level recycling.  The emissions

and costs of the following three upgrade options were tracked using the DST:

1. From No Recycling  to Low-level Recycling

2. From Low-level Recycling to High-level Recycling

3. From No Recycling  to High-level Recycling

The marginal damage function estimates for each pollutant were based on previously

published values (Miranda and Hale, 1999).  The range of estimates provided in Table 5

for each pollutant shows the variability of the pollutants impact over different areas and

under various conditions.
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Table 5  Marginal Damage Costs of Pollutants

Pollutant Low Estimate High Estimate
NOx 1.09 4.64
SO2 0.99 2.69
CO2 0.0016 0.0045

Marginal Damage Costs of Pollutants 
(1997$/lb.)

A generic calculation of marginal damage for NOx for a single SWM strategy upgrade is

as follows:

NOx Marginal Damage =

(Incremental amount of NOx Produced) * (Marginal Damage Cost of NOx)

For each marginal damage calculation, the most conservative estimate of marginal benefit

was calculated.  In other words, for an upgrade from one recycling level to another, any

incremental amount of a given pollutant avoided is multiplied by the low marginal

damage estimate, whereas any increase in the incremental amount of the pollutant

produced is multiplied by the high marginal damage estimate.  To calculate the total

marginal damage from a given SWM strategy upgrade, the marginal damages of all

pollutants were added together.  A generic calculation of total marginal damage is as

follows:

Total Marginal Damage = (NOx Marginal Damage) + (SO2 Marginal damage) +
       (CO2 Marginal Damage)
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6 Results

The results of the SWM cost effectiveness study are presented in the following

two sections.  First, the cost-effectiveness results of the SWM strategy changes relative to

coal-fired power plant controls for reducing or avoiding pollutant emissions are

presented.  The results are presented by pollutant (NOx and SOx) and setting (rural and

urban).  A comparison of the two emission control plans is presented in Section 6.2.

Section 6.3 contains the results of the marginal cost calculations based on the marginal

damage functions and the SWM strategy upgrades.

6.1 Cost Effectiveness Results

The cost effectiveness results for the SWM strategy changes are presented

followed by results from the coal-fired power plant calculations.  Using the techniques

outlined in Section 3.4, the pollutant emission and cost results from the DST model runs

were plotted on graphs.  These graphs can be used to obtain marginal abatement cost

information.  Given that the problem was defined as a linear program, the trade-off curve

between cost and pollutant reduced is a piece-wise, linear function.  The slope of each

segment provides, by definition, the marginal abatement cost of the pollutant specified.

The trade-off curve between tons of NOx avoided and cost was derived by

incrementally constraining the amount of NOx emitted in each consecutive scenario,

beginning with the least cost scenario as described in Section 3.4.  This procedure was

conducted for the rural and urban settings with and without the commercial sector

included. As the air pollutant emissions were constrained, additional recycling was

implemented in the resulting SWM strategy (Appendix 10.5).

Figures 3 and 4 show the NOx trade-off curves for the urban and rural settings.

The slope, labeled for portions of each tradeoff curve, is the marginal cost of abating NOx

in the given setting.  The graphs show that initial pollutant reductions were achieved at a

lower marginal cost followed by a sharp increase.  The DST results indicate the change in

line slope was caused by a change in collection options utilized.  The optimization model

minimizes cost; therefore, the optimization program initially chooses the most

economical collection options.  Since the consumer costs associated with drop-off

programs were not included, this option was chosen for the residential and multifamily
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sectors.  The commercial sector does not have a drop-off collection option; consequently,

the least cost scenario utilizes mixed waste collection.  As greater pollutant reductions

were required, presorted recyclables collection was implemented in the commercial

sector. This increase in marginal abatement costs occurs later in the scenarios with

commercial sectors included and earlier in scenarios without the commercial sector

included.  This can be attributed to the large mass of waste produced by the commercial

sector that was recovered using presorted collection before curbside collection was

implemented in the residential sector.
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Figure 3  NOx Avoidance Costs in Urban Setting

The graphs show higher costs and a lower amount of NOx reduced in the rural

setting.  In addition, the results show that the rural setting, without the commercial sector

included, does not yield significant NOx reductions when recycling was implemented.

This is due to the longer travel distances and smaller amounts of waste generated.
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Figure 4  NOx Avoidance Cost in Rural Setting

Tradeoff curves for SOx, developed using the same constraint technique, were

created using the results from the DST model runs for the urban and rural settings.

Figures 5 and 6 show these results.
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The results from the coal-fired power plant control costs calculations, as

explained in Section 5.1, are presented below.  The complete list of baseline emissions

for NOx and SOx are listed below in Table 6, from which the reductions and associated

costs due to fuel upgrades and emission controls were calculated.

Table 6  Power plant Baseline Emissions

URBAN RURAL URBAN RURAL
1 8,800 2,590 167,000 49,000
2 14,300 4,200 181,000 53,200
3 26,200 7,700 181,000 53,200

Boiler Type
NOx (tons/year emitted) SOx (tons/year emitted)

Baseline Emissions

Figures 7 and 8 present the avoidance cost data associated with power plant controls

obtained from the literature (described in Appendix 10.2).  Each point on the graphs

represent a specific type of emission control option for the boiler type and setting

indicated.  Although the range of costs for any given level of reduction can vary by

almost $2,000 per ton, the relative magnitudes of the reduction costs were used to

determine the cost effectiveness of SWM strategies versus power plant controls for air

emissions.  Due to longer travel distances and less waste generated, the amount of NOx

reduced in the rural setting was significantly lower (about 70% less) than in the urban

setting.  Based on the power plant emission control calculations, NOx reductions

approach 8,000 tons in the rural settings and 25,000 tons in the urban setting.  The

reduction costs range from $140/ton to $2,500/ton NOx reduced depending on the boiler

type used.
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SOx reduction costs at coal-fired power plants can be broken into two

levels, initial and second level reductions.  Initial SOx reductions were achieved through

fuel mix upgrades.  The cost of lower sulfur coal is reflected by the average SOx permit

price, listed on the Chicago Board of Trade (Frey, 1999).  Although prices fluctuate over

time, this study used an average value of $150/ton for fuel mix upgrades.  The second

level of reduction was achieved through the installation of a wet limestone scrubber that

costs $0.01/kW-hr.  The following is a sample calculation of marginal reduction costs

using a second level reduction for boiler type one in the urban setting:

ton
$ 975 

year

reduced  tons156952
 

year
$ 0853.1

year
$ 081.53E 

year

07MMBtu5.23E
  

MMBtu

Btu 061E
  

kWhr

Btu 3412
  01.0$

=÷+

+=
+

×
+

×÷

E

kWhr

Total Cost Effectiveness =
capital recovery cost/ton SOx removed + annual O&M cost / ton SOx removed

Total Cost Effectiveness = $25/ton + $975/ton
     = $1000/ton SOx removed

The capital costs of the control equipment were included since the fabrication of capital

equipment and construction of new SWM facilities were included in the analysis using

the DST.  The following table lists the marginal reduction cost and tons of SOx reduced

from the S=2.3% level after applying the wet limestone scrubber for both settings and the

three boiler types.
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Table 7  Wet Limestone Scrubber SOx Reduction Costs

Setting Boiler Type Cost  ($/ton)
Tons SOx 
Reduced

1 1000 157000

2 923 170000

3 923 170000

1 3564 46200

2 3283 50100

3 3283 50100

U
R

B
A

N
R

U
R

A
L

6.2 Comparison of Power Plant Controls to SWM Strategy Changes

The following two tables list the maximum amount of each pollutant that could be

reduced from the baseline levels (Table 6), by increasing the amount of recyclables

collected and changing collection options.  The maximum reductions from SWM strategy

changes were calculated using the DST to minimize the specific pollutant. Tables 8 and 9

show that the maximum amount of NOx and SOx reduced through recycling upgrades is

several orders of magnitude smaller than the reductions achieved through power plant

controls.
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Table 8  Maximum NOx Reduction Table

Comparison of Maximum NOx Reduction Potentials

Settings Maximum NOx Reduction Possible (tons/year)

Urban Recycling  with commercial 247

Urban Recycling without commercial 39

Rural Recycling  with commercial 87

Rural Recycling  without commercial 2

Power Plant Emission Controls Maximum NOx Reduction Possible (tons/year)

Boiler Type 1 8362

Boiler Type 2 13560

U
R

B
A

N

Boiler Type 3 24860

Boiler Type 1 2461

Boiler Type 2 3990

R
U

R
A

L

Boiler Type 3 7315
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Table 9  Maximum SOx Reduction Table

Comparison of Maximum SOx Reduction Potentials

Setting
Maximum SOx Reduction

Possible (tons/year)

Urban Recycling  with commercial 361

Urban Recycling  without commercial 92

Rural Recycling  with commercial 155

Rural Recycling  without commercial 30

Power Plant Emission Controls
Maximum SOx Reduction

Possible (tons/year)

Boiler Type 1 156952

Boiler Type 2 170405

U
R

B
A

N

Boiler Type 3 170405

Boiler Type 1 46183

Boiler Type 2 50142

R
U

R
A

L

Boiler Type 3 50142

In addition to determining the maximum potential reductions, the marginal

reduction/avoidance costs for the SWM strategies and power plant controls were

calculated.  Despite larger pollution reductions through power plant emission controls,

the marginal reduction costs would be required to determine which strategy should be

implemented first.  For example, suppose SWM strategy A provides only 100 tons of

potential NOx reduction, but SWM strategy B allows 700 tons of NOx reduction.

Strategy A has a marginal cost of $100/ton versus $300/ton for strategy B.  Given a
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reduction goal of 200 tons NOx, it is more economical to reduce 100 tons of NOx using

strategy A and only reduce 100 tons using strategy B.

The marginal abatement costs associated with changes in recycling strategies

were calculated from the slopes of the trade-off curves whereas the marginal costs for the

power plant controls were calculated based on the hypothetical population sizes and the

literature.  The following tables compare the marginal pollutant reduction costs

implementing SWM strategies to the costs incurred through power plant controls.  The

results show that the marginal NOx and SOx reduction costs of the SWM strategies are

several orders of magnitude greater than those of the power plant emission controls.

Table 10  Comparison of Marginal NOx Reduction Costs

Marginal NOx Reduction costs ($/ton)

16,008

348,320

290,400

30,411

1,713,800

N/A

Marginal NOx Reduction costs ($/ton)

140 - 1090

220 - 2540

Recycling Strategies

Urban Recycling Upgrades (with commercial) up to 210 tons

Urban Recycling Upgrades (with commercial) from 210 - 247 tons

Urban Recycling Upgrades (without commercial)

Rural Recycling Upgrades (with commercial) up to 85 tons

Rural Recycling Upgrades (without commercial)

Power Plant Emission Controls

Rural Recycling Upgrades (with commercial) from 85 - 87 tons

25% to 65% Reduction  (reductions from 648 - 17010 tons/year) 

65% to 95% Reduction  (reductions from 17010 - 24860 tons/year)   
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Table 11  Comparison of the Marginal SOx Reduction Costs

Marginal SOx Reduction costs ($/ton)

12,305

139,140

125,970

21,592

412,970

339,093

Marginal SOx Reduction costs ($/ton)

~$150  (Average SOx Permit Cost)

Boiler Type 1 977

Boiler type 2 900

Boiler type 3 900

Boiler Type 1 3319

Boiler type 2 3057

Boiler type 3 3057

Urban Recycling Upgrades (without commercial)

Rural Recycling Upgrades (with commercial) up to 130 tons

Rural Recycling Upgrades (without commercial)

Power Plant Emission Controls

Recycling Strategies

Urban Recycling Upgrades (with commercial) up to 270 tons

Urban Recycling Upgrades (with commercial) from 270 to 361 tons

Rural Recycling Upgrades (with commercial) from 130 tons to 155 tons

U
R

B
A

N
R

U
R

A
L

Up to 75% removal from S=4% baseline                             
(reductions range from 36700 to 135800 tons)

Up to 94% reduction                                             
(reductions range from 46200 to 170000 tons)

6.3 Marginal Damage Estimates

Another means of determining the benefits or costs of SWM strategy upgrades

without using another emission reduction strategy as a comparison is through the use of

marginal damage functions.  These functions estimate the cumulative impacts of changes

in SWM strategies on human health, physical structures and the environment by

assigning dollar values to mass emissions. Consequently, a given SWM strategy can be

evaluated to determine whether it yields a cumulative benefit or cost to the system under

consideration. (See calculations presented in Section 5.2.) The LCI model does not

incorporate information about the location of the pollutant release; therefore, the benefits

or costs of a SWM strategy may affect any area on the globe.  Although this information



36

may not be directly useful to a single municipality, it could be used by a state, region,

country, or international organization to estimate larger scale impacts of SWM strategy

changes on regional or global air pollutant concentrations.

The three levels of recycling evaluated were No Recycling, Low Level Recycling

and High Level Recycling as defined in Section 3.3.  As mentioned in Section 5.2, the

most conservative estimate of marginal benefits was calculated for each setting.  The

complete list of low and high estimates of the marginal damage for each setting is

presented in Appendix 10.4.  Table 12 lists the compilation of the marginal damage

results in each setting for each SWM strategy upgrade in 1997 dollars.  The results show

that all SWM strategy upgrades in the urban setting result in marginal benefits.  In the

rural setting, only the upgrades from No Recycling to Low Level Recycling and upgrades

from No Recycling to High Level Recycling with the commercial sector produce

marginal benefits.  This can be attributed to the larger travel distances required to collect

recyclables and the smaller mass of recyclables available in the rural setting.

Table 12  Conservative Estimate of Total Marginal Damage Costs (1997 $ / year)

with Commercial
without 

Commercial
with Commercial

without 
Commercial

No Recycling to Low 
Level

-1506191 -311550 -609873 -101130

Low Level to High 
Level

-93803 -93803 216502 216502

No Recycling to High 
Level

-1599994 -405353 -580700 41121

URBAN Rural
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7 Discussion

The scientific, political, and economic complexity of designing and improving

SWM strategies to solve air pollution problems provide a plethora of ideas and topics as

of yet unexplored.  This section examines a few of the issues pertaining to SWM

strategies and using  the DST model.  A discussion of the cost effectiveness of recycling

programs relative to coal-fired power plant controls is presented in Section 7.1.  The

caveats, conclusions, and ramifications of the marginal damage results are considered in

Section 7.2.  In Section 7.3, the policy issues relating to the cost effectiveness and

marginal benefits of SWM strategies as an air pollution control measure are discussed.

7.1 Recycling versus power plant controls

The results from the cost effectiveness section of the study show that larger

magnitude and less costly reductions of NOx and SOx air pollutants can be achieved

through the implementation of controls at coal-fired power plants.  The results indicate

cost differences of several orders of magnitude between the SWM strategy upgrades and

power plant controls.  While these results are not encouraging to individuals interested in

promoting recycling as an air pollution control strategy over other options, the results still

suggest that air pollution reductions are achieved when recycling programs are

implemented.  Therefore, a decision maker in this situation should not choose to

implement recycling programs to achieve air pollutant reductions as a primary goal, but

could use these findings to quantify the environmental benefits and potentially justify the

increased cost of an intensive curbside recycling program for the urban setting.

An issue of importance in any comparison study is the baseline that was used to

determine the maximum reduction potentials of the options.  In this case, the power plant

baseline for NOx is representative of the average, while the SOx level is higher than the

average.  The SOx baseline is high since S, the weight % sulfur content of coal as fired,

was estimated as 4% instead of 2.3%, which is more typical for most coal-fired power

plants at this time.  The S = 4% SOx baseline was used for two reasons.  First, using S =

4% as the baseline provided a broader spectrum of control options for the power plant

scenarios.  The broader spectrum presents a potential decision-maker with a broader array

of air pollution prevention options, which ensures that the most cost-effective option is
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made available.  Second, the SWM strategy baseline requires no recycling, which is

atypical of current practice.  Consequently, the power plant control and SWM strategy

baseline levels are similar to each other in time.  The NOx calculations are slightly biased

towards the SWM strategy, since the SWM strategy baseline is higher than current

averages, while the power plant emissions are consistent with current practice.  The

comparisons between the NOx reduction strategies are useful though since the power

plant control technologies for NOx have largely not been integrated into common practice

in the same way that high level recycling has not been implemented in all settings.

Therefore the levels of improvements are temporally the same.

Although results in both cases indicate that the power plant controls are a better

option than the SWM strategy for controlling air pollutants, two factors must be

considered before definitive conclusions are drawn.  First, these results are specific to the

hypothetical settings used in this study and cannot be used to generalize SWM strategy

impacts in other settings or for other environmental emissions.  Second, effects of SWM

strategy upgrades extend beyond air pollutants.  Increased recycling can result in

diversion from landfills, decreased leachate emissions, as well as social and economic

impacts, all of which are not accounted for in this study.

7.2 Ramifications of Marginal Damage Estimates

The second aspect of this study is the presentation of the marginal damage

estimates.  This section of the study indicates that recycling upgrades in the urban setting

result in overall benefits to the environment.  This conclusion is important to emphasize

given the results from the cost effectiveness section of this study.  Although SWM

strategy upgrades do not offer cost-effective alternatives to power plant controls for

reducing air pollutants, these programs do appear to provide marginal benefits to the

community and global environment.

The DST can be used by individuals interested in managing the disposal of waste

material generated by households, apartments, and businesses in the most cost-effective

manner.  By modeling specific scenarios, the marginal damage estimates show that high

level recycling is the best option for urban settings.  In rural settings, the study shows that

drop-off programs are preferable, but given the conservative estimate of the marginal
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damages, curbside recycling may be cost effective here too.  The conservative

calculations show benefits of $100,000 to $1.5 million per year for upgrading SWM

strategies under specific conditions.  While these results are only illustrations, they

indicate that some regional policies should perhaps be based on considerations of

specific SWM strategies to achieve regional air quality goals.

7.3 Policy Topics

In an effort to promote recycling, a wide range of policy changes has been

proposed, of which three are mentioned briefly.  The policy options investigated were

chosen based on their potential to improve the cost effectiveness of SWM strategies.  The

following options require initiatives at the national, state and local level to increase the

cost effectiveness of recycling programs.

All of the policy changes proposed avoid the use of taxation and penalties, since it

is the author’s belief that environmentally beneficial changes in policy should promote

positive public reaction whenever possible.  The scope of the environmental benefits may

not be evident to every individual or business affected by the policy change; therefore,

the public success of a program can depend on whether the change is effected through the

use of incentives or penalties.  It is also important not to promote the belief that all

environmentally beneficial actions are not cost effective and require government support.

Therefore, the proposed policies use government support as an initial tool for jump-

starting SWM strategy changes, but do not base the long-term success of the change on

government support.

If the U.S. EPA approves a version of the DST model at some point in the future,

local decision-makers could use it to help quantitatively evaluate existing and new SWM

strategies for their community.  The following policy proposals are considered:

1. Provide federal assistance for educational programs to increase recycling

program participation rates.

2. Provide federal assistance to municipalities to change their recycling program

if it would result in significant air emission decreases.

3. Provide federal price supports or subsidies for specific recyclables to increase

the amount of discarded material recovered.
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The first proposal requires the federal government to provide aid to states to

educate populations, in particular urban areas, about the benefits and basics of recycling.

The greatest potential for recycling lies in urban areas that have higher concentrations of

businesses and households and consequently lower travel distances between collection

stops.  Recyclables from these areas can be collected more cost effectively than in rural

areas where travel distances are longer and the amount of material is less.  The local

decision-maker can use the DST to identify areas where an increase in participation

would have the greatest impact.  If the local agency can prove that significant advances

are possible in an area, they could petition the federal government for a five year aid

program.  The aid could then be focused more specifically in the targeted areas, resulting

in greater cost effectiveness of recycling programs.  The federal support should be

provided for a period of no more than, say, five years, after which the state must prove

that the cost effectiveness of the SWM program implemented has improved and overall

recycling rates have increased.  If these stipulations have been met, the state can reapply

for aid at which time the federal government can reevaluate the potential for air pollution

improvement in that setting or specific area.  Although federal support is discussed in this

option, state or county governments could provide an alternative source of funding.

The second proposal requires a combination of state and local participation to

promote the most cost effective and environmentally beneficial SWM strategy.  If a city

finds that significant environmental benefits are achievable through a SWM strategy

upgrade, the local decision-maker can petition the state for a special loan, which would

assist the city or municipality in upgrading the program.  This study shows that in the

urban setting studied, an upgrade to High Level recycling from Low Level recycling

conservatively yields benefits of $1.6 million/year.  If the pollution avoided can be traced

to geographic locations within the state, it would be in the state’s best interest to lend the

city that much money, or more, depending on whether other benefits of waste diversion

can be accounted for using the DST model.  Given the global focus on reducing air

pollution, it may be in the federal government’s interest to fund these local SWM strategy

upgrade loans to reduce the air pollution generated by U.S. cities.  In this manner, the

U.S. could meet stringent global air pollution reductions.
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The third and final proposal involves the use of the DST model to determine

desirable subsidies or price supports for recyclables.  The federal decision-maker could

use the DST model to determine which materials provide the greatest environmental

benefits when separated from the waste stream and remanufactured. Using this

information, the federal government could increase the incentive for communities to

recycle the material through price supports or subsidies, thus creating environmental

benefits.  The subsidy option may be more preferable in the long term, since it would

shift the supply curve to the right, increasing the amount of material recycled regardless

of current market price.  On the other hand, price supports are only useful if the market

price is below the price floor.  Given the volatility of recyclables’ markets (Bureau of

Labor Statistics, 1999), price floors may lend stability to the marketplace in addition to

increasing the amount of material recovered during periods when market prices are low,

but this issue requires further study.  Applying the DST model to a range of realistic

settings and then extrapolating to the national level creates increased uncertainties, but

also enhances decision-makers understanding of the potential quantitative benefits of

remanufacturing certain waste items.  This policy change is the least likely to be

implemented, though, due to the difficulties in implementing subsidy programs and the

complicated and unforeseen economic impact price supports would have on the overall

recyclable markets.

Despite the uncertainties and questions associated with these policy proposals, the

DST provides definitive and quantitative support to decision-makers in each situation.

With the goal of improving how decision-makers evaluate and choose SWM strategies,

the DST can be implemented as a useful and easily accessible policy aid.
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8 Conclusions

Recommendations for further study are briefly explored in Section 8.1 and the

overarching conclusions from the study are presented in Section 8.2.

8.1 Recommendations for further study

Due to the complicated nature of SWM strategies and environmental issues and

concerns surrounding them, numerous areas are available for further study, several of

which are mentioned below.  First, the DST model inputs should be evaluated to

determine which aspects of a community have the greatest impact on SWM cost

effectiveness.  As the study results showed, the rural cost effectiveness is significantly

lower that the urban setting, partially due to the increased travel times between service

stops and between facilities.  Components of the SWM system that can be changed to

improve recycling cost effectiveness in many areas is the collection and sorting

techniques employed and the mix of recyclables recovered.  An intensive study of a

single setting, in which specific input variables are changed from the baseline would

provide valuable information regarding optimal setting characteristics which urban

planners may be able to integrate into a city’s expansion plans.

Although this study found that SWM upgrades are not cost effective relative to

power plant upgrades to reduce air pollutants, it would be useful to compare the SWM

strategy with other air pollutant reduction plans such as controlling mobile source

emissions or actively treating commercial hog waste.  Such a study would be especially

useful for municipalities that already stringently control power plant emissions yet do not

meet EPA ambient air quality standards.  Using the DST model, local SWM air pollution

sources can be identified and changes in SWM strategies that lower those emissions can

be modeled, simulated, and implemented. Similarly, other air pollutant releases such as

greenhouse gasses can be compared between various SWM strategies.  Evaluating SWM

strategies both on cost and environmental scales with the DST model improves decision-

makers’ abilities to choose more cost-effective and environmentally benign solutions to

solid waste collection, treatment, and disposal options.
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8.2 Summary

In conclusion, this study shows that SWM strategies can be evaluated for cost

effectiveness and marginal benefits using the DST. The DST provides a user-friendly

interface for incrementally altering constraints, as was shown in the cost effectiveness

section.  The marginal damage section of the study presents analysts with a template for

evaluating specific or existing programs and determining the potential benefits or

environmental damages of changing the SWM strategy.  As the DST model evolves,

widespread use of the model may result in municipalities finding more cost effective

waste collection, treatment, and disposal options that also improve the local, regional, and

global environment.
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10 Appendices

10.1 Components of MSW

Table 13  Components of MSW Considered in this Study

����������	 ����� �	������	� ���		��� ����� ���������	 �����

Yard Waste  Yard Waste 1. office paper
1. grass 1. grass 2. old corrugated containers
2. leaves 2. leaves 3. phone books
3. branches 3. branches 4. third class mail
4. food waste 4. food waste 5. aluminum cans
Ferrous Metal Ferrous Metal 6. clear glass
5. cans 5. cans 7. brown glass
6. other ferrous metal 6. other ferrous metal 8. green glass
7. non-recyclables 7. non-recyclables 9. PET beverage bottles
Aluminum Aluminum  10. newspaper
8. cans 8. cans 11-12. other recyclables
9-10. other - aluminum 9-10. other - aluminum 13-15. other non-recyclables
11. non-recyclables 11. non-recyclables
Glass Glass
12. clear 12. clear
13. brown 13. brown
14. green 14. green
15. non-recyclable, 15. non-recyclable
       non-container glass
Plastic Plastic
16. translucent-HDPE 16. translucent-HDPE
17. pigmented-HDPE bottles 17. pigmented-HDPE bottles
18. PET beverage bottles 18. PET beverage bottles
19-24. other plastic 19-24. other plastic
25. non-recyclable plastic 25. non-recyclable plastic
Paper Paper
26. newspaper 26. newspaper
27. office paper 27. office paper
28. corrugated containers 28. corrugated containers
29. phone books 29. phone books
30. books 30. books
31. magazines 31. magazines
32. third class mail 32. third class mail
33-37. other paper 33-37. other paper
38. paper - non-recyclable 38. paper - non-recyclable
39.miscellaneous 39.miscellaneous
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10.2 Boiler types and Control Technology

������ �	
��

Boiler type 1 :  Pulverized Coal (PC), dry bottom, wall-fired, sub-bituminous, New

Source Performance Standard (NSPS) compliant.

Boiler type 2 : PC, dry bottom, wall-fired, bituminous, NSPS compliant

Boiler type 3 : PC, dry bottom, wall-fired, bituminous, Pre-NSPS

(EPA, AP-42, 1998)

Table 14  NOx Control Technology

Type of Control Technologies applied Reduction Range (%

of baseline)

Cost (1997 $/ton)

LNB – Low NOx burner 25-68 140-220

SNCR – Selective Noncatalytic Reduction 30-65 838-975

LNB + SNCR 50-80 440-545

SCR – Selective Catalytic Reduction 60-90 1090-2540

LNB + SCR + OFA (Overfire air) 85-95 1415-1765

(Pechan, 1997)

SOx Control Technology

Initial reductions achieved through fuel upgrades from S = 4% sulfur coal to S = 1%

sulfur coal.  Cost ≈ $150/ton  (Approximately the value of SOx Permit costs.)

Wet limestone scrubbers achieve reductions up to 90% from the S = 2.3% emission level

Capital Cost = $~200/ kW

Operating Cost = 5 – 10 mils / kW-hr ≈ $0.01/kW-hr

In all cases, 1997 dollars are used and S is weight % sulfur content of coal as fired.

Emission factor would be calculated by multiplying the weight percent sulfur in the coal

by the numerical value preceding S. For example, if fuel is 1.2% sulfur, then S = 1. 2.

(Frey, 1999)
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10.3 Power plant emission calculations (EPA, AP-42, 1998)

Table 15  Urban Baseline SOx Emissions

Baseline  S=4%

2.38E+06 ton coal/
year

X 35 Lb SOx / ton
coal

X 4 S = 3.33E+08 lb SOx /
year

B
oi

le
r

ty
p

e
 1

= 1.67E+05 tons SOx /
year

2.38E+06 ton coal/
year

X 38 Lb SOx / ton
coal

X 4 S = 3.62E+08 lb SOx /
year

B
oi

le
r

ty
p

e
 2

= 1.81E+05 tons SOx /
year

2.38E+06 ton coal/
year

X 38 Lb SOx / ton
coal

X 4 S = 3.62E+08 lb SOx /
year

B
oi

le
r

ty
p

e
 3

= 1.81E+05 tons SOx /
year

Table 16  Urban Level 1 SOx Reduction

Level 1 Reduction S=2.3%
Reduction From Baseline   43% Emissions

2.38E+06 ton coal/
year

X 35 lb SOx / ton
coal

X 2.3 S = 1.92E+08 lb SOx /
year

B
oi

le
r

ty
p

e
 1

= 9.58E+04 tons SOx /
year

2.38E+06 ton coal/
year

X 38 lb SOx / ton
coal

X 2.3 S = 2.08E+08 lb SOx /
year

B
oi

le
r

ty
p

e
 2

= 1.04E+05 tons SOx /
year

2.38E+06 ton coal/
year

X 38 lb SOx / ton
coal

X 2.3 S = 2.08E+08 lb SOx /
year

B
oi

le
r

ty
p

e
 3

= 1.04E+05 tons SOx /
year
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Table 17  Urban Level 2 SOx Reduction

Level 2 Reduction S=1%
Reduction From Baseline  75% Emissions

2.38E+06 ton coal/
year

X 35 lb SOx / ton
coal

X 1 S = 8.33E+07 lb SOx /
year

B
oi

le
r

ty
p

e
 1

4.16E+04 tons SOx /
year

2.38E+06 ton coal/
year

X 38 lb SOx / ton
coal

X 1 S = 9.04E+07 lb SOx /
year

B
oi

le
r

ty
p

e
 2

4.52E+04 tons SOx /
year

2.38E+06 ton coal/
year

X 38 lb SOx / ton
coal

X 1 S = 9.04E+07 lb SOx /
year

B
oi

le
r

ty
p

e
 3

4.52E+04 tons SOx /
year

Table 18  Urban Level 3 SOx Reduction

Level 3 Reduction   (Using a wet limestone scrubber)
Reduction From Baseline  94% Emissions

2.38E+06 ton coal/
year

X 35 lb SOx / ton
coal

X 2.3 S = 1.92E+08 lb SOx /
year

= 9.58E+04 tons SOx /
year

B
oi

le
r 

ty
pe

 1

90%
reduction S=2.3% 9.58E+04

tons
SOx /
year

X 0.1 = 9.58E+03
tons SOx /

year

2.38E+06 ton coal/
year

X 38 lb SOx / ton
coal

X 2.3 S = 2.08E+08 lb SOx /
year

= 1.04E+05 tons SOx /
year

B
oi

le
r 

ty
pe

 2

90%
reduction S=2.3% 1.04E+05

Tons
SOx /
year

X 0.1 = 1.04E+04
tons SOx /

year

2.38E+06 ton coal/
year

X 38 lb SOx / ton
coal

X 2.3 S = 2.08E+08 lb SOx /
year

= 1.04E+05 tons SOx /
year

B
oi

le
r 

ty
pe

 3

90%
reduction S=2.3% 1.04E+05

Tons
SOx /
year

X 0.1 = 1.04E+04
tons SOx /

year



50

Table 19  Rural Baseline SOx Emissions

Baseline  S=4%

7.00E+05 ton coal/
year

X 35 lb SOx / ton
coal

X 4 S = 9.80E+07 lb SOx /
year

B
oi

le
r

ty
p

e
 1

4.90E+04 tons SOx /
year

7.00E+05 ton coal/
year

X 38 lb SOx / ton
coal

X 4 S = 1.06E+08 lb SOx /
year

B
oi

le
r

ty
p

e
 2

5.32E+04 tons SOx /
year

7.00E+05 ton coal/
year

X 38 lb SOx / ton
coal

X 4 S = 1.06E+08 lb SOx /
year

B
oi

le
r

ty
p

e
 3

5.32E+04 tons SOx /
year

Table 20  Rural Level 1 SOx Reduction

Level 1 Reduction S=2.3%

7.00E+05 ton coal/
year

X 35 lb SOx / ton
coal

X 2.3 S = 5.64E+07 lb SOx /
year

B
oi

le
r

ty
p

e
 1

2.82E+04 tons SOx /
year

7.00E+05 ton coal/
year

X 38 lb SOx / ton
coal

X 2.3 S = 6.12E+07 lb SOx /
year

B
oi

le
r

ty
p

e
 2

3.06E+04 tons SOx /
year

7.00E+05 ton coal/
year

X 38 lb SOx / ton
coal

X 2.3 S = 6.12E+07 lb SOx /
year

B
oi

le
r

ty
p

e
 3

3.06E+04 tons SOx /
year

Table 21  Rural Level 2 SOx Reduction

Level 2 Reduction S=1%

7.00E+05 ton coal/
year

X 35 lb SOx / ton
coal

X 1 S = 2.45E+07 lb SOx /
year

B
oi

le
r

ty
p

e
 1

1.23E+04 tons SOx /
year

7.00E+05 ton coal/
year

X 38 lb SOx / ton
coal

X 1 S = 2.66E+07 lb SOx /
year

B
oi

le
r

ty
p

e
 2

1.33E+04 tons SOx /
year

7.00E+05 ton coal/
year

X 38 lb SOx / ton
coal

X 1 S = 2.66E+07 lb SOx /
year

B
oi

le
r

ty
p

e
 3

1.33E+04 tons SOx /
year
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Table 22  Rural Level 3 SOx Reduction

Level 3 Reduction   90% @ S=2.3%

7.00E+05 ton coal/
year

X 35 Lb SOx /
ton coal

X 2.3 S = 5.64E+07 lb SOx /
year

2.82E+04 tons SOx /
year

B
oi

le
r 

ty
pe

 1

$200/kW 90%
reduction

S=2.3
%

2.82E+04
tons

SOx /
year

X 0.1 = 2.82E+03 tons SOx /
year

7.00E+05 ton coal/
year

X 38 Lb SOx /
ton coal

X 2.3 S = 6.12E+07 lb SOx /
year

3.06E+04 tons SOx /
year

B
oi

le
r 

ty
pe

 2

$200/kW
90%

reduction
S=2.3

% 3.06E+04
tons

SOx /
year

X 0.1 = 3.06E+03
tons SOx /

year

7.00E+05 ton coal/
year

X 38 Lb SOx /
ton coal

X 2.3 S = 6.12E+07 lb SOx /
year

3.06E+04 tons SOx /
year

B
oi

le
r 

ty
pe

 3

$200/kW 90%
reduction

S=2.3
%

3.06E+04 tons
SOx /
year

X 0.1 = 3.06E+03 tons SOx /
year

Table 23  Urban Baseline NOx Emissions

Baseline

2.38E+06
ton coal/

year X 7.4 lb NOx / ton coal = 1.76E+07 lb NOx / year

B
oi

le
r 

ty
pe

1

8.80E+03 tons NOx / year

2.38E+06 ton coal/
year

X 12 lb NOx / ton coal = 2.85E+07 lb NOx / year

B
oi

le
r 

ty
pe

2

1.43E+04 tons NOx / year

2.38E+06 ton coal/
year

X 22 lb NOx / ton coal = 5.23E+07 lb NOx / year

B
oi

le
r

ty
p

e
 3

2.62E+04 tons NOx / year
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Table 24  Urban NOx Reductions

Standard controls Tons of NOx Reduced

Technology
Percent

Reduction
Range

Percent
Reduction

Used

Cost
(1997 $)

Boiler type
1

Boiler type
2

Boiler type
3

0 0 8802 14274 26169 Baseline
Emissions

25 140 2201 3568 6542
LNB 25-68

68 220 5985 9706 17795

30 838 2641 4282 7851
SNCR 30-65

65 975 5721 9278 17010

50 440 4401 7137 13084
LNB + SNCR 50-80

80 545 7042 11419 20935

60 1090 5281 8564 15701
SCR 60-90

90 2540 7922 12846 23552

85 1415 7482 12133 22243LNB + OFA +
SCR 85-95

95 1765 8362 13560 24860

Table 25  Rural Baseline NOx Emissions

Baseline

7.00E+05 ton coal/
year

X 7.4 Lb NOx /
ton coal

= 5.18E+06 lb NOx / year

B
oi

le
r

ty
p

e
 1

= 2.59E+03 tons NOx / year

7.00E+05 ton coal/
year

X 12 Lb NOx /
ton coal

= 8.40E+06 lb NOx / year

B
oi

le
r 

ty
pe

 2

= 4.20E+03 tons NOx / year

7.00E+05 ton coal/
year

X 22 lb NOx / ton
coal

= 1.54E+07 lb NOx / year

B
oi

le
r 

ty
pe

 3

= 7.70E+03 tons NOx / year
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Table 26  Rural NOx Reduction

Standard controls Tons of NOx Reduced

Technology
Percent

Reduction
Range

Percent
Reduction

Used

Cost
(1997 $)

Boiler type
1

Boiler type
2

Boiler type
3

0 0 2590 4200 7700
Baseline

Emissions

25 140 648 1050 1925
LNB 25-68

68 220 1761 2856 5236

30 838 777 1260 2310
SNCR 30-65

65 975 1684 2730 5005

50 440 1295 2100 3850
LNB + SNCR 50-80

80 545 2072 3360 6160

60 1090 1554 2520 4620
SCR 60-90

90 2540 2331 3780 6930

85 1415 2202 3570 6545LNB + OFA +
SCR 85-95

95 1765 2461 3990 7315

10.4 Marginal Damage Calculations

The following tables list the high and low estimates of the marginal damage for

each pollutant in each setting.  The highest positive value for each pollutant in each

setting was used to calculate the total marginal damage.  For example, the total marginal

damage in the urban setting with commercial for an upgrade from No recycling to Low

Level recycling is the sum of the low estimate values.  Negative values indicate benefits,

therefore the most negative values are combined to estimate the benefit from the SWM

strategy upgrade.  In contrast, in the rural setting with commercial for an upgrade from

Low Level to High Level recycling, the total damage is the sum of the high estimate

value for NOx and the low estimate values for SOx and CO2.
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Table 27  Urban Marginal Damage Calculations (1997 $)

URBAN
No Recycling to 

Low Level
Low Estimate High Estimate Low Estimate High Estimate

NOx -515282 -2193496 -63274 -269350

SO2 -738395 -2006347 -205494 -558361

CO2 -252513 -710193 -42782 -120325

Total Marginal 
Damage

Low Level to High 
Level
NOx -1916 -8156 -1916 -8156

SO2 -85360 -231938 -85360 -231938

CO2 -6527 -18357 -6527 -18357

Total Marginal 
Damage

No Recycling to 
High Level

NOx -517198 -2201652 -65190 -277506

SO2 -823755 -2238285 -290854 -790299

CO2 -259040 -728550 -49309 -138683

Total Marginal 
Damage

-93803 -93803

-1599994

with Commercial without Commercial

-1506191 -311550

-405353
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Table 28 Rural Marginal Damage Calculations (1997 $)

RURAL
No Recycling to 

Low Level
Low Estimate High Estimate Low Estimate High Estimate

NOx -200940 -855378 -22274 -94817

SO2 -301682 -819722 -66535 -180788

CO2 -107251 -301642 -12321 -34652

Total Marginal 
Damage

Low Level to High 
Level
NOx 57518 244848 57518 244848

SO2 -27177 -73846 -27177 -73846

CO2 -1168 -3286 -1168 -3286

Total Marginal 
Damage

No Recycling to 
High Level

NOx -143422 -610530 35244 150031

SO2 -328859 -893567 -93713 -254633

CO2 -108419 -304929 -15197 -42742

Total Marginal 
Damage

216502 216502

-101130-609873

with Commercial without Commercial

-580700 41121

10.5 Mass Flow Tables

The following tables present the flow of waste material through the various

collection, sorting, disposal, and remanufacturing processes.  The amount of each

recyclable material that is recycled from the waste stream is also presented for each

solution.



Table 29 Urban Setting - NOx Scenarios – Commercial Sector Included – Mass Flows

Mixed Waste
Commingled 
Recyclables

Residuals Drop-off Drop-off Mixed Waste
Commingled 
Recyclables

Residuals
Presorted 

Recyclables
Mixed Waste Residuals Presorted MRF Commingled MRF

Min Cost (0) 0 0 235519 14141 1744 0 0 29463 0 89700 0 15885 0

A (10) 0 0 236403 13257 1625 0 0 29583 578 87073 2049 15459 0

B (20) 0 0 236403 13257 1625 0 0 29583 1529 82747 5423 16411 0

C (40) 0 0 236403 13257 1625 0 0 29583 3433 74095 12172 18315 0

D (60) 0 0 236403 13257 1625 0 0 29583 5336 65443 18921 20218 0

E (80) 0 0 236403 13257 1625 0 0 29583 7240 56790 25670 22121 0

F (100) 0 0 236403 13257 1625 0 0 29583 9143 48138 32419 24025 0

G (150) 0 0 236403 13257 1625 0 0 29583 13901 26507 49291 28783 0

H (200) 0 0 236403 13257 1625 0 0 29583 18660 4876 66164 33541 0

I (210) 0 0 236403 13257 1625 0 0 29583 19612 550 69538 34493 0

J (220) 0 3173 235302 11185 0 0 3125 28082 19733 0 69967 30917 6299

K (230) 0 10076 232908 6676 0 0 3125 28082 19733 0 69967 26409 13201

L (240) 0 16979 230514 2168 0 0 3125 28082 19733 0 69967 21900 20104

Min NOx (247) 0 16724 232936 0 0 0 2772 28436 16236 0 73464 16236 19496

Run  (tons NOx constrained from Min 
Cost Run)

Residential Collection ( ton/yr) Multi-family Collection (ton/yr) Commercial Collection (ton/yr) MRF (ton/yr)
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Table 29 (continued)

ONP Office Paper Old Phone Books Books Old Magazines
3rd Class 

Mail
OCC Green Glass Brown Glass Clear Glass Al Cans Ferrous Cans

Min Cost (0) 4502 856 140 570 1083 1428 1370 663 1162 2510 597 1003 354683

A (10) 4531 925 144 570 1083 1457 1771 670 1172 2534 602 0 355108

B (20) 4579 1040 150 570 1083 1505 2431 680 1189 2573 610 0 354156

C (40) 4675 1269 162 570 1083 1600 3752 701 1222 2652 627 0 352253

D (60) 4771 1499 175 570 1083 1696 5073 722 1255 2731 643 0 350348

E (80) 4867 1728 187 570 1083 1791 6393 743 1289 2810 660 0 348446

F (100) 4963 1957 200 570 1083 1887 7714 763 1322 2889 676 0 346543

G (150) 5203 2530 231 570 1083 2126 11016 815 1405 3086 718 0 641784

H (200) 5443 3103 262 570 1083 2365 14317 867 1488 3284 759 0 337026

I (210) 5491 3218 268 570 1083 2412 14978 878 1505 3323 768 0 336074

J (220) 6742 3023 229 663 1266 2681 15281 712 1827 3775 908 0 333461

K (230) 7877 2762 189 776 1478 2957 15497 512 2030 4268 1040 0 331181

L (240) 9012 2502 148 889 1692 3232 15713 312 2232 4762 1172 0 328901

Min NOx (247) 9558 0 0 0 0 0 15818 1328 2330 4998 1236 0 335300

Recycled (ton/yr)

Landfill (ton/yr)

Run  (tons NOx
constrained 

from Min Cost 
Run)
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Table 30  Urban Setting - NOx Scenarios - Commercial Sector Not Included - Mass Flows

Mixed 
Waste

Commingled 
Recyclables

Residuals Drop-off
Drop-

off
Mixed 
Waste

Commingled 
Recyclables

Residuals
Presorted 

MRF
Commingled MRF

Min Cost (0) 0 0 235519 14141 1744 0 0 29463 15885 0

A (10) 0 1308 235949 12403 0 0 3125 28082 12403 4434

B (15) 0 4760 234752 10148 0 0 3125 28082 10148 7885

C (20) 0 8211 233555 7894 0 0 3125 28082 7894 11336

D (25) 0 11662 232358 5640 0 0 3125 28082 5640 14788

E (30) 0 15114 231160 3386 0 0 3125 28082 3386 18239

F (35) 0 18565 229963 1132 0 0 3125 28082 1132 21690

Min NOx (38.5) 0 16724 232936 0 0 0 2772 28436 0 19496

Run (tons NOx 
constrained from 
Min Cost Run)

Residential Collection ( ton/yr) Multi-family Collection (ton/yr) MRF (ton/yr)
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Table 30 (continued)

ONP Office Paper
Old Phone 

Books
Books Old Magazines

3rd Class 
Mail

OCC Green Glass Brown Glass
Clear 
Glass

Al Cans
Ferrous 
Cans

Min Cost (0) 4502 856 140 570 1083 1428 1370 664 1162 2510 597 1003 264983

A (10) 5441 717 110 632 1208 1617 1530 551 1429 2824 699 0 264109

B (15) 6009 586 90 689 1315 1754 1638 451 1530 3071 766 0 262969

C (20) 6576 456 70 745 1421 1892 1747 351 1631 3317 832 0 261830

D (25) 7143 326 50 802 1527 2029 1855 251 1732 3564 898 0 260690

E (30) 7710 196 30 858 1634 2168 1963 151 1833 3810 964 0 259550

F (35) 8278 65 10 914 1741 2306 2072 50 1934 4057 1030 0 258410

Min NOx (38.5) 8563 0 0 0 0 0 2126 1113 1985 4180 1064 0 261836

Recycled (ton/yr)
Landfill 
(ton/yr)

Run (tons NOx 
constrained from 
Min Cost Run)
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Table 31 Rural Setting - NOx Scenarios - Commercial Sector Not Included - Mass Flows

Mixed 
Waste

Commingled 
Recyclables

Residuals Drop-off Drop-off Mixed Waste
Commingled 
Recyclables

Residuals Presorted MRF Commingled MRF

Min Cost (0) 0 0 70656 4242 872 0 0 14732 5114 0

A (1) 0 0 70828 4070 812 0 0 14791 4882 0

Min NOx (2) 0 0 72034 2864 0 0 1386 14218 2864 1386

Run (tons NOx 
constrained from Min 

Cost Run)

Residential Collection ( ton/yr) Multi-family Collection (ton/yr) MRF (ton/yr)

Table 31  (continued)

ONP Office Paper
Old Phone 

Books
Books Old Magazines

3rd Class 
Mail

OCC Green Glass Brown Glass
Clear 
Glass

Al Cans
Ferrous 
Cans

Least Cost (0) 1462 275 46 179 341 455 437 214 393 795 192 325 85388

A (1) 1462 275 46 179 341 455 437 214 393 795 192 93 85619

Least NOx (2) 1823 0 0 0 0 0 497 252 507 905 231 0 86285

Recycled (ton/yr)
Landfill 
(ton/yr)

Run (tons NOx 
constrained from 
Least Cost Run)
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Table 32  Rural Setting - NOx Scenarios - Commercial Sector Included - Mass Flows

Mixed 
Waste

Commingled 
Recyclables

Residuals Drop-off Drop-off
Mixed 
Waste

Commingled 
Recyclables

Residuals
Presorted 

Recyclables
Mixed 
Waste 

Residuals Presorted MRF
Commingled 

MRF

Min Cost (0) 0 0 70656 4242 872 0 0 14732 0 41860 0 5114 0

A (10) 0 0 70921 3977 812 0 0 14791 944 37569 3347 5733 0

B (20) 0 0 70921 3977 812 0 0 14791 2036 32604 7220 6826 0

C (30) 0 0 70921 3977 812 0 0 14791 3128 27639 11092 7918 0

D (40) 0 0 70921 3977 812 0 0 14791 4221 22674 14965 9010 0

E (50) 0 0 70921 3977 812 0 0 14791 5313 17709 18838 10102 0

F (60) 0 0 70921 3977 812 0 0 14791 6405 12744 22711 11195 0

G (70) 0 0 70921 3977 812 0 0 14791 7497 7779 26584 12287 0

H (80) 0 0 70921 3977 812 0 0 14791 8590 2814 30457 13379 0

I (85) 0 0 70921 3977 812 0 0 14791 9136 331 32393 13925 0

J (86) 0 0 71224 3674 736 0 0 14867 7577 0 34283 11987 0

Min NOx (87) 0 0 72034 2864 0 0 1386 14218 7577 0 34283 10440 1386

Run (tons NOx 
constrained from 
Min Cost Run)

Residential Collection ( ton/yr) Multi-family Collection (ton/yr) Commercial Collection (ton/yr) MRF (ton/yr)
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Table 32 (continued)

ONP Office Paper
Old Phone 

Books
Books

Old 
Magazines

3rd Class 
Mail

OCC Green Glass Brown Glass
Clear 
Glass

Al Cans
Ferrous 
Cans

Min Cost (0) 1462 275 46 179 341 455 437 214 393 795 192 325 127248

A (10) 1509 388 53 179 341 502 1092 224 409 835 200 0 126628

B (20) 1564 520 60 179 341 557 1850 236 428 880 210 0 125536

C (30) 1619 652 67 179 341 612 2608 248 447 925 220 0 124444

D (40) 1674 783 74 179 341 667 3366 260 466 970 229 0 123352

E (50) 1729 915 81 179 341 721 4124 272 485 1016 239 0 122259

F (60) 1784 1046 88 179 341 776 4882 284 504 1061 248 0 121167

G (70) 1839 1178 95 179 341 831 5640 296 523 1106 258 0 120075

H (80) 1895 1309 103 179 341 886 6398 308 542 1152 267 0 118983

I (85) 1922 1375 106 179 341 913 6776 314 552 1174 272 0 118437

J (86) 1926 0 0 121 341 455 6827 314 553 1177 273 0 120375

Min NOx (87) 2287 0 0 0 0 0 6887 353 668 1288 311 0 120568

Recycled (ton/yr)
Landfill 
(ton/yr)

Run (tons NOx 
constrained 

from Min Cost 
Run)
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Table 33  Urban Setting - SOx Scenarios - Commercial Sector Included - Mass Flows

Mixed 
Waste

Commingled 
Recyclables

Residuals Drop-off Drop-off
Mixed 
Waste

Commingled 
Recyclables

Residuals
Presorted 

Recyclables
Mixed 
Waste 

Residuals
Presorted 

MRF
Commingled 

MRF

Min Cost (0) 0 0 235519 14141 1744 0 0 29463 0 89700 0 15885 0

A (10) 0 0 236403 13257 1625 0 0 29583 358 88072 1269 15240 0

B (50) 0 0 236403 13257 1625 0 0 29583 3291 74741 11668 18172 0

C (100) 0 0 236403 13257 1625 0 0 29583 6957 58077 24666 21838 0

D (200) 0 0 236403 13257 1625 0 0 29583 14288 24749 50663 29170 0

E (230) 0 0 236403 13257 1625 0 0 29583 16488 14751 58462 31369 0

F (240) 0 0 236403 13257 1625 0 0 29583 17221 11418 61061 32102 0

G (250) 0 0 236403 13257 1625 0 0 29583 17954 8085 63661 32836 0

H (260) 0 0 236403 13257 1625 0 0 29583 18687 4752 66261 33569 0

I (270) 0 0 236403 13257 1625 0 0 29583 19420 1419 68860 34302 0

J (300) 0 3532 235049 11079 0 0 3320 27888 19733 0 69967 30812 6851

K (350) 0 18647 229253 1760 0 0 3320 27888 19733 0 69967 21493 21966

Min  SOx (361) 0 22524 227136 0 0 0 3481 27726 19733 0 69967 19733 26005

Run  (tons SOx 
constrained 

from Min Cost 
Simulation)

Residential Collection ( ton/yr) Multi-family Collection (ton/yr) Commercial Collection (ton/yr) MRF (ton/yr)
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Table 33 (continued)

ONP Office Paper
Old Phone 

Books
Books Old Magazines

3rd Class 
Mail

OCC Green Glass Brown Glass
Clear 
Glass

Al Cans
Ferrous 
Cans

Min Cost (0) 4502 856 140 570 1083 1428 1370 664 1162 2510 597 1003 354683

A (10) 4520 899 142 570 1083 1446 1618 667 1168 2525 600 0 355328

B (50) 4668 1252 161 570 1083 1593 3653 699 1220 2646 625 0 352395

C (100) 4853 1694 185 570 1083 1777 6197 739 1284 2798 657 0 348729

D (200) 5222 2577 233 570 1083 2145 11284 819 1412 3102 721 0 341398

E (230) 5333 2842 248 570 1083 2256 12810 843 1450 3194 740 0 339198

F (240) 5370 2930 253 570 1083 2292 13319 851 1463 3224 747 0 338465

G (250) 5407 3018 257 570 1083 2329 13828 859 1476 3254 753 0 337732

H (260) 5444 3107 262 570 1083 2366 14336 867 1488 3285 760 0 336999

I (270) 5481 3195 267 570 1083 2403 14845 875 1501 3315 766 0 336266

J (300) 6769 3332 304 666 1271 2688 15285 708 1833 3787 910 0 333016

K (350) 9115 3506 356 899 1711 3257 15733 294 2251 4806 1184 0 327457

Min  SOx (361) 9558 3539 366 943 1794 3365 15818 1328 2330 4999 1236 0 325294

Recycled (ton/yr)
Landfill 
(ton/yr)

Run  (tons SOx 
constrained 

from Min Cost 
Simulation)

64



Table 34  Urban Setting - SOx Scenarios - Commercial Sector Not Included - Mass Flows

Mixed 
Waste

Commingled 
Recyclables

Residuals Drop-off Drop-off
Mixed 
Waste

Commingled 
Recyclables

Residuals Presorted MRF Commingled MRF

Min Cost (0) 0 0 235519 14141 1744 0 0 29463 15885 0

A (5) 0 0 236376 13284 1625 0 0 29583 14908 0

B (10) 0 0 236403 13257 1063 0 1149 28996 14319 1149

C (20) 0 244 236310 13107 0 0 3320 27888 13107 3564

D (30) 0 3267 235150 11243 0 0 3320 27888 11243 6586

E (40) 0 6290 233991 9379 0 0 3320 27888 9379 9609

F (50) 0 9313 232832 7515 0 0 3320 27888 7515 12632

G (80) 0 18382 229355 1924 0 0 3320 27888 1924 21701

Min SOx (91) 0 22524 227136 0 0 0 3481 27726 0 26005

Run  (tons SOx 
constrained from

Min Cost 
Simulation)

Residential Collection ( ton/yr) Multi-family Collection (ton/yr) MRF (ton/yr)
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Table 34 (continued)

ONP Office Paper
Old Phone 

Books
Books Old Magazines

3rd Class 
Mail

OCC Green Glass Brown Glass
Clear 
Glass

Al Cans
Ferrous 
Cans

Min Cost (0) 4502.206 855.809514 139.93443 570.04868 1083.387087 1428.068 1369.88442 663.583797 1162.19227 2509.982 596.56257 1003.1089 264982.7327

A (5) 4502.206 855.809514 139.93443 570.04868 1083.387087 1428.068 1369.88442 663.583797 1162.19227 2509.982 596.56257 26.704046 265959.1376

B (10) 4752.648 876.3610992 147.8388858 584.2767 1112.633574 1475.231 1411.091255 637.8446427 1242 2585 623.385887 0 265418.8048

C (20) 5263.832 918.0012744 163.6136496 614.92666 1175.009782 1573.558 1496.197134 582.5149628 1397 2747 678.503584 0 264257.4164

D (30) 5732.99 952.6796031 173.9680089 661.52128 1263.021836 1687.456 1585.753566 499.6800886 1481 2950 733.311489 0 263145.6864

E (40) 6202.147 987.3579318 184.3223682 708.1159 1351.03389 1801.354 1675.309999 416.8452144 1564 3154 788.119394 0 262033.9564

F (50) 6671.305 1022.036261 194.6767275 754.71051 1439.045944 1915.252 1764.866432 334.0103401 1647 3359 842.927299 0 260922.2264

G (80) 8078.779 1126.071247 225.7398053 894.49436 1703.082105 2256.946 2033.535731 85.50571742 1899 3970 1007.35101 0 257587.0364

Min SOx (91) 8563.063 1161.867708 236.42802 942.59133 1793.93193 2374.516 2125.97973 1113 1985 4180 1063.92609 0 255326.7472

Recycled (ton/yr)
Landfill 
(ton/yr)

Run  (tons SOx 
constrained from 

Min Cost 
Simulation)
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Table 35  Rural Setting - SOx Scenarios - Commercial Sector Not Included - Mass Flows

Mixed 
Waste

Commingled 
Recyclables

Residuals Drop-off Drop-off
Mixed 
Waste

Commingled 
Recyclables

Residuals
Presorted 

Recyclables
Mixed Waste Residuals

Presorted 
MRF

Commingled 
MRF

Min Cost (0) 0 0 70656 4242 872 0 0 14732 0 0 0 5114 0

A (5) 0 0 70921 3977 669 0 292 14642 0 0 0 4646 292

B (10) 0 0 70921 3977 87 0 1481 14035 0 0 0 4065 1481

C (20) 0 2974 69697 2227 0 0 1741 13863 0 0 0 2227 4714

D (25) 0 4599 69029 1270 0 0 1741 13863 0 0 0 1270 6340

E (30) 0 6225 68360 314 0 0 1741 13863 0 0 0 314 7965

Min SOx (30) 0 6757 68141 0 0 0 1741 13863 0 0 0 0 8498

Run (tons SOx 
constrained from 

Min Cost 
Simulation)

Residential Collection ( ton/yr) Multi-family Collection (ton/yr) Commercial Collection (ton/yr) MRF (ton/yr)

67



Table 35 (continued)

ONP Office Paper
Old Phone 

Books
Books Old Magazines

3rd Class 
Mail

OCC Green Glass Brown Glass
Clear 
Glass

Al Cans
Ferrous 
Cans

Min Cost (0) 1462 275 46 179 341 455 437 214 393 795 192 325 85388

A (5) 1525 280 48 183 349 467 448 207 413 815 199 0 85568

B (10) 1784 301 57 197 379 516 491 181 495 893 227 0 84981

C (20) 2264 337 68 243 466 630 581 306 581 1096 282 0 83646

D (25) 2505 355 73 267 511 688 627 329 628 1201 311 0 83006

E (30) 2746 373 78 291 557 747 673 356 670 1306 339 0 82366

Min SOx (30) 2825 378 80 299 571 766 688 364 685 1341 348 0 82156

Recycled (ton/yr)
Landfill 
(ton/yr)

Run (tons SOx 
constrained 

from Min Cost 
Simulation)
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Table 36  Rural Setting - SOx Scenarios - Commercial Sector Included - Mass Flows

Mixed 
Waste

Commingled 
Recyclables

Residuals Drop-off Drop-off
Mixed 
Waste

Commingled 
Recyclables

Residuals
Presorted 

Recyclables
Mixed 
Waste 

Residuals Presorted MRF
Commingled 

MRF

Min Cost (0) 0 0 70656 4242 872 0 0 14732 0 41860 0 5114 0

A (10) 0 0 70921 3977 812 0 0 14791 614 39069 2177 5403 0

B (50) 0 0 70921 3977 812 0 0 14791 3556 25694 12610 8346 0

C (100) 0 0 70921 3977 812 0 0 14791 7234 8976 25650 12023 0

D (110) 0 0 70921 3977 812 0 0 14791 7970 5632 28258 12759 0

E (120) 0 0 70921 3977 812 0 0 14791 8705 2288 30867 13495 0

F (130) 0 0 70921 3977 445 0 751 14408 9209 0 32651 13631 751

G (140) 0 1975 70108 2815 0 0 1741 13863 9209 0 32651 12023 3715

H (150) 0 5226 68771 901 0 0 1741 13863 9209 0 32651 10110 6966

Min SOx (155) 0 6757 68141 0 0 0 1741 13863 9209 0 32651 9209 8498

Run (tons SOx constrained from 
Min Cost Simulation)

Residential Collection ( ton/yr) Multi-family Collection (ton/yr) Commercial Collection (ton/yr) MRF (ton/yr)
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Table 36 (continued)

ONP Office Paper
Old Phone 

Books
Books Old Magazines

3rd Class 
Mail

OCC Green Glass Brown Glass
Clear 
Glass

Al Cans
Ferrous 
Cans

Min Cost (0) 1462 275 46 179 341 455 437 214 393 795 192 325 127248

A (10) 1493 349 50 179 341 486 864 221 403 821 198 0 126958

B (50) 1641 703 70 179 341 633 2905 253 455 943 223 0 124016

C (100) 1826 1146 94 179 341 818 5457 293 519 1095 255 0 120338

D (110) 1863 1235 99 179 341 855 5967 301 532 1126 262 0 119603

E (120) 1900 1323 103 179 341 892 6478 309 545 1156 268 0 118867

F (130) 2089 1397 112 188 360 948 6854 298 605 1226 290 0 117993

G (140) 2580 1435 125 229 439 1056 6942 385 719 1415 346 0 116691

H (150) 3062 1471 135 276 529 1173 7034 439 806 1623 402 0 115411

Min SOx (155) 3289 1488 140 299 571 1228 7078 467 844 1722 428 0 114808

Recycled (ton/yr)
Landfill 
(ton/yr)

Run (tons SOx 
constrained 

from Min Cost 
Simulation)
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