
ABSTRACT 

KAPLAN, PERVIN OZGE.  A New Multiple Criteria Decision Making 
Methodology for Environmental Decision Support.  (Under the direction of S. 
Ranji RANJITHAN and Morton A. BARLAZ). 

 

Public sector planning and management problems are challenging and complex.  

Specifically, decision makers (DMs) responsible for environmental control, policy 

and management problems are faced with a vast array of alternatives from which 

one must be identified for implementation.  In addition to cost-effectiveness, 

consideration must to be given to public health, social acceptability, political 

feasibility, equity among all affected parties and environmental performance such 

as emissions and energy consumption.   

The first objective of this dissertation research was to develop a Multiple 

Criteria Decision Making (MCDM) method to help a DM identify the best 

compromise solution.  Improved techniques for characterizing preferences and 

incorporating them into decision analysis were demonstrated.  The second 

objective was to model and analyze a real public sector planning case study.  A 

large-scale solid waste management (SWM) planning case study was conducted 

for the Delaware Solid Waste Authority (DSWA) using a multiobjective 

optimization modeling approach.  An array of SWM strategies for the State of 

Delaware was generated and analyzed considering cost, environmental emissions 

and energy consumption.  The third objective was to demonstrate the 



applicability of the new MCDM method for the Delaware case study by working 

with a decision maker.  

Based on the illustrative case study with a single DM, the MCDM method was 

found to be sufficiently flexible overall to adapt to the decision making process.  

The machine learning algorithms used in this procedure were shown to 

successfully generate appropriate decision rules and capture the preference 

information.  The decision rules were verified to reflect the implicit preferences of 

the DM.  The DM indicated that the experience was pleasant and useful, 

suggesting that the DM would be receptive to using this approach for other 

problems and would encourage others to utilize this MCDM approach.   
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Chapter 1 

Introduction 

Public sector planning and management problems are challenging and complex.  In 

addition to the modeling challenges and computational complexities, the 

multiobjective nature of these problems adds another dimension to the complexity.  

Specifically, decision makers (DMs) responsible for environmental control, policy 

and management problems are faced with a vast array of alternatives from which one 

must be identified for implementation.  In addition to cost-effectiveness, 

consideration must to be given to public health, social acceptability, political 

feasibility, equity among all affected parties and environmental performance such as 

emissions and energy consumption.  Further, the decisions affect multiple interest 

groups with often competing goals.  Formal methods have been developed to aid 

DMs in converging to the best compromise solution that integrates their preferences 

on multiple criteria.  These methods are developed in the area of study that is 

generally referred to as Multiple Criteria Decision Making (MCDM).   

The available descriptive methods are designed to search for the best 

compromise solution primarily in the objective space (also called the Pareto front or 

noninferior region).  The decisions are also influenced, however, by qualitative 

objectives such as political feasibility, social acceptance and equity, as well as by 

unmodeled objectives and priorities of the DMs.  These equally important issues 

cannot be addressed simultaneously within a quantitative modeling framework that 
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primarily examines the objective space.  As DM’s preferences, especially those 

associated with unquantifiable and unmodeled objectives, are typically reflective of 

the solution characteristics, new methods are needed to accommodate examination 

of the solution space.  A systematic analysis of the solution space corresponding to 

the Pareto front and near Pareto front regions of the objective space would give the 

DM an opportunity to reflect on the quantitative objectives as well as the qualitative 

and unmodeled objectives.   

Moreover, many of the available MCDM methods assume perfectly rational and 

consistent behavior, which is contrary to the reality of decision making.  There are 

many challenges in developing new methodologies that can incorporate the 

quantitative decision theory with cognitive and behavioral aspects of real-life 

decision making.  In addition, advances in the elicitation of the preferences are 

needed.  While such advances may draw on sophisticated numerical approaches, 

ultimately they must be sufficiently simple for the DM and the analyst to 

comprehend and execute.   

The objective of this dissertation research was to develop a new MCDM method, 

and to illustrate the method via a real public sector planning case study.  This 

dissertation presents the results of three primary research objectives.  The first 

objective was to develop an MCDM method that would help a DM to identify the best 

compromise solution.  Improved techniques for characterizing preferences and 

incorporating them into decision analysis are demonstrated in Chapter 2.  The 

second objective was to construct the necessary modeling components and the 

framework for a real public sector planning case study.  A large-scale solid waste 

management planning case study was conducted for the Delaware Solid Waste 
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Authority (DSWA) using a multiobjective optimization modeling approach.  

Chapters 3 and 4 describe the details of the case study, the modeling approach, the 

results for an array of scenarios analyzed, and the findings that were presented to the 

State of Delaware.  Finally, the third objective was to demonstrate the efficacy of the 

new MCDM method by working with a decision maker based on the results of the 

case study conducted for the State of Delaware (Chapter 5).   
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Chapter 2 

Multi-Criteria Decision Making 

Procedure 

I Introduction 

This chapter describes a new methodology developed to aid decision-makers (DMs) 

identify good solutions to multiple criteria decision problems.  Our lives are filled 

with decisions that can be anything ranging from buying a house to managing an 

academic department.  Real-life decisions involve multiple objectives that are most 

likely conflicting with each other.   

Among the real-life multiple criteria decision problems, the public sector 

planning and environmental control/policy/management problems are highly 

challenging and complex.  Besides the modeling challenges and the computational 

complexities, multiobjective nature of these problems adds another dimension to the 

complexity of the problem.  In addition to costs, these problems typically require the 

consideration of environmental performance and impact, environmental emissions, 

energy consumption, public health, social acceptance, political feasibility, and 

environmental and health risks.   

One approach to address this multitude of conflicting issues is to transform the 

problem into a single objective problem by converting all the objectives into a single 

commensurate measure, such as monetary units.  Then finding an optimal solution 
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becomes a relatively easy task of solving the single objective optimization model.  

Often all objectives cannot be converted into such a single objective especially in 

public sector problems since it may require valuing life and the environment, which 

may create ethical and social challenges.  The results from such evaluations may be 

subjective and questionable, potentially limiting their acceptability and validity.  

Further, the public sector planning decisions affect multiple interest groups with 

competing goals.  Thus, during the decision making process, the multiple objectives 

associated with the problem should be appropriately treated.   

By indicating the preference information during the decision making process, 

DMs articulate, either implicitly or explicitly, their value judgments on the relative 

importance of each objective.  In many cases, an explicit statement of the preferences 

is hard to obtain; implicit preferences of a DM may change dynamically during the 

decision making process, influencing the outcome of the process.  Human mind has 

a complex structure; it is not unusual that our preferences change dynamically, even 

beyond our consciousness.  During a decision making process, deducing and 

appropriately incorporating the preferences of the DM is important.  While some 

multiple criteria decision making (MCDM) methods accommodate the flexibility to 

include or exclude preference information during the decision-making process, this 

flexibility can potentially make the decision making process lengthy and cognitively 

challenging.  

Through exchange and analysis of information between the DM and the analyst, 

the goal of the MCDM methods is to converge, in a time efficient manner, to the best 

compromise solution. Kok (1986) analyzed the ease of use of numerous decision 

making methods.  The experiments mentioned in this paper indicate that as more 
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information is given to a DM, the percentage of the information used by the DM 

decreases.  Since, in some interactive methods, the amount of information delivered 

to the DM is overwhelming, the cognitive load burdening the DM increases, and 

consequently the amount of information retained by the DM decreases.  This may 

potentially lead to inadequate capture of the preference information of the DM, and 

potentially exhausting the DM before reaching the best compromise solution.  On the 

other hand, more information may increase the confidence of the DM in the solution 

obtained, but the quality of the solution may nonetheless be worse.  There is a 

delicate balance between the amount of information supplied to the DM and the 

efficient use of this information without overwhelming and exhausting the DM.   

It is important that the available and the newly developed MCDM methods 

converge to a good compromise solution within a reasonable amount of time and 

number of iterations.  Further, the amount of cognitive load demanded of the DM by 

these methods and their simplicity should be crucial considerations.  In addition, to 

help direct efficiently the DM towards the best compromise solution, the MCDM 

methods should enable the information to be exchanged iteratively between the 

analyst and the DM.  

In summary, decision makers are in need of practical tools that will serve as a 

guide to make decisions in a reasonable amount of time and effort.  A good decision 

making tool should:  

• have an interactive scheme;   

• converge to a solution within reasonable time and effort, thus only a minimal 

cognitive load is imposed on the decision maker;   
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• have effective ways to visualize and represent the trade-offs among objectives 

and criteria;   

• have the flexibility to exclude or include any preference information or 

decision criteria with ease; 

• be able to extract complete and useful preference information, including 

implicit and explicit preferences, after a finite number of iterations;  

• simplify the process by dividing the decisions and criteria into hierarchies.     

• explore the resultant decisions of a selected point on the noninferior set in 

addition to exploring the objectives. 

With these considerations in mind, a new MCDM method to guide DMs in 

finding the best compromise solution is developed.  The details of the new method 

are presented in this chapter.  First, a brief background on the MCDM methods are 

given, then the method is described in Section II.  Finally in Section III, the method 

is illustrated via an example.   

II Preliminaries on MCDM Methods and Approaches 

Since the 1950s, many MCDM methods have been developed to assist DMs with 

analyzing and solving multiple criteria decision problems.  The discipline is divided 

into two major sub-areas, namely, MCDM and multiobjective optimization.  The 

primary goal of these methods is to find the best compromise solution that is shaped 

by the preferences of the DM for both quantitative and qualitative objectives.   

The MCDM methods are developed to assist DMs in either ranking a known set 

of alternatives for a problem or making a choice among this set while considering the 

conflicting criteria.  The preferences of the DM are elicited either before or during 
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the evaluation of the alternatives and the criteria.  The alternatives are compared 

against each other based on how they perform relative to each criterion.  Similarly, 

some methods require comparison of the criteria to determine the relative 

importance of each criterion.  MCDM methods will then utilize this information to 

assign ranks to the alternatives.  The alternative with the highest rank is selected as 

the best compromise solution.  Many methods are summarized in numerous MCDM 

publications, such as those by Figueira and Greco et al. (2005), Gal et al. (1999), 

Keeney and Raiffa (1976), Yoon and Hwang (1995), and Zeleny (1982).   

The multiobjective optimization methods are developed to generate a set of 

noninferior (Pareto) solutions to problems that are modeled as optimization models 

consisting of multiple objectives.  The preference information of the DM is then 

incorporated to identify the best compromise solution from the noninferior region of 

objective space.  The books by Cohon (1978) and Miettinen (1999) provide detailed 

discussion on multiobjective optimization methods.   

II.1  Multi-Attribute Utility and Value Theories 

II.1.1  Multi-Attribute Utility Theory (MAUT) 

The multi-attribute utility theory (MAUT), examined extensively by Keeney and 

Raiffa (1976), is one of the oldest and well established MCDM theory in the 

literature.  The goal in MAUT is to maximize the expected utility or value function of 

the DM.  The utility function, U, of the DM is formed based on the preferences of the 

DM.  Pair-wise comparisons are conducted among the alternatives with multiple 

attributes.  For a given set of alternatives, if a is preferred to b, then U(a) > U(b). 

MAUT is laid out on the assumption that the stated preferences presented among the 
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alternatives are coherent (e.g., if a is preferred over b and b is preferred over c, then 

a is preferred over c), consistent among alternatives, complete, comparatively 

constant, concrete, conveniently cleaved, and completely comparative (Keeney and 

Raiffa, 1976).   

A major weakness of this method is its reliance on rationality, stability, 

consistency and coherence of the DM.  The utilities are generated based on the 

assumption that the preferences of the DM would stay constant throughout the 

preference elicitation process.  Even though human beings are rational, a DM’s 

preferences may change dynamically during the process, making the assumption of 

constant utilities less valid.  Unless the DM is a super-rational individual, application 

of MAUT to real problems is limited as the preference elicitation process, thus the 

construction of the utility function, is time consuming, and the resulting utility 

functions may not fully capture the preferences of the DM. This issue becomes more 

critical when group preferences are involved in applications such as public sector 

problems, where the utility functions must represent an aggregate utility function of 

the group.  In some cases, the analyst assumes an arbitrary mathematical function to 

represent the utilities of the DM or the group, the validity of the results obtained, 

however, is most likely doubtful.   

II.1.2  Analytic Hierarchy Process (AHP) 

The Analytical Hierarchy Process (AHP), developed by Saaty (1980), allows 

consideration of both quantitative and qualitative objectives.  The process involves 

obtaining a full ranking of the criteria in consideration and a full ranking of the 

alternatives.   
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The criteria of the decision problem are divided into hierarchies.  Pair-wise 

comparisons are conducted among the criteria to determine the relative importance 

of each criterion among other criteria.  For each pair, an intensity-of-importance 

scale, in which “1” being equally important and “9” being extremely important, is 

assigned.  A comparison matrix among the criteria is formed, which is then used to 

compute an eigenvector.  This vector would ultimately represent the ranking of the 

criteria.  Next, the DM conducts a pair-wise comparison of the alternatives on the 

basis of each criterion.  The intensity-of-importance scale is assigned for all 

alternatives, and the comparison matrix is formed by repeating the process for each 

criterion.  Using the comparison matrix among the alternatives and the information 

on the ranking of the criteria, AHP generates an overall ranking of the solutions.  The 

alternative with the highest eigenvector value is considered to be the first choice.    

Some common problems reported in the application of AHP include the length 

of the process and the change in the ranking of the previously processed alternatives 

when a new alternative is introduced.  The assignment of the relative importance 

scales seems easy during a pair-wise comparison, but when the number of the 

alternatives and the number of the criteria to be compared increase, the number of 

pair-wise comparisons to be conducted increases drastically. For example, for four 

alternatives, the number of pair-wise comparisons would be six, whereas for 20 

alternatives, the number of pair-wise comparisons increases to 190.   

II.2  Outranking Methods 

Outranking methods are designed to accommodate the fuzzy aspects of the 

information received from the DM.  Unlike the methods based on MAUT, no unique 
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nondecreasing utility function is required to be formed.  A preference model is built 

to accept incompatibilities among the preferences of alternatives.  The preference 

model does not impose any transitivity properties, unlike as required in MAUT.  The 

preferences evolve as more information is exchanged between the analyst and the 

decision maker (Vincke, 1999).   

The outranking concept, first defined by Roy (1973), can be laid out as follows: 

alternative “a” outranks alternative “b” if, given the information about the 

preferences of the decision maker, there are enough arguments to confirm that “a” is 

at least as good as “b,” and there is no really important reason to refuse this 

statement.  

The first and most well-known outranking method, ELECTRE, has evolved 

through the years to accommodate different types of problems, e.g., uncertainty, 

incomplete information, partial and full ranking, etc.  In addition to ELECTRE, other 

outranking methods were developed such as PROMETHEE.  For a thorough 

description of ELECTRE methods and a review of applications, reader may refer to 

Figueira et al. (2005) and Roy (1991).   

It should be noted that the outranking methods do not impose the problem of 

reverse ranking, i.e., when a new alternative is introduced, the ranking information 

is not affected. The outranking methods have been criticized, however, by many 

researchers for not having an axiomatic foundation like MAUT (Figueira et al., 

2005).   
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II.3  Multiobjective Optimization 

A multiobjective optimization model consists of (1) sets of equations that would form 

the feasible region/decision space, and (2) a vector of objective functions that are 

maximized or minimized over this feasible region.  When conflicting objectives are 

considered simultaneously, the noninferior trade-offs among these objectives are 

formed, and then multiobjective optimization methods are used to find the best 

compromise solution.   The following general formulation of a multiobjective 

optimization problem will be used in the discussions throughout the chapter.  

Sxtosubject
xfxfxfMinimize p

∈
r

rrr )](),...,(),([ 21
     (1) 

where: 

ℜ→ℜ= n
ii zxf :)( r

 is ith objective function: i = 1 to p where p≥2.   

)}(),...,(),({)( 21 xfxfxfxF p
rrrr

=  is the vector of objective functions. 

}z,..,z,z{Z p21=  is the vector of objective values.   

}x,..,x,x{x n21=
r

 is a vector of decision variables.   

The decision space, S, is non empty and contains the feasible decision vectors.   

Based on the underlying mathematical principles of multiobjective methods and 

how each method tackles the problem, Cohon (1978) and Miettinen (1999) categorize 

multiobjective optimization methods into three sub-areas: (1) posteriori methods, 

(2) priori methods, and (3) iterative methods.   
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II.3.1  Posteriori Methods 

Posteriori methods are designed to generate solutions within the Pareto set.  

Information flows from bottom to top, i.e., from the analyst to the DM.  The analyst 

generates the exact or an approximate Pareto front that represents the trade-offs 

among objectives.  The DM articulates his/her preferences after analyzing the Pareto 

front and decides on the best compromise solution.  When several objectives (more 

than three) are considered, the complexity in computing the Pareto front and in 

displaying the results increases drastically.  This may be viewed as the major 

weakness of the posteriori methods.   

II.3.1.1 Weighting Method 

In weighting method, a weight is assigned for each objective to reflect the relative 

importance of the different objectives.  The problem becomes a single objective 

problem, whose objective is the weighted sum of all objectives.  Finally, the single 

objective problem can be solved using an appropriate optimization method.  The 

Pareto front is generated iteratively by changing the weights assigned to the 

objectives.   

The applicability of the weighting method depends on the structure of the Pareto 

front.  For a convex multiobjective problem, the weighting method can potentially 

generate all points on the Pareto front.  The generated noninferior solutions are then 

screened by the DM to identify the best compromise solution.  However, when the 

multiobjective problem is nonconvex, the full Pareto-Front cannot be generated, 

thus limiting the use of the weighting method (Miettinen, 1999).     
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II.3.1.2 Constraint Method 

In the constraint method, a limit or a goal is specified for all but one objective.  Each 

objective is then converted into a constraint using these limits.  These constraints are 

then added to the optimization problem, reducing the problem to a single objective 

problem that could be solved using an appropriate optimization method.  By 

changing the limits on each objective and re-solving, multiple noninferior solutions 

on the Pareto front are generated.  The resultant noninferior solutions are presented 

to the DM, and the DM screens them to choose the best compromise solution.     

The applicability of the method depends on the availability of the specific goals 

on each objective.  The DM is expected to specify the goal for each objective; 

however, these goals are often highly uncertain, variable, and sometimes unknown.   

II.3.2  Priori Methods 

Priori methods are structured upon the pre-specified preferences of the DM, and the 

information flows from top to bottom (i.e., from the DM to the analyst).  In these 

methods, the complete preference information should be stated first by the DM.  The 

analyst then incorporates this preference information into an optimization 

procedure to generate the best compromise solution.     

II.3.2.1 Value Function Method 

This method utilizes a value function of the DM, RRU p →: , which converts the 

multiobjective optimization problem into the following problem: 

Sxtosubject
xFUMaximize
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This problem is a single objective optimization problem, which can be solved 

easily by an appropriate optimization method.  The strongly decreasing 

multidimensional value function is represented by isopreference (or indifference 

curves) in a simplified manner.  Theoretically, the point on the noninferior set where 

the isopreference curve is tangential to the Pareto front is the best compromise 

solution.  

The value function is an accurate and explicit mathematical function that 

represents the preferences of the DM.  The function is defined over the entire range 

of the objective space.  Although this theory works well if the value function of the 

DM is readily available, there are many restrictions to the proper application of this 

method.  Reliable encoding of the preferences of the DM to determine a value 

function is very unlikely (de Neufville and McCord, 1984).  In addition, resulting 

value function cannot represent intransitivity and incomparability.   

II.3.2.2 Goal Programming 

Goal programming, introduced by Charnes et al. (1955), utilizes an aspiration point 

to find the best compromise solution on the Pareto front. The aspiration point is 

defined based on the DM’s preferences about achieving a specific target for each 

objective. In addition to the aspiration point, the goal programming may be 

formulated based on an ideal point or an utopian point.  The ideal point in 

multiobjective space is formed from the optimum values of each objective that is 

optimized independently.  The utopian point is defined as a vector that is ε distance 

away from the ideal point.  In general, all of these points are unattainable and 

represent infeasible goals in the multiobjective space.  The goal programming 



 16 

method identifies a Pareto front solution that is closest to the aspiration point (or the 

ideal point or utopian point).   

II.3.3  Iterative Methods 

Iterative procedures are designed to extract the preference information of the DM 

through iterations of information exchange between the analyst and the DM.  The 

ultimate goal of the iterative methods is to incorporate the preferences of the DM 

into the search process.  The preferences can be either explicitly or implicitly defined 

via utility functions or pair-wise comparisons between two solutions or sets of 

decision variables.  Iterations continue until a convergence to the best compromise 

solution is achieved.  See Miettinen (1999), Cohon (1978), and Figueira et al. (2005) 

for a detailed and complete list of iterative procedures.   

Most iterative methods rely on perfect rationality and consistency of the DM.  In 

addition, the analyst assumes that all of the preference information of the DM is 

readily available or easily retrievable, and would stay consistent throughout the 

study.   

Although the mind of a human is rational, due to inexplicable and dynamic 

events or situations, DMs may change their decisions without prior warning.  Thus, 

without perfect information on the implicit preferences of the DM, the analyst may 

perceive some of the decisions of the DM as random.  It is crucial during the iterative 

process for the analyst to ensure that the right questions are posed to the DM to 

extract the preference profile, and to check for consistency in the preferences and the 

ranks of the DM.   
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Iterative methods could produce the most satisfactory results if the DM has the 

time, the resources and the capabilities for co-operation.  Unfortunately, this may be 

unlikely in most real applications.  In addition, the use of iterative methods would be 

highly limiting when multiple DMs are involved.    

II.4  Use of Machine Learning in Decision Making 

Machine learning, a sub-area of artificial intelligence, is a well-known computer 

science discipline that is concerned with the development of the algorithms and the 

techniques to allow computers to “learn.”  In general, there are two types of learning 

and reasoning, namely, inductive and deductive.  The machine learning techniques 

utilize inductive learning and reasoning concepts around data or examples to extract 

unknown and/or hidden patterns and trends (Michalski et al., 1983). 

More specifically, the discipline of data mining and knowledge discovery studies 

specific algorithms for finding meaningful and useful patterns in large databases and 

representations of these patterns in the form of association rules (Michalski et al., 

1998).  The algorithms are designed to relate attributes or features of each data entry 

with the rest of the data set.  This field combines methods from statistics, 

information retrieval, machine learning and pattern recognition.    

Use of data mining and knowledge discovery methods promises effective 

applications to public as well as private multiple criteria decision making problems.  

One way to represent the trends and the patterns in a data set is to generate a 

decision tree.  Each branch in the decision tree would represent a decision rule.  The 

algorithms are designed to prune effectively the decision tree to generate the most 

meaningful list of decision rules.  These rules are then incorporated into models that 
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would predict the value of a new data entry (Witten and Frank, 2000).  Dombi and 

Zsiros (2005) developed an efficient decision tree algorithm that can be utilized to 

generate a utility or a preference model for a multicriteria classification problem.  

The problem is defined by classifying a set of alternatives that are described by some 

criteria into predefined categories.  A decision tree model is constructed from 

already categorized alternatives (also called a training set).  Thus, using this model, 

new alternatives can be categorized.   

Another way to represent the patterns is to construct association-rule mining 

models.  Recently, interesting applications have been reported in this field.  Branting 

(2004) and Yen and Lee (2006) investigated the customer interactions to discover 

association rules describing the purchasing behaviors of the customers.  The 

preference information of the DM is represented by “if…, then…” rules.  These rules 

are then incorporated into the decision making process.  For example, if a DM 

frequently selects an attribute during the decision making process, then the machine 

learning algorithm will create a decision rule to include that attribute into the model.   

Similarly, in the MCDM literature, the preferences are modeled in the form of 

“if…, then…” structure.  This structure is also often called a decision rule.  Initially, 

the concept of the decision rules in MCDM literature was introduced by Pawlak 

(1982) through the rough set theory.  In this theory, logical relations among the 

selected alternatives are analyzed.  The theory is based on inductive thinking.  Some 

of the data mining algorithms are based on the rough set theory.  Some applications 

include, but not limited to, generation of decision rules in manufacturing process 

control applications (Kusiak, 2001, and Sadoyan et al., 2006).  The preference 

modeling via the use of decision rules is discussed briefly in Greco et al. (2005).   
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III Methodology 

Building upon the key concepts of the methods described in the previous section, a 

new interactive multiple criteria decision making methodology is developed.  This 

section describes the key steps of this new method.  The method integrates machine 

learning algorithms along with multiobjective optimization and Modeling to 

Generate Alternatives (MGA) procedures (Brill et al., 1982; Brill et al., 1990) into a 

decision analysis framework.  The method is designed to converge to a solution that 

best satisfies the objectives and the preferences of the DM.  

Many MCDM methods in the literature accommodate the search for the best 

compromise solution in the objective space, but each iteration may exclude the 

analysis of the decision vector.  The applicability of the resultant decision vector is 

often analyzed at the end of the process.  In real applications, even if the objectives 

are within a satisfactory range, the resultant decisions may be unacceptable.  These 

decisions may raise concerns such as political infeasibility, sociological concerns, 

equity, etc., potentially affecting the acceptability of the resultant decisions.  In 

addition, there might be unmodeled objectives or qualitative parameters to be 

considered.  The new method incorporates an MGA procedure to explore using 

quantitative search methods the decision space to generate alternative choices in 

addition to the Pareto-optimal solutions.  The use of MGA methods ensures the 

exploration for maximally different solutions in the decision space.  As the DM 

analyzes and selects the different alternatives, the preference information of the DM 

is extracted using data mining procedures.  Both explicit and implicit preferences are 
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expected to be captured by constructing associations between the decision vectors 

and the preferences the DM assigns to the solutions.      

The methodology can be decomposed into two key parts.  In the first part of the 

procedure, the analyst and the DM assess the preferences in the objective space, and 

a resulting preferred region or a solution is determined to be analyzed further.  In 

the second part of the procedure, the preferences in the decision space are assessed.  

Finally, the preferences in both the objective and the decision space are combined.  

While the new procedure is generally applicable to a variety of problems and 

decision making situations, the description and illustration below is structured to 

accommodate a single decision maker assumed to be working under deterministic 

conditions.   

III.1   Computational Steps  

I. Investigation of the noninferior region 

I.1. Define the multiple criteria decision problem  

For illustrative purposes, the following definition of a generic multiobjective 

optimization is used in the subsequent descriptions. 

Sxtosubject
xfxfxfMinimize p

∈
r

rrr )](),...,(),([ 21
 ,      (3) 

where: 

ℜ→ℜ= n
ii :z)x(f

r
 is ith objective function: i = 1 to p where p≥2;   

}z,..,z,z{Z p21=  is a vector of objective values of a particular solution;   
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 is a vector of decision variable values of a particular solution.  

The decision space, S, is non empty and contains the decision variables.   
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},...,{ 1 m
k Z Ζ=Ω  is the set of solutions from the Pareto front and near Pareto front 

region, where m is the number of solutions analyzed in the kth iteration.  Initially 

k is set to 1. 

I.2. Generate tradeoffs among objectives using the constraint method 

I.2.i. Generate pay-off matrix (The DM may utilize this information to 

determine aspiration levels on the objectives.)  

I.3. Identify a region on the Pareto front that the DM is interested in 

analyzing further 

I.4. Examine the preferred Pareto front region 

I.4.i. Select Pareto solutions, },...,{ 1 m
k Z Ζ=Ω , from the preferred region 

I.4.ii. Present },...,{ 1 m
k Z Ζ=Ω  to the DM 

I.4.iii. Ask the DM whether the objective values of each solution in kΩ  are 

within an acceptable range.  If the values are satisfactory, then 

proceed to Part II (Step II.1); otherwise go back to step I.4.i.  Set k = 

k+1. 

II. Investigation of the decision space close to acceptable noninferior and inferior 

regions in the objective space 

II.1. Present the decision vector, },...,{ 1 m
k xxX rr

= , of the current solution set kΩ  

II.1.i. Ask the DM whether the decision vector of each solution in kΩ is 

satisfactory or not.  If a satisfactory solution is identified, then the 

procedure is complete and can be terminated.  The satisfactory best 

compromise solution, **xr , is found and is called Z** subsequently.  

Otherwise, go to the next step.   
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II.2. Obtain explicit preference information on the decision variables, if any, 

e.g. inclusion or exclusion of the decision variables. 

II.2.i. Given any explicit information provided by the DM, incorporate this 

information to identify a new Pareto solution, newΖ .  Let 

}{1
new

kk Ζ+Ω=Ω +

; set k = k + 1, and go back to step II.1. 

II.3. Generate alternative solutions using a Modeling to Generate Alternatives 

(MGA) procedure 

II.4. Ask DM to sort the solutions into preferable and not preferable categories  

II.5. Feed the selection information into machine learning/data mining 

software 

II.6. Generate decision rules 

II.6.i. Validate the decision rules 

II.6.ii. Update the model to incorporate the findings from the validated 

decision rules and the explicit preference information from step II.2 

to generate a new Pareto solution. 

II.6.iii. Generate a new Pareto solution, newΖ  

II.6.iv. Let }{1
new

kk Ζ+Ω=Ω + ; set k = k + 1, and go back to step II.1. 

III.2  Detailed Description of Steps 

First part of the method involves the generation of trade-offs among the conflicting 

objectives.  A pay-off matrix is specifies what could be done at most for each 

objective.  The DM may choose to utilize this matrix to determine his/her aspiration 

levels on objectives.  In Step I.3, a Pareto front region that is close to the aspiration 
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level of the DM is identified.  Any multiobjective optimization method could be 

utilized at this step.  From this region of interest, Pareto front solutions are selected 

and presented to the DM.  Unless solutions are satisfactory, the objectives that are 

unsatisfactory are then analyzed in the consecutive iterations.  The preferences of the 

DM are incorporated into the search process to generate more Pareto front solutions 

from the region of interest.   

Once the convergence in the objective space is achieved (Part I), the decision 

space is investigated starting from the set of converged best compromise solutions, 

kΩ , on the Pareto front (Part II).  The decision vectors, },...,{ 1 m
k xxX rr

= , of the 

solutions identified in Part I are analyzed by the DM.  Analyst asks the DM to state 

any decision variable/s that should be or not be in the solutions.  Any explicit 

statement of such preference information is incorporated into the problem directly 

as a constraint.  Next an MGA method is employed to generate distinct solutions 

within the inferior region of objective space.  Some of the values of objectives are 

relaxed.  The objective values of these distinct solutions will be still close to the 

objective values of the original set of solutions, kΩ , on the Pareto front, so that the 

DM would be still satisfied in the objective space.  These solutions will include, 

however, decision variables that are maximally different.  The number of distinct 

solutions will be selected according to the size of the original problem, i.e. decision 

variables.   

The set of solutions, kΩ , is updated to include the solutions from the MGA 

method.  The DM is asked to categorize the solutions into preferred and not 

preferred groups.   
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Each solution is analyzed on the basis of the values of its decision variable and 

objectives.  Depending on the size of the problem, the DM may choose to analyze the 

decision variables all at once; however, for large-scale optimization problems, 

analyzing all of the decision variables at the same time would be ineffective and 

exhausting.  Thus, adopting a systematic approach would be more appropriate.  

Decision variables can be arranged in a hierarchical manner.  Each major decision 

can be associated with several sub-decisions.  Depending on the problem type, 

decision variables can be categorized into three or four levels of hierarchies.  For 

example, consider a treatment facility location problem where a facility is being 

located to treat, e.g., hazardous waste.  First level in the hierarchy of the decision 

variables would be the alternative locations for the facility.  Second level would be 

the treatment technologies that can be implemented in that facility.  Finally, third 

level would be the engineering specifications such as the equipment type and its 

capacity of each technology.     

Data mining techniques are employed to discover the implicit preferences of the 

DM reflected in the solutions in the most preferred solution set.  These algorithms 

consider the trends in the selected solutions, and discover the embedded decision 

rules.  Decision rules are represented in an “if…then…” structure.  An insight to the 

implicit preferences of the DM is gathered from these rules.   

The applicability of the decision rules are validated at each iteration.  Depending 

on the data mining algorithm that is utilized, appropriate verification procedure is 

applied.  Section III.4 describes some of the key algorithms utilized and the metrics 

used in these algorithms to verify the resultant rules.   
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Once the DM is satisfied with the rules, then appropriate constraints are formed 

on the basis of the rules, and the constraints are incorporated into the multiobjective 

optimization model.  The model is solved again to obtain the updated decision 

vector.  Unless the rules are verified, the analyst generates more MGA solutions.  The 

iterations continue until a meaningful set of rules is generated.     

At any point in the process, if any new preference information is stated by the 

DM, then this information is incorporated into the analysis.  The ultimate goal is to 

analyze distinct alternatives that would help the DM converge to the best 

compromise solution.   

The new method promises a convergence in the objective space.  In addition, 

decision space is investigated and decision rules are created using data 

mining/machine learning techniques.  The decision rules ultimately reflect the 

implicit preferences of the DM and are used to constrain the objective and the 

decision space further to converge to a solution.   

The new MCDM method is illustrated via a solid waste management (SWM) 

planning problem in the Section IV. 

III.3  Modeling to Generate Alternatives 

The modeling-to-generate-alternatives (MGA) methods (e.g. Brill et al., 1982) are 

designed to generate alternative solutions near the noninferior region. While the 

alternatives are similar within a small deviation from the noninferior region, they are 

selected from maximally different regions in the decision space. As these alternatives 

are likely to represent distinct solution characteristics, they are expected to perform 
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differently with respect to unmodeled or qualitative objectives that the DM may 

consider during the decision making process.    

Many public sector problems involve objectives and criteria, e.g., political 

outcomes, qualitative measures, equity considerations and social concerns that 

cannot be captured via mathematical modeling.  In addition, some objectives might 

remain unmodeled at the beginning of the process due to various reasons such as 

insufficient mathematical representation, incomplete information, or qualitative 

nature of the objective.  The maximally different near-Pareto front solutions 

generated using an MGA method are then screened by the DM to identify the best 

compromise solution.   

The MGA search is implemented using the Hop-Skip-Jump (HSJ) procedure 

(Brill et al., 1982) to identify inferior solutions that have maximally different 

decision variables.  This is achieved by solving the following formulation: 
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III.4  Data Mining Algorithms 

III.4.1 Association Rule Mining 

Association rule mining algorithms generate decision rules by dividing the data 

into subsets and predicting the presence of a certain subset of the attributes based on 
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the presence of other subsets of the attributes.  An association rule is represented in 

the form of “if X, then Y,” where X and Y are exclusive statements, i.e., ∅=∩ YX .   

Some of the association rule mining algorithms include Apriori (Agrawal et al., 

1993a&b; Agrawal and Srikant, 1994), PredictiveApriori (Scheffer, 2001), and 

Tertius (Flach, 2001).  These algorithms are embedded in a data-mining tool, WEKA 

(Witten and Frank, 2001), which is utilized in the illustrative example.   

Naturally, each rule cannot in most cases cover the entire data set.  Thus, some 

metrics are defined to asses the quality of a rule.  The strength of the rule is defined 

by its support and confidence value.  The support of an association rule is defined as 

the number of the instances for which it predicts correctly.  It measures the 

statistical significance of a rule.  For example, rules with very low support are 

observed rarely (Tan et al., 2005).  Greco et al. (2002) defined the confidence value 

as a conditional probability of a randomly selected object that satisfies X also 

satisfies Y.  The accuracy of the rule, also known as the confidence, is the number of 

instances that a rule predicts correctly, and is expressed as a proportion of all 

instances it applies to.   

In addition to these metrics, Choi et al. (2005) suggested prioritizing the rules by 

using one of the MCDM methods, i.e., ELECTRE II.  Greco et al. (2002) examined 

alternative fuzzy based metrics to evaluate the importance of each single condition in 

the “if” part of the rule.   

In this study, we will compare and evaluate the rules by their confidence and 

support metric.  In addition, the DM and the analyst can utilize basic rationality 

measures on some rules.   
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III.4.2 Clustering 

Clustering is the partitioning of a data set into smaller subsets so that each cluster 

has more common traits.  In this study, two clustering algorithms, i.e. k-means 

(MacQueen, 1967) and Expected Maximization (EM) (Dempster et al., 1977), were 

evaluated to group solutions that are similar in the decision space or objective space.   

III.4.2.1 k-means 

The k-means algorithm is one of the simplest unsupervised learning algorithms that 

solves the well-known clustering problem.  The procedure classifies a given data set 

through a certain number of clusters, which is fixed a priori.  The goal is to define k 

centroids, one for each cluster.  The centroid of a cluster is the average of all points 

in that cluster.  As more points are assigned to a particular cluster, the corresponding 

centroid is recomputed.  Consequently, the location of each centroid changes at each 

iteration.  The iterations continue until there are no more changes.  The steps of the 

algorithm are as follows: 

I. Place k points randomly into the space that consists of the data that is being 

clustered.  (Each point represents the centroid of one of the k  clusters.) 

II. Assign each object to the cluster that has the closest centroid. Repeat for all 

objects.  (Different distance measures can be utilized to determine closeness.) 

III.  Recalculate the locations of the k centroids 

IV.  Repeat steps II and III until the locations of the centroids no longer change. 

 

During the assignment of each object to a cluster, the goal is to minimize a 

distance metric that is defined as: 
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During the execution of the algorithm, this objective function would most likely 

yield a local optimum.  Although the k-means clustering algorithm will very likely 

not converge to the global optimum, this algorithm still generates good results. 

III.4.2.2 Expectation Maximization (EM) 

The EM algorithm is a probability-based clustering algorithm.  Each cluster is 

represented by a probabilistic distribution, e.g. Gaussian distribution for continuous 

variables and Poisson distribution for discrete variables.  Thus, the entire data set is 

composed of finite mixture of probability density functions (pdfs).  An individual 

distribution, and therefore the corresponding cluster, could have a certain likelihood 

of occurrence.  The goal of the EM algorithm is to determine the parameter values 

that define the pdf and the likelihood of each cluster.   

One of the commonly used EM algorithms makes use of the finite Gaussian 

mixtures model. The algorithm is similar to the k-means procedure in that a set of 

parameters are re-computed until a desired convergence value is achieved. The finite 

mixtures model assumes all attributes to be independent random variables. 

EM alternates between performing an expectation (E) step, which computes an 

expectation of the likelihood by including the random variables as if they were 

observed, and a maximization (M) step, which computes the maximum likelihood 
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estimates of the parameter values by maximizing the expected likelihood found in 

the E-step. The parameters found in the M-step are then used to update the E-step, 

and the process is repeated until the parameter values converge. 

Assume that m samples (data), myyy ...,,, 21 ,where l
jy ℜ∈ , are drawn from 

random independent variables, nxxx ,...,, 21 , with Gaussian distributions  

),(),( iii NxyP σµ=Θ . 
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Next in the M-Step, the following is estimated: 
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IV Municipal Solid Waste Management System: An 

Illustrative Example 

IV.1  Problem Description  

Management of municipal solid waste (MSW) is a task faced by every local, state, 

and federal government agency.  Both the cost and environmental implications of 

SWM are important societal issues.  The cost of SWM is borne by the public, either 

directly through user fees, or indirectly through tax dollars that are required to 

support SWM operations.  Thus, there is a responsibility on the part of policymakers 

and others SWM agencies to implement programs that are cost-effective and 

represent an appropriate use of public funds.  SWM also has environmental and 

energy impacts resulting from waste collection, separation, treatment processes such 

as composting and combustion, and burial in landfills.  When waste is recycled or 

burned with energy recovery, some emissions can be avoided.  Thus, efficient SWM 

programs should also be designed in consideration of emissions to the environment 

and energy utilization. 

SWM programs are typically planned, designed and implemented for operation 

over many years.  A decision to implement a curbside recycling program may require 

the purchase of new collection vehicles and construction of a facility to separate 

recyclables and prepare them for remanufacturing.  Similarly, the siting and 

construction of either a new landfill or a waste-to-energy (WTE) combustion plant 

requires a multitude of considerations.  Thus, the SWM planning process is a rather 
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complex multi criteria decision making process involving numerous stakeholders 

and public interest groups.   

In light of these issues, an MSW management planning case study was 

conducted for the State of Delaware in the U.S.  The goal of this case study was to 

generate and to analyze alternative SWM strategies for SWM operations for the next 

ten years.  A SWM strategy includes means to collect, transport, separate, treat and 

finally dispose municipal solid waste in a cost- and environmentally-effective way.  

The decisions include selection of alternative waste treatment technologies such as 

composting, waste-to-energy, selection of recycling facilities, capacity of each facility 

and selection of routes to transport waste from generation to final destination.   

The problem was represented in a solid waste management-life cycle inventory 

(SWM-LCI) model (Harrison et al. 2001; Kaplan et al. 2004; Solano et al. 2002a; 

Solano et al. 2002b; and Appendix C).  The model includes (1) LCI-based process 

models for each waste processing technology (referred to as SWM unit operations), 

(2) a linear programming (LP) based SWM system model that embeds waste-item 

specific mass flow equations, (3) an interface for the interaction with the linear 

programming model solver CPLEX®, and (4) a graphical user interface.   

Using the SWM-LCI model, several alternative SWM strategies were generated.  

A variety of technologies were considered to separate and treat the waste.  

Specifically, the decisions included the selection of material recovery facilities, yard 

waste composting and waste-to energy facilities, and the determination of the total 

capacity of and the itemized mass flows through these facilities.  To ease the decision 

making process, a hierarchy among the decision variables, as illustrated in Figure IV-

1, was defined.  For example, during the initial iterations, the type of the facilities 
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utilized in the strategies was selected, and then related characteristics of each facility 

were considered.  (The detailed analyses of the strategies are presented in Chapters 3 

and 4.)  

Identification of the best strategy from among the many alternatives presents a 

good case for the application and illustration of the MCDM method.  In this 

illustration, we focused on the decision making process for selecting the SWM 

strategy for only one county, namely, New Castle County.  The problem was modeled 

as a multiobjective linear programming model.  Only two objectives, namely (1) 

minimizing the total cost of the strategy and (2) minimizing the total greenhouse gas 

equivalents (GHE) emissions from a SWM strategy, were explicitly considered in the 

multiobjective optimization model.  During the decision making process, the 

evaluation of the strategies was conducted on the basis of several management 

objectives, including cost, energy consumption, emissions of several environmental 

pollutants and waste diversion from landfills.  In addition, a variety of unmodeled 

objectives such as political feasibility, social acceptance, landfill diversion1, energy 

consumption and emissions were anticipated to be captured through the evaluations.  

In this illustrative exercise, a single decision maker case was considered.   

 

                                                
1 Diversion can be achieved by means of recycling, combustion with energy recovery, and composting. 
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Figure IV-1  Hierarchy of Decision in the Illustrative Problem 

 

IV.2  Results and Discussion 

The trade-off between cost and greenhouse gas equivalents (GHE) emissions (Figure 

IV-2) was first generated and analyzed.  In addition, the pay-off matrix (Table IV-1) 

was generated.  From Table IV-1, the ideal point was determined to be ($35.9 

Million/yr, -59,500 tons of GHG emissions/yr).  Based on consultation with the DM, 

a region of interest on the Pareto front was determined for further investigation.  

This area of interest is shown in Figure IV-2.  The noninferior solution costing $43 

Million/yr was selected as a starting point in the analysis.  The objective values and 

the decision variables were examined by the DM in detail.  Table IV-2 presents the 

cost and emissions associated with this solution, and Table IV-3 presents the mass 

flows through the waste processing facilities. Based on the feedback from the DM, 

this solution was found unsatisfactory.  In the next step, alternative MGA solutions 

were generated using the HSJ approach.  These solutions were picked from the 

inferior region closest to the noninferior solution costing $43 Million/yr (Figure IV-

SELECTION OF THE WASTE PROCESSING 
FACILITIES, 

e.g. Waste-to-Energy, yard waste composting, 
commingled recyclables sorting and recovery facility 

TOTAL CAPACITY OF THE SELECTED 
FACILITIES 

ITEMIZED MASS FLOWS THROUGH THE 
SELECTED FACILITIES 
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3).  The objective values of these solutions were close to each other; however, each 

solution was unique and maximally different in terms of the decision variable values.  

The MGA solutions, whose solution characteristics are summarized in Tables IV-2 

and IV-3, were analyzed.   

Table IV-1  Pay-off Matrix  

 f1(x)* f2(x)* 
Cost, f1(x), $Million/yr 35.9 a 73.1 
Greenhouse Gas Equivalents, f2(x), Thousands Tons/yr 37.4 -59.5 

a,b 
a. The coordinates of the ideal point. 
b. The negative value represents the avoided emissions from management 
of the solid waste.  
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Figure IV-2  Trade-off between Cost and Greenhouse Gas Emissions 

 

A hierarchical approach was adopted during this analysis by dividing the 

problem into smaller sub-problems (see Figure IV-1).  First, the analysis focused on 

the selection of facilities.  For each solution, the DM focused on the type of facilities 

utilized and classified solution into a “preferable” group and a “not preferable” 

group.  To test and validate the algorithms, the DM explicitly selected solutions with 

commingled material recovery facility (MRF) and mixed waste MRF as preferable.  

The last row in Table IV-4 reflects these selections.   

The information in Table IV-4 was input to the data-mining-software, WEKA 

(Witten and Frank, 2005).  The association rule mining algorithms (Tertius, 

PredictiveApriori, and Apriori  algorithms) within Weka were executed to generate a 

set of decision rules.  The decision rules generated using Tertius, PredictiveApriori, 

and Apriori algorithms are summarized in Tables IV-5, IV-6, and IV-7, respectively.   
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The rules resulting from the execution of these algorithms verified that the DM 

prefers SWM strategies that include a commingled MRF.  Rules #1, 2, 5, and 7 in 

Table IV-5 verifies that if neither commingled MRF nor mixed waste MRF is 

included in a strategy, then that strategy is not preferred.  Specifically, rule #1 says 

that when a mixed waste MRF is not utilized, the strategy is not preferable, and this 

rule has a confidence value of 99.41% with zero counter instances.  Similarly, rule # 5 

in Table IV-6 and rules # 4, 5, and 6 in Table IV-7 verified the implicit selection of 

the facilities.   

In addition, some feasibility constraints within the multiobjective LP model were 

also captured as decision rules.  For example, the model allows the utilization of a 

commingled transfer station only in the presence of the commingled MRF.  This 

feasibility condition was captured in rule #1 in Table IV-6.  Besides these rules, some 

hidden patterns were discovered as well, such as use of mixed waste transfer station 

along with the mixed waste MRF was deemed undesirable (see rule #10 in Table IV-

7).   

These rules were generated using a data set (see Table IV-4) that includes only 

binary values.  One drawback with association rule mining is the handling of the 

numeric attributes.  In this problem, all of the mass flows through the facilities, cost 

and environmental emission of the strategy were represented as continuous real 

values.  To work with the association rule mining, the data was preprocessed so that 

the numerical attributes were discretized before executing the algorithms.  

Unfortunately, the results were not very promising.  Thus, clustering algorithms 

were tested as described below.  
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Table IV-2  Cost and Emission Values of Strategies Analyzed in Iteration 1 

Cost/LCI 
Parameter Units 

Least 
GHE 1 2 3 4 5 6 7 8 9 10 11 12 

Cost $/year 4.3E+07 4.3E+07 4.3E+07 4.5E+07 4.3E+07 4.3E+07 4.3E+07 4.5E+07 4.5E+07 4.5E+07 4.5E+07 4.5E+07 4.5E+07 
Energy 
Consumption MBTU/year -1.3E+06 -1.1E+06 -1.2E+06 -1.4E+06 -1.3E+06 -1.1E+06 -1.1E+06 -1.4E+06 -1.6E+06 -1.2E+06 -1.4E+06 -1.2E+06 -1.4E+06 
Total 
Particulate 
Matter lbs/year -3.3E+05 -2.9E+05 -3.0E+05 -3.0E+05 -3.2E+05 -2.8E+05 -2.7E+05 -2.9E+05 -3.6E+05 -2.8E+05 -3.1E+05 -3.0E+05 -3.2E+05 
Nitrogen 
Oxides lbs/year -4.1E+05 -3.6E+05 -3.7E+05 -5.4E+05 -4.6E+05 -3.6E+05 -3.2E+05 -5.2E+05 -5.2E+05 -3.2E+05 -6.0E+05 -3.4E+05 -6.0E+05 

Sulfur Oxides lbs/year -1.8E+06 -1.6E+06 -1.7E+06 -1.7E+06 -1.6E+06 -1.6E+06 -1.5E+06 -1.6E+06 -1.7E+06 -1.6E+06 -1.6E+06 -1.6E+06 -1.6E+06 
Greenhouse 
Equivalents tons/year -8.2E+03 -5.0E+03 -5.0E+03 -5.0E+03 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 1.0E+04 1.0E+04 1.0E+04 
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Table IV-3  Mass Flows (tons/yr) Through the Facilities in Strategies Analyzed in Iteration 1 

Sector  Unit Process  Least GHE 1 2 3 4 5 6 7 8 9 10 11 12 

Residential 2  R-Yard waste   -     -     -     -    -    -    -    -    -    2,420   -    2,420   -   

Residential 1  R-Mixed Waste   -     -     37,891  150,019   -    -    62,268  150,019   -    67,216  150,019   -   150,019  

Residential 2  R-Mixed Waste   -     16,710   -     16,710   -    16,710   -    16,710   -    -    16,710   -    -   

Residential 2  R-Commingled/MRF   -     -     -     -    -    -    -    -    1,666   -    -    -    1,746  

Residential 1  R-Residuals   139,150  139,150  104,004   -   139,150  139,150   81,394   -   139,150   76,804   -   139,150   -   

Residential 2   R-Residuals   15,499   -     15,499   -    15,499   -    15,499   -    15,043   13,054   -    13,019   14,963  

Residential 1  R-Recyclable Drop-Off   10,870  10,870   8,124   -    10,870   10,870   6,358   -    10,870   5,999   -    10,870   -   

Residential 2  R-Recyclable Drop-Off   1,211   -     1,211   -    1,211  -    1,211   -    -    1,236   -    1,271   -   

 Multifamily 1  MF-Recyclable Drop-Off   3,982   -     3,982   3,982   -    -    3,982   3,939   -    3,812   -    -    1,410  

Multifamily 1  MF-Mixed Waste   -     43,257   -     -    43,257   43,257   -    -    43,257   -    43,257   -    27,945  

Multifamily 1  MF-Commingled             -    5,716   -   

Multifamily 1  MF-Residuals   39,275   -     39,275   39,275   -    -    39,275   39,319   -    39,445   -    37,542   13,903  

Commercial 1  C-Pre-Sorted   -     -     -     26,043   28,876   11,553   -    34,208   36,099   -    61,550  -    61,550  

Commercial 1  C-Mixed Waste   176,085  176,085  176,085  101,579   93,474  143,032  176,085   78,219   72,809  176,085   -    176085   -   

Commercial 1  C-Residuals   -     -     -     48,463   53,735   21,499   -    63,657   67,176   -   114,535   -   114,535  

  Mixed Waste Transfer   15,499   16,710   -     -    15,499   -    -    -    -    -    -    -    -   

  Commingled Transfer   -     -     -     -    -    -    -    -    1,666   -    -    -    1,746  

  Pre-Sorted Transfer   -     5,707   3,982   -    12,080   10,870   -    2,965   -    9,812   -    12,141   1,410  

  Mixed Waste MRF   -     -     15,499   13,077   -    -    -    -    19,880   -    16,710   68,394   27,945  

  Presorted MRF   16,062   10,870   13,317   30,025   40,956   22,423   11,550   38,147   46,969   11,047   61,550   12,141   62,959  

  Commingled MRF   -     -     -     -    -    -    -    -    1,666   -    -    5,716   1,746  

  Yard waste Compost   -     -     -     -    -    -    -    -    -    2,420   -    2,420   -   

  Combustion   128,018  123,721  118,958  116,879   91,455  102,632  115,091  105,007   96,187  129,071   73,468   86,549   56,845  

  Landfill   241,991  251,481  252,637  237,758  253,660  261,016  259,430  242,917  238,538  243,533  249,168  264,052  260,710  

  Ash-landfill   17,102  16,528   15,891   16,793   12,217   13,710   16,696   16,921   16,102   22,533   14,137   15,898   8,771  
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Table IV-4  Iteration 1: Data Input to Weka 

Major Facilities  
Least 
GHE 1 2 3 4 5 6 7 8 9 10 11 12 

Mixed Waste Transfer   1  1  -    -    1  -    -    -    -    -    -    -    -   
Commingled Transfer   -    -    -    -    -    -    -    -    1  -    -    -    1 
Pre-Sorted Transfer   -    1  1  -    1  1  -    1  -    1  -    1  1 
Mixed Waste MRF   -    -    1  1  -    -    -    -    1  -    1  1  1 
Presorted MRF   1  1  1  1  1  1  1  1  1  1  1  1  1 
Commingled MRF   -    -    -    -    -    -    -    -    1  -    -    1  1 
Yard waste Compost   -    -    -    -    -    -    -    -    -    1  -    1  -   
Combustion   1  1  1  1  1  1  1  1  1  1  1  1  1 
Landfill   1  1  1  1  1  1  1  1  1  1  1  1  1 
Ash-landfill   1  1  1  1  1  1  1  1  1  1  1  1  1 
Preferred  NO NO YES YES NO NO NO NO YES NO YES YES YES 
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Table IV-5  Association Rules from the Tertius Algorithm 

# a b CONDITION  DECISION 
1 0.9941 0 Mixed-MRF=0 ==> Preferred=NO 
2 0.9941 0 Preferred=NO ==> Mixed-MRF=0 
3 0.6658 0 Comm-TR=0 and Compost=0 ==> Comm-MRF=0 
5 0.5476 0.0769 Preferred=YES ==> Presorted-TR=0 or Comm-MRF=1 
7 0.5444 0 Preferred=NO ==> Comm-MRF=0 
10 0.5244 0 Comm-MRF=0 ==> Comm-TR=0 
12 0.5160 0.2308 Mixed-TR =0 ==> Compost=1 or Preferred=YES 
13 0.5160 0.2308 Comm-MRF =0 ==> Preferred=NO 
16 0.4845 0 Preferred=YES ==> Mixed-TR=0 
19 0.4643 0.3077 Mixed-TR=0 ==> Preferred=YES 
a. confirmation value; b. frequency of counter-instances 

 

Table IV-6  Association Rules from the Apriori Algorithm 

# CONDITION a  DECISION b c 
1 Comm-MRF=0 10 ==> Comm-TR=0 10 1 
4 Mixed-MRF=0 7 ==> Comm-TR =0 Comm-MRF =0 7 1 

5 Preferred=NO 7 ==> 
Comm-TR =0 Mixed-MRF =0 
Comm-MRF =0  7 1 

6 Comm-TR =0 Mixed-MRF =0 7 ==> Comm-MRF =0 Preferred=NO 7 1 
7 Comm-TR =0 Preferred=NO 7 ==> Mixed-MRF =0 Comm-MRF =0 7 1 
8 Mixed-MRF =0 Comm-MRF =0 7 ==> Comm-TR =0 Preferred=NO 7 1 
a: the support of the rule, the number of items covered by its premise 
b: the number of items for which the decision part of the rule holds. 
c: confidence value: b/a  

 

Table IV-7  Association Rules from the PredictiveApriori Algorithm 

# CONDITION a  DECISION b c 
1 Comm-MRF =0 10 ==> Comm-TR =0 10 0.9918 
4 Mixed-MRF =0  7 ==> Comm-TR =0 Preferred=NO 7 0.9862 
5 Preferred=NO 7 ==> Comm-TR =0 Mixed-MRF =0 7 0.9862 
6 Preferred=NO  7 ==> Comm-TR =0 Comm-MRF =0 7 0.9862 
7 Comm-TR =0 Mixed-MRF =0 7 ==> Comm-MRF =0 Preferred=NO 7 0.9862 
10 Preferred=YES 6 ==> Mixed-TR =0 Mixed-MRF =1 6 0.9820 
11 Mixed-MRF =0 Compost =0  6 ==> Comm-MRF =0 Preferred=NO 6 0.9820 
a: the support of the rule, the number of items covered by its premise 
b: the number of items for which the decision part of the rule holds. 
c: accuracy  
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Clusters were formed based on the preferred solutions and their emission and 

energy consumption values.  The k-means algorithm that is embedded in WEKA was 

utilized.  The results from the clustering set are described in Table IV-8.  The set 

consisting of the preferred solutions costs $ 43 million/yr and has a mean GHG 

value of 2,857 tons/yr with the standard deviation of 6,986 tons/yr.   

Table IV-8  Clustering the Continuous Attributes via the k-means Algorithm 

Cluster Centroids: 

  
Energy, 
MBTU/yr 

GHE, 
tons/yr 

PM, 
lbs/yr 

NOX, 
lbs/yr 

SOX, 
lbs/yr Preferred 

Mean/Mode: -1,359,215 2,857 -310,711 -470,730 -1,625,107 YES Cluster 0 
Std. Dev. 128,153 6,986 24,788 123,430 69,938 N/A 
Mean/Mode: -1,209,003 -2,201 -296,300 -403,726 -1,623,275 NO Cluster 1 
Std. Dev. 111,628 3,557 22,102 76,160 76,817 N/A 

Clustered Instances:      

 # of items 
% of 
coverage      

Cluster 0 7 54%      
Cluster 1 6 46%      

 

All the information gathered from the association rule mining and the clustering 

was incorporated into the LP model for multiobjective optimization to generate more 

SWM strategies.  This model was constrained to utilize the commingled MRF at a 

rate of 5,000 tons/yr.   

The characteristics of the resultant strategy are summarized in Tables IV-9 and 

IV-10.  This strategy was selected to be the best compromise strategy as no more 

distinct MGA solutions could be generated.    
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Table IV-9  Resultant SWM Strategy – Cost and Emission Values 

Cost/LCI Parameter Units Best Compromise 
SWM Strategy 

Cost $/year 43,000,000 
Energy Consumption MBTU/year -1,194,707 
Total Particulate Matter lbs Total PM/year -297,616 
Nitrogen Oxides lbs NOx/year -301,835 
Sulfur Oxides lbs SOx/year -1,568,404 
Carbon Monoxide lbs CO/year 1,375,314 
Carbon Dioxide Biomass lbs CO2 Bio/year 439,510,768 
Carbon Dioxide Fossil lbs CO2 Fossil/year -195,744,601 
Greenhouse Equivalents tons GHE/year 786 
Methane lbs CH4/year 9,595,726 

 

Table IV-10  Resultant SWM Strategy – Mass Flows Through the Facilities 

 Sector   Unit Process   Best Compromise 
SWM Strategy  

Residential 1  R-Residuals   139,150  
Residential 2  R-Residuals   15,499  
Residential 1  R-Recyclable Drop-Off   10,870  
Residential 2  R-Recyclable Drop-Off   1,211  
Multifamily 1  MF-Recyclable Drop-Off   557  
Multifamily 1  MF-Commingled   5,000  
Multifamily 1  MF-Residuals   37,700  
Commercial 1  C-Mixed Waste   176,085  
 Mixed Waste MRF  15,499  
 Presorted MRF  12,637  
 Commingled MRF  5,000  
 Combustion   98,520  
 Landfill   268,805  
 Ash-landfill   13,161  

 

V Summary and Conclusion 

An MCDM procedure was developed to find the best compromise solutions for 

problems with multiple conflicting criteria or objective.  The method combines a 

variety of mathematical techniques and machine learning procedures.  Starting with 

the aspiration levels for the objectives specified by the DM, the convergence in the 

objective space was achieved.  In addition, the decision space was investigated using 
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a systematic alternatives generation technique, and the decision rules were created 

using machine learning algorithms.  The decision rules ultimately reflected the DM’s 

implicit preferences and were used to constrain the decision space further to 

converge to a solution reflective of the DM’s preferences in both objective space and 

decision space.   

Results from an illustrative example led to appropriate interpretations that 

indicated the applicability of the new method to realistic public sector decision 

making problems.  The association rule mining yielded the DM’s implicit preferences 

that matched with the conscious considerations the DM used when assigning 

preference information during the application of the method.  The clustering 

analysis identified and matched the characteristics of the best compromise solution 

selected by the DM.   

The MCDM procedure is demonstrated to be flexible to accommodate any 

preference statement from the DM, and to explore a variety of alternatives within a 

small deviation in the objective space.  In addition, we demonstrated that the 

implicit preferences can be captured through the utilization of the machine learning 

algorithms.  The machine learning algorithms should be exploited fully, and 

depending on the problem structure, the best fitting one should be used to obtain the 

best decision rules.  Thus, the procedure may need some fine-tuning depending on 

the problem being solved.   

V.1  Additional Remarks 

What would be the action if the DM is indecisive and considers/prefers extreme 

ends of the noninferior set simultaneously? 
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Consider a two-objective problem to which the proposed methodology for multiple 

criteria decision making will be applied.  Suppose the DM has identified a collection 

of solutions as the most preferred solution set, and these solutions are drawn from 

all regions of the noninferior space.  A subset of solutions that are close to one 

extreme point would most likely have maximally different values of the decision 

vector compared to those of the solutions close to the other extreme point.  

Consequently, the decision rules based on these solutions may have conflicting 

conditions or may not be sufficiently crisp.  To address this issue, the following 

approach is proposed. 

In the early stages of the new MCDM method, the DM is asked to identify the 

region in the objective space that best suits the DM’s preferences.  If the DM is 

indecisive about which part of the objective space to focus the analysis and would 

like to consider solutions from throughout the objective space, then the analyst could 

suggest dividing the objective space into three regions: one region being close to one 

extreme point, another region being the region in the middle, and the third region 

being the one close to the other extreme point (in a two objective case).  For each 

region, separate preference or decision rule list can be generated.  The preference 

rules will include the ranges of values of the objectives.  Since each region will be 

treated separately, the rules generated do not necessarily conflict with each other.  As 

combining all the rules generated from the three distinct regions would be 

challenging, the rule list for each region would be used to guide the DM towards a 

solution in each region.  Next, from among these three distinct solutions, the DM will 

be asked to select one among them.  Naturally, each solution will have distinct 

attributes in both the objective and decision spaces.  Each solution will be 
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investigated and major differences will be identified for consideration by the DM, 

potentially indicating to the DM the association between the decision variable values 

and the objectives.  For example, if one of the objectives is cost, depending on the 

budget allowances, the DM may select between these three solutions the one which 

satisfies the budget constraint.   

How would the uncertainties in the problem be addressed? 

The development and demonstration of the proposed MCDM methodology assumes 

that the problems are modeled under deterministic conditions.  The lack of 

considerations of uncertainty during the decision making process can be reinforced 

by adding the robustness of each solution as another attribute or objective in the 

problem.  The robustness of a solution can be found via utilization of uncertainty 

propagation methods.  However, the applicability of uncertainty propagation 

methods require information on uncertainty of input parameters and available 

models that are suitable for integration with propagation methods.   
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Chapter 3 

The Application of Life-Cycle 

Analysis to Integrated Solid 

Waste Planning for the State of 

Delaware: Part I 

I Introduction 

The management of non-hazardous solid waste must be addressed in every 

community throughout the world.  In contrast to hazardous waste, with which the 

general public has little day to day exposure, or even domestic wastewater for which 

there is one well accepted collection process, solid waste evokes tremendous interest 

amongst the general public.  There are undoubtedly many factors that contribute to 

this interest, including (1) daily participation in waste generation, (2) coverage of 

solid waste issues in the media, (3) the multiple alternatives for managing waste and 

the associated perceptions of risk, (4) the need to site new facilities, (5) the 

assumption that any and all recycling or composting must be beneficial, and (6) an 

interest and concern for the local and global environment.   

Both the cost and environmental implications of solid waste management 

(SWM) are important societal issues.  The cost of SWM is borne by the public, either 

directly through use fees, or indirectly through tax dollars that are required to 
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support SWM operations.  Thus, there is a responsibility on the part of policymakers 

and others responsible for SWM to implement programs that are cost-effective and 

represent an appropriate use of public funds.  SWM also has environmental impacts 

resulting from waste collection, separation, treatment processes such as composting 

and combustion, and burial in landfills.  When waste is recycled or burned with 

energy recovery, some emissions can be avoided as explained later in this report.  

Thus, efficient SWM programs should also be designed in consideration of emissions 

to the environment and energy utilization. 

The implementation of SWM programs requires years of planning.  A decision to 

implement a curbside recycling program may require the purchase of new collection 

vehicles and construction of a plant to separate recyclables and prepare them for 

market.  Similarly, the siting and construction of either a new landfill or a waste-to-

energy (WTE) combustion plant requires years for siting, permitting, design and 

construction.  Thus, the planning process is important.  In fact, the Delaware Solid 

Waste Authority (DSWA) is required to evaluate its waste management programs 

and to prepare a long-term plan every ten years. 

The objective of this study was to develop potential alternatives for SWM in 

Delaware in consideration of both cost and environmental emissions.  Initial work 

was conducted to understand current practice in the state.  This was followed by 

work to evaluate multiple alternatives for waste management that could be 

considered in the future.  The study was performed with the assistance of a computer 

model, henceforth referred to as the Solid Waste Management – Life-Cycle 

Inventory (SWM-LCI) model that was developed at North Carolina State University 

with contributions from other collaborators (Research Triangle Institute, Univ. of 
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Wisconsin) and with financial support from the U.S. Environmental Protection 

Agency (US EPA) and the National Science Foundation.   

The following section of this report presents background information on life-

cycle analysis, which provides an analytical framework for quantifying 

environmental emissions.  Section III summarizes the SWM-LCI model.  The work 

to develop state-specific input data is discussed in Section IV, and the overall 

modeling strategy and the manner in which the State of Delaware was represented in 

the SWM-LCI model is described in Section V.  The results of model analysis for each 

individual county are presented in Section VI, followed by a description of work 

conducted to combine the results from all three counties to identify statewide SWM 

alternatives. Section VIII presents the results from an investigation to generate 

alternative SWM strategies along with an assessment of their uncertainty.   

II Background on Life-Cycle Analysis 

Life-cycle analysis (LCA) provides an analytical framework for evaluation of the 

energy utilization, raw material consumption and environmental burdens associated 

with a product or process (Vigon et al., 1993).  An LCA is generally conducted in four 

stages: (1) system definition and scoping, (2) life-cycle inventory (LCI), (3) impact 

assessment and (4) interpretation.  The objective of this section is to provide some 

background information on LCA in the context of the analysis conducted for the 

State of Delaware.   
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II.1  Goal Definition and Scoping 

In the first step of an LCA, the project goals and scope should be carefully defined.  

In this study, the most important issue was to define exactly what waste would be 

included.  The study includes all waste classified as municipal solid waste (MSW) by 

the US EPA.  This includes waste generated at both single- and multi-family 

residences, waste produced in the commercial sectors (e.g. offices, restaurants), and 

waste generated in large institutions (e.g. schools, public office buildings).  MSW 

does not include a variety of wastes that are also handled at municipal landfills such 

as non-hazardous industrial process waste (e.g. auto shredder fluff, trimmings from 

plastic molding), medical waste, construction and demolition waste, and water and 

wastewater treatment sludges.  In addition, as described in section IV, there are a 

few small waste streams in Delaware for which the SWM-LCI model did not have 

sufficient information to properly conduct an LCA.  In these cases, the waste stream 

was excluded from the model.  For example, selected electronic devices (e.g. 

computers, monitors) can be recycled at drop off facilities in the state.  However, this 

waste stream makes up only 0.5% of generation and was not considered explicitly.   

The study considered waste after it left the point of generation, either for 

collection or drop-off.  Thus, activities within the residence, such as rinsing 

containers prior to recycling, paper shredding, or backyard composting, were not 

included when computing the cost and environmental estimates.   

II.2  Inventory Analysis 

In the inventory analysis stage, all aspects of a process from raw material extraction 

through final disposal are considered.  As applied to solid waste, all emissions 
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associated with solid waste drop-off or collection, separation, treatment (i.e., 

composting and combustion), and disposal in a landfill are considered.  Emissions 

include both direct and indirect emissions.  Examples of direct emissions include 

tailpipe exhaust from a collection vehicle, fugitive landfill gas, and emissions from a 

WTE facility.  All emissions are post-treatment and based on release to the 

environment.  Thus, in the case of a combustion facility, emissions would represent 

that which is released downstream of air pollution control equipment.  Similarly, 

landfill leachate emissions would be based on what remains in the leachate after 

treatment.   

Indirect emissions are also included in a LCI.  For example, when electrical 

energy is consumed, the emissions occur at the point of electrical energy generation.  

The LCI model includes emissions for an aggregate kWh of energy as generated in 

the Mid-Atlantic Area Council that supplies electricity to Delaware.   

When energy is consumed, both combustion and pre-combustion emissions 

must be included in the LCI.  Combustion emissions result from the direct 

combustion of a fuel as would occur in an engine, or at the point of power 

generation.  Pre-combustion emissions are associated with fuel generation.  For 

example, to utilize oil for energy, it must first be extracted from the earth, refined, 

and finally transported to the point of use.  The emissions associated with extraction, 

processing and transportation are all included as pre-combustion emissions in an 

LCI.   

When a component of MSW is converted to a new product, the benefits or added 

burdens of recycling must be included in the LCI, which is done by use of an offset 

analysis (McDougall et al., 2001).  When a material is recycled, e.g. newsprint, there 
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are emissions associated with its collection, separation at a materials recovery facility 

(MRF), transport to a manufacturing facility and conversion to a new product (e.g. 

blank newsprint).  However, there are avoided emissions associated with the 

manufacture of the same product from virgin materials.  In the case of newsprint, 

activities associated with growing and harvesting the tree, as well as transport and 

pulp production are all avoided.  In an offset analysis, the LCI includes the following 

term: 

 
offset = mass recycled * (emission from recycling process – emissions from virgin 

production) 

 
where the emissions would be in units of mass of pollutant/mass component 

recycled.  When this term is negative, there is a net benefit to recycling, while a 

positive term indicates that emissions increase as a result of recycling.  Of course, it 

is also possible for emissions to increase for one pollutant and decrease for a second.   

The example above is simplistic as there are a number of other factors that are 

included in the offset analysis such as virgin/recycled material substitution ratios 

and recognition that the recycled process may include a mixture of virgin and 

recycled newsprint.  In certain cases, open loop recycling dominates, and the 

recycled material is used for another product, e.g., high density polyethylene (HDPE) 

containers used for construction barriers.  A unique modeling strategy has been 

developed for each recyclable material considered in the SWM-LCI model.  Data are 

available in the SWM-LCI model for all major recyclables including newsprint, 

corrugated containers, office paper, telephone books, third class mail, textbook 
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paper, aluminum, ferrous metal, container glass and HDPE and polyethylene 

terephthalate (PET) containers.  

The offset analysis also applies to energy.  Energy recovered from MSW 

combustion or landfill gas results in avoided energy production and avoided 

emissions.  Avoided emissions are subtracted from total emissions in the overall LCI.   

II.3  Impact Analysis 

An environmental impact analysis utilizes the results of the LCI to estimate impacts 

to human health and the environment.  There are a wide variety of environmental 

impacts covering effects on air and water quality as well as terrestrial ecosystems.  

Examples include global warming potential, eutrophication potential, and terrestrial 

toxicity.  Human health impacts are also varied and include effects such as increased 

asthma attacks associated with deteriorating air quality and increased skin cancer 

associated with ozone layer depletion.   

Impact analysis involves numerous additional analyses and is beyond the scope 

of the current study.  Standard impact assessment models are commercially available 

and can be used to extend the LCI to an impact analysis.  In addition to the 

complexity associated with estimating impacts from known emissions, it must also 

be recognized that health impacts are often a function of the location of the emission.  

In all LCI work that we are aware of to date, the LCI emissions are not spatially 

segregated.  Thus, emissions from a collection vehicle tailpipe, for example, in 

Newark are added to emissions from fuel refining in, perhaps New Jersey and fuel 

extraction in perhaps Saudi Arabia.   
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II.4  Interpretation 

In the fourth phase of the LCA, the LCI and impact assessment results are 

interpreted.  The nature of the interpretation will be a function of the study objective.  

In this study for the State of Delaware, the interpretation emphasizes analysis of 

alternatives for SWM and tradeoffs among cost, emissions, and landfill diversion.  

The interpretation also addresses (1) SWM alternatives that perform similarly with 

respect to cost, but utilize different sets of unit operations, and (2) how uncertainty 

in input data leads to uncertainty in cost and environmental performance.   

III Solid Waste Management-Life Cycle Inventory 

(SWM-LCI) Model  

The SWM-LCI model consists of a number of components including process models 

that represent mathematically each SWM unit operation and all associated 

processes, a mathematical programming-based SWM system model that embeds 

waste flow equations to describe the manner in which waste can flow between unit 

operations, a linear programming model solver (CPLEX®) to identify optimal 

solutions, and a graphical user interface to facilitate user interaction with the 

components of the model.  The interrelationship among the model components is 

illustrated in Figure III-1, and each model component is described below.  Additional 

details on the SWM-LCI model can be found in related publications (Harrison et al, 

2001; Solano et al., 2002a&b; Kaplan et al., 2004). 
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III.1  System Boundaries 

To ensure consistent comparisons of the LCIs of alternative SWM strategies, a 

system definition is required.  The functional unit is the management of one ton of 

MSW set out for collection.  MSW includes waste generated in the residential, multi-

family, commercial and institutional sectors as described in Section II.   

MSW is represented by 42 items that include the major recyclable, compostable 

and combustible components of MSW as well as combustion ash.  Additional “other” 

and “miscellaneous” categories are included to allow for the flexibility (1) to study 

combinations of recyclables, such as paper mixtures that could be used for either 

pulp or fuel, and (2) for the user to add a component of specific interest.  Each 

residential, multi-family and commercial sector can have a unique waste 

composition and generation rate.  The waste from all sectors must be sent, however, 

to the same downstream facilities (MRFs, compost plants, landfills, etc.).   

The SWM system includes the unit processes for collection, waste separation for 

recycling at materials recovery facilities (MRFs), treatment, and disposal.  Twenty 

alternatives for the collection of mixed waste, yard waste and recyclables are 

considered.  These alternatives include mixed waste collection, the collection of 

commingled or pre-sorted recyclables, co-collection of mixed waste and recyclables 

in single and multiple compartment trucks, separate yard waste collection, vacuum 

truck collection of leaves, and wet/dry collection, which is becoming increasingly 

popular in Europe.  Voluntary drop off programs for both yard waste and recyclables 

are also considered, and collection alternatives vary among the residential, multi-

family and commercial sectors.   
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Figure III-1  Interrelationships among the Components of the Solid Waste 

Management-Life-Cycle Inventory (SWM-LCI) Model.  The single-ended arrows 
show the information flow, and the double-ended arrows show where the user can 

interact with the model components.   

 
After collection, waste may be transported to MRFs, composting, combustion, 

refuse derived fuel1 or disposal facilities with or without the use of transfer stations.  

Transfer stations based on both long distance trucks and rail haul2 are considered.  

Five distinct MRF designs are considered for the preparation of recyclables for 

market based on their delivery as mixed waste, commingled recyclables, pre-sorted 

recyclables or in co-collection vehicles. Treatment alternatives include composting of 

yard waste and mixed waste, combustion with energy recovery and production of 

refuse derived fuel.  Disposal alternatives include a traditional dry landfill, a landfill 

                                                
1 Refuse derived fuel was not enabled for this case study. 
2 Rail haul was not considered for this case study.   
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operated as a bioreactor for enhanced methane recovery, and burial of ash from 

MSW combustion.  

Alternative strategies for MSW management can be compared on the basis of 

cost and 32 life-cycle parameters, including energy consumption, CO2 - fossil, CO2- 

biomass, CO, NOx, SOx, total greenhouse equivalents (GHE), particulates and 

methane, for which uniform data are available across the entire system. All 

components of the system are integrated, and the mass balance is represented by a 

series of waste flow equations that may be solved for the minimum value of cost or 

any life-cycle parameter as described below.  A number of water pollutants (BOD, 

COD, eight metals) and solid wastes are also considered.   

Emissions associated with energy generation, including the precombustion 

energy required for fuel generation, are also included in the analysis, and there is a 

process model to calculate emissions associated with electrical energy consumption 

or generation.  An offset analysis is used to calculate the benefits or added burdens 

from the conversion of recycled components of MSW to new products as described in 

Section II.   

III.2  Process Models 

Process models are required for collection, MRFs, combustion, composting, refuse 

derived fuel, landfills, transportation, electrical energy and manufacturing from 

recycled materials.  The objective of each process model is to relate the quantity and 

composition of waste entering a process to the cost and LCI for that process.  The 

cost and each LCI parameter are calculated based on a combination of default and 

user-input data to enable the user to model a site-specific system.  For example, in 
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the collection process model, one output is a coefficient of the form lb of NOx per ton 

of newsprint collected.  This coefficient includes vehicle emissions, emissions 

associated with the production of diesel required to operate the collection vehicle, 

and emissions associated with electrical energy required for operation of a waste 

collection system. For each collection alternative, a unique coefficient is calculated 

for cost and each applicable LCI parameter.   

Methodologies have been developed to allocate both costs and LCI parameters to 

individual waste components.  Thus, unique coefficients are calculated for each 

waste component, making it possible to study the impact of including or excluding a 

specific material in a recycling program and to compare SWM strategies that 

emphasize different options, for example, recycling versus energy recovery from 

combustible materials.  Process models have been implemented in a set of 

spreadsheets within Microsoft Excel.   

III.3  Solid Waste Management System Model and 

Optimization  

The SWM system model, set up within a linear programming (LP) based modeling 

framework, is a set of mathematical equations describing all feasible mass flows 

through the unit operations (see Appendix C and Solano et al., 2002a).  The 

equations allow waste to flow from generation through any logical combination of 

unit operations.  For example, all MSW can flow through mixed waste collection, but 

only grass, leaves, and branches can flow through yard waste collection.  The cost 

and LCI coefficients calculated in the process models are used to evaluate and 

compare all feasible SWM alternatives.  A systematic search for efficient alternatives 



 

 59 

is carried out by solving the management model using an LP routine (CPLEX®).  The 

user can define the search criterion by choosing from the list of cost and LCI 

parameters.  Thus, for example, the user may evaluate multiple management 

alternatives to identify one that minimizes energy consumption. In addition to the 

waste flow equations, the solution can be constrained in a number of areas including 

recycling of a minimum fraction of the waste stream, or the use or avoidance of a 

specific solid waste unit process.   

III.4  Decision Support Tool 

A computer-based decision support tool has been implemented using Microsoft 

Visual Basic for Applications to provide a user friendly interface with all aspects of 

the SWM system model and its application (Harrison et al., 2001).  The tool is 

designed to facilitate input data management, definition of a site-specific MSW 

management system, formulation and solution of the SWM model, and examination 

of multiple alternatives and tradeoffs among cost and different LCI parameters.  For 

example, a management strategy that is optimal with respect to energy consumption 

could theoretically have relatively high methane emissions.  The SWM-LCI model 

facilitates examination of tradeoffs among multiple LCI parameters by allowing the 

model user to easily vary input parameters to examine their impact on model 

solutions.   

III.5  Uncertainty Module and Appropriate Model Use 

The uncertainty module makes it possible to calculate the uncertainty in model 

results based on user-defined ranges and distributions for selected input parameters.  
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The uncertainty module is used post-optimization to evaluate the uncertainty in cost, 

energy consumption and emissions for SWM strategies identified by the 

optimization routine.  A case study illustrating the application of the uncertainty 

module was reported by Kaplan et al. (2004).   

Finally, it is appropriate to explain the manner in which the model should be 

used.  The model is a screening tool designed to evaluate large numbers of 

alternatives to identify several SWM strategies that are most favorable and to 

quantify tradeoffs among multiple user-defined objectives.  Prior to actual 

implementation of a SWM strategy, more detailed engineering analysis is required to 

verify and fine tune the projected costs.   

IV Input Data Development 

Initial work focused on gathering site-specific data required to represent the MSW 

system for the State of Delaware in the SWM-LCI model.  This included information 

on the amount of waste generated and recovered, the composition of generated and 

recovered waste, the location and design of existing SWM facilities, and operational 

details of these facilities.  Development of waste composition and generation rate 

data are described in this section.   

IV.1  Waste Composition 

Site-specific information on MSW generation for the residential and commercial 

sectors was developed based on data prepared for the Delaware Solid Waste 

Authority (DSWA) by Franklin Associates and SCS Engineers (DSWA, 2002; DSWA, 

1997).  The waste categories in the reports were first compiled and streamlined to 
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match with the waste categories defined in the SWM-LCI model.  For example, 

durable bulk goods are excluded from MSW generation represented in the SWM-LCI 

model as these items are not typically included in curbside collection programs; 

packaging products are classified based on their primary raw material, e.g., food cans 

are categorized as steel cans.  Information presented in the two reports was 

compared to verify consistency, and a significant difference was observed with 

respect to yard waste generation.  Based on discussion with DSWA personnel and 

interpretations from the report by DSWA (2004), the yard waste data reported in the 

SCS report (DSWA, 1997) were considered to be more representative of current 

conditions.  Thus, the quantity of yard waste generated based on the Franklin study 

(DSWA, 2002) was removed from the waste generation data, and the amount of yard 

waste generated based on the SCS report (DSWA, 1997) was added in.  The 

residential and commercial waste compositions utilized in the study are presented in 

Tables IV-1 – IV-3.   

Since the SWM-LCI model does not include yard waste generation for the 

commercial sector, yard waste generated in the commercial sector was excluded 

from the solid waste stream and composition calculations.  The effect of handling the 

amount of yard waste generated in the commercial sector [6,185 tons/yr as in DSWA 

(1997)] was considered through separate calculations external to the SWM-LCI 

model.  More detail on the manner in which commercial yard waste was modeled is 

presented in Section VI.   

The current rate of material recovery from the total waste stream is estimated to 

be about 20% [Franklin Report for Delaware (DSWA, 2002)].  This recovery is 

achieved via private recycling initiatives and the Recycle Delaware program.  The 
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capture rates derived from the Franklin Report represent what occurs through the 

current residential drop-off program as well as pre-sorted recycling in the 

commercial sector.  A summary of the derived recyclables drop-off capture rates are 

presented in Table IV-4.   

To facilitate consideration of curbside recycling programs in the future, capture 

rates for curbside recycling programs are required as inputs to the SWM-LCI model.  

Since site-specific capture rates for curbside recycling programs were unavailable, 

EPA’s national waste characterization report was used to estimate the necessary 

capture rates (US EPA, 2002).  It was assumed that if a residential curbside recycling 

program is to be implemented in Delaware, then the recovery rates would be higher 

than the national average rates, which represent the average of all states, including 

some that do not have a recycling program.  Thus, material-specific recovery rates in 

Delaware were set to be 20% greater than the national average rates.  In addition, 

the rate of participation in potential future residential curbside recycling programs 

was assumed to be 80%.  Based on these estimates, capture rates were computed as 

the increased national recovery rate divided by the assumed participation factor.  

The resulting set of capture rates and a sample calculation are presented in Table IV-

4.   
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Table IV-1  Residential and Multi-Family Waste Composition for Delaware 

 

 

Residential 
MSW 
Generation a Composition 

Franklin 
Report for 
Delaware 
Designation b 

Residential 
MSW 
Recovery a 

Recyclables 
Drop-off 
Capture Rate c 

Model Component (tons/yr) %  (tons/yr)  
Yard Trimmings, 
Leaves 12772 d 4.90% 23% of 48 d   
Yard Trimmings, 
Grass 33874 d 12.99% 61% of 48 d   
Yard Trimmings, 
Branches 8885 d 3.41% 16% of 48 d    
Old Newsprint 28140 8.12% 8 12160 0.79 
Old Corrugated 
Cardboard 9800 2.83% 33 1070 0.20 
Office Paper 3050 0.88% 11 0 0.00 
Phone Books 3820 1.10% 9, 12 640 0.30 
Books      
Old Magazines      
3rd Class Mail 14760 4.26% 10, 13 4630 0.57 
Paper Other #1      
Paper Other #2      
Paper Other #3      
Paper Other #4      
Paper Other #5      
CCCR Other      
Mixed Paper      
HDPE - 
Translucent 1860 0.54% 40 590 0.58 
HDPE - 
Pigmented 3162 0.91% 52% of 41 e 151 0.09 
PET 1840 0.53% 39 520 0.51 
Plastic - Other #1      
Plastic - Other #2      
Plastic - Other #3      
Plastic - Other #4      
Plastic - Other #5      
Mixed Plastic      
CCNR Other      
Ferrous Cans 6500 1.87% 28, 29 700 0.20 
Ferrous Metal - 
Other      
Aluminum Cans 2690 0.78% 30, 31 1470 0.99 
Aluminum - Other 
#1 990 0.29% 32 20 0.04 
Aluminum - Other 
#2      

Glass - Clear 14459 4.17% 
67% of 24, 25, 
and 26 f 3397 0.43 

Glass - Brown 5395 1.56% 
25% of 24, 25, 
and 26 f 1268 0.43 

Glass - Green 1726 0.50% 
8% of 24, 25, 
and 26 f 406 0.43 

Mixed Glass      
CNNR Other     0.79 
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Table IV-1  Residential and Multi-family Waste Composition for Delaware (contd.) 

 

Residential 
MSW 
Generation a Composition 

Franklin 
Report for 
Delaware 
Designation b 

Residential 
MSW 
Recovery a 

Recyclables 
Drop-off 
Capture Rate c 

Model 
Component (tons/yr) %  (tons/yr)  

Paper - Non-
recyclable 42890 12.37% 

14, 15, 16, 20, 34, 
35, 36, 37, 38     

Food Waste 47280 13.64% 47     

CCCN Other         
Plastic - Non-
Recyclable 22418 6.47% 

17, 18, 48% of 41, 
42, 43, 44     

Misc. 
Combustible 23305 6.72% 

21, 22, 50% of 23, 
46, 4     

CCNN Other         
Ferrous - Non-
recyclable         
Al - Non-
recyclable         
Glass - Non-
recyclable         

Misc. Non-
combustible 38779 11.19% 

49, 19, 50% of 23, 
3; 7 g, 32     

CNNN Other         
TOTAL 328396 100  27021  
a. Adopted from DSWA (2002). 
b. These numbers represent the waste items listed in Franklin Report for Delaware (DSWA, 2002), that are assumed to be 
included within the model categories.  For the legend of waste items, please see Table IV-3. 
c. Capture rate is defined as the fraction of total generation of a recyclable that a participating recycler would be expected to 
segregate from MSW.  The participation factor is defined as the fraction of the sector that actually participates in the collection 
option.  In this study, participation in a recyclables drop-off program is assumed to be 55%.  Capture rates were then calculated 
from the mass recovered and the assumed participation rate.   
d. The amount of yard waste generated includes mass both from residential and commercial sectors.  The split of yard waste 
into leaves, grass and branches is based on Oshins and Block (2000).  
e. This percentage is based on the ratio of pigmented HDPE to total HDPE reported in US EPA (2002).  
f. The split of glass by color is based on the weighted averages reported in US EPA (2002).    
g. A portion of item 7 includes the electronic goods for which Delaware implemented a recycling program.  Since the SWM-LCI 
model does not account for the LCI of electronic goods recovery, the amount of recycled electronic goods is subtracted from the 
amount of generated electronic goods to reflect the amount of electronic goods discarded in a landfill. 
h. Yard waste generation numbers are modified to reflect the composition DSWA (1998).  16.91% of total generation is yard 
waste generation. 
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Table IV-2  Commercial Waste Composition for Delaware 

 

Commercial 
MSW 
Generation a Composition 

Franklin 
Report for 
Delaware 
Designation b 

Commerci
al MSW 
Recovery a 

Commercial 
Recycling 
Capture 
Rate c 

Model Component (tons/yr) %  (tons/yr)  
Yard Trimmings, 
Leaves        
Yard Trimmings, 
Grass        
Yard Trimmings, 
Branches        
Old Newsprint 4960 1.99% 8 3730 0.75 
Old Corrugated 
Cardboard 88200 35.36% 33 65510 0.74 
Office Paper 22350 8.96% 11 10290 0.46 
Phone Books 1480 0.59% 9, 12 600 0.41 
Books        
Old Magazines        
3rd Class Mail 14240 5.71% 10, 13, 14 3240 0.23 
Paper Other #1         
Paper Other #2         
Paper Other #3         
Paper Other #4         
Paper Other #5         
CCCR Other       
Mixed Paper        
HDPE - 
Translucent         
HDPE - Pigmented         
PET 460 0.18% 39 30 0.07 
Plastic - Other #1         
Plastic - Other #2         
Plastic - Other #3         
Plastic - Other #4         
Plastic - Other #5         
Mixed Plastic         
CCNR Other        
Ferrous Cans 1800 0.72% 28,29 620 0.34 
Ferrous Metal - 
Other         
Aluminum Cans 1810 0.73% 30,31 980 0.54 
Aluminum - Other 
#1         
Aluminum - Other 
#2         

Glass - Clear 3162 1.27% 
67% of 24, 25, 26 

d 1862.6 0.59 

Glass - Brown 1180 0.47% 
25% of 24, 25, 26 

d 695 0.59 
Glass - Green 378 0.15% 8% of 24, 25, 26 d 222.4 0.59 
Mixed Glass         
CNNR Other      
Paper - Non-
recyclable      
Food Waste         
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Table IV-2  Commercial Waste Composition for Delaware (Contd.) 

 

Commercial 
MSW 
Generation a Composition 

Franklin Report 
for Delaware 
Designation b 

Commerci
al MSW 
Recovery a 

Commercial 
Recycling 
Capture Rate c 

Model Component (tons/yr) %  (tons/yr)  

CCCN Other 77800 31.19 

47, 45, 46, 15, 16, 
20, 34, 35, 36, 37, 
38     

Plastic - Non-
Recyclable         
Misc. Combustible         

CCNN Other 21525 8.63 

21, 22, 50% of 23, 
17, 18, 43, 44, 42, 
41, 40, 50% of 3, 4, 
19     

Ferrous - Non-
recyclable         
Al - Non-recyclable         
Glass - Non-
recyclable         
Misc. Non-
combustible   

 
     

CNNN Other 10065 4.04 
49, 50% of 3, 50% 
of 23, 32, 7 e   

TOTAL 249410 100  87780  
a. Adopted from DSWA (2002). 
b. These numbers represent the waste items listed in the Franklin Report for Delaware (DSWA, 2002), that are assumed to be 
included within the model categories.  For the legend of waste items, please see Table IV-3. 
c. Capture rate is defined as the fraction of total generation of a recyclable that a participating recycler would be expected to 
segregate from MSW.  The participation factor is defined as the fraction of the sector that actually participates in the collection 
option.  In this study, participation in commercial recyclables collection is assumed to be 100%.  Capture rates were then 
calculated from the mass recovered and the assumed participation rate.   
d. The split of glass by color is based on the weighted averages reported in US EPA (2002). 
e. A portion of item 7 includes the electronic goods for which Delaware implemented a recycling program.  Since the SWM-LCI 
model does not account for the LCI of electronic goods recovery, as no data are available, the amount of recycled electronic goods 
is subtracted from the amount of generated electronic goods to reflect the amount of electronic goods discarded in a landfill.   
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Table IV-3  Legend for Franklin Report for Delaware Designation 

Durable Goods  Steel Packaging 

1 Major Appliances (not included)  27 Beer and Soft Drink Cans (neg.) 

2 Small Appliances (not included)  28 Food and other Cans 
3 Furniture and Furnishings  29 Other Steel Packaging 
4 Carpets and Rugs  Aluminum Packaging 
5 Rubber Tires (not included)  30 Beer and Soft drink Cans 
6 Batteries, lead acid (not included)  31 Other Cans 

7 Misc. Durables (not included)  32 Foil and Closures 
Nondurable goods  Paper and Paperboard Packaging 
8 Newspapers  33 Corrugated Boxes 
9 Books  34 Beverage Cartons 
10 Magazines  35 Folding Cartons 
11 Office Papers  36 Other Paperboard Packaging 
12 Telephone Directories  37 Bags and sacks 
13 Third class Mail  38 Other Paper Packaging 

14 Other Commercial Printing  Plastics Packaging 
15 Tissue Paper and Towels  39 Soft Drink Bottles 
16 Paper Plates and Cups  40 Natural HDPE Bottles 
17 Plastic Plates and Cups  41 Other Containers 
18 Trash Bags  42 Bags and Sacks 
19 Disposable Diapers  43 Wraps 
20 Other Non-packaging Paper  44 Other Plastic Packaging 
21 Clothing and Footwear  Wood Packaging 

22 Towels, Sheets, Pillowcases  45 Wood Packaging 
23 Other Misc. Nondurable  46 Other Misc. Packaging 
Glass Packaging  Other Wastes 
24 Beer and Soft Drink Bottles  47 Food Wastes 
25 Wine and Liquor Bottles  48 Yard Trimmings 
26 Food and other Bottles, Jars  49 Misc. Inorganic Wastes 
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Table IV-4  Curbside Recycling Capture Rates  

Model Component 
National 
Recovery Rate a 

Yard Waste 
Composting b 

Curbside 
Recycling b 

Commercial 
Recycling b 

Yard Trimmings, Leaves 0.45 0.85   
Yard Trimmings, Grass 0.45 0.85   
Yard Trimmings, Branches 0.45 0.85   
Old Newsprint 0.59  0.87 0.75 
Old Corrugated Cardboard 0.65  0.13 0.74 
Office Paper 0.53  0.13 0.46 
Phone Books 0.16  0.28 0.41 
Books 0.18  0.29  
Old Magazines 0.23  0.48  
3rd Class Mail 0.22  0.24 0.23 
Paper Other #1     
Paper Other #2     
Paper Other #3     
Paper Other #4     
Paper Other #5     
CCCR Other     
Mixed Paper   0.28  
HDPE - Translucent 0.32  0.46  
HDPE - Pigmented 0.14  0.17  
PET 0.40  0.52 0.07 
Plastic - Other #1     
Plastic - Other #2     
Plastic - Other #3     
Plastic - Other #4     
Plastic - Other #5     
Mixed Plastic     
CCNR Other     
Ferrous Cans 0.56  0.86 0.34 
Ferrous Metal - Other 0.71  0.86  
Aluminum Cans 0.55  0.82 0.54 
Aluminum - Other #1 0.08  0.16  
Aluminum - Other #2     
Glass - Clear 0.15  0.38 0.59 
Glass - Brown 0.15  0.38 0.59 
Glass - Green 0.15  0.38 0.59 
Mixed Glass     
CNNR Other     
Paper - Non-recyclable     
Food Waste     
CCCN Other     
Plastic - Non-Recyclable     
Misc. Combustible     
CCNN Other     
Ferrous - Non-recyclable     
Al - Non-recyclable     
Glass - Non-recyclable     
Misc. Non-combustible     
CNNN Other     
a. Adopted from EPA (2002). 
b. These capture rates will be used for curbside recycling throughout the study.  For yard waste composting and 
residential curbside recycling, the participation rate is assumed to be 80%.  For commercial recycling, the participation 
rate is assumed to be 100%.  Capture rate is calculated as the ratio of national recovery rate * 1.2 to assumed participation 
rate.  For example, capture rate for old newsprint is calculated as: 0.59 * 1.2 / 0.8 = 0.87 
c. Capture rate of CCCR Other is the weighted average of the increased national recovery rate of books and magazines. 
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IV.2  Waste Generation Rates 

The inputs to the SWM-LCI model include waste generation rates for each sector.  As 

described in Section V, each county was modeled separately as follows: New Castle 

County - two single family sectors, one multi-family sector and one commercial 

sector; Kent and Sussex Counties - one single family sector, one multi-family sector 

and one commercial sector.  

Based on the statewide population of 783,600 and the total mass of residential 

MSW generated in Delaware (328,396 tons/year, after excluding durables, 

electronics, etc.), the per capita generation rate was estimated to be 2.30 lb/person-

day.  The waste generation rate in each county is assumed to be the same as the 

statewide average.   

It was necessary to attribute waste generation to the residential, multi-family, 

and commercial sectors.  In New Castle County, the multi-family sector was assumed 

to generate 21% of total residential MSW generation, since approximately 21% of the 

residential population resides in multi-family dwellings.  Accordingly, the number of 

people per house was computed as the ratio of the population in a sector to the 

number of housing units.  The number of housing units in the State of Delaware was 

obtained from a report by the Delaware Recycling Public Advisory Council (2003).   

The number of collection locations in the multi-family sector was calculated 

based on the assumption that one dumpster will serve 40 multi-family housing units 

(assuming 10-12 family units per typical apartment block and one dumpster will 

serve four apartment blocks).  This yields 1,028 multi-family collection locations.  

Similarly, the per-location commercial MSW generation rate was computed from the 
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ratio of commercial MSW generation to the number of commercial locations.  Data 

for the commercial sector was obtained from the Franklin Report (DSWA, 2002).  

The number of commercial locations was obtained from the Delaware Department of 

Labor (1998).  Waste generation information for New Castle County is summarized 

in Table IV-5.   

Similar waste generation and composition calculations were conducted for Kent 

and Sussex Counties.  It was assumed that 10% of the residential population resides 

in multi-family dwellings as these are more rural counties.  Waste generation 

information for Kent and Sussex Counties are summarized in Table IV-5. 

IV.3  Solid Waste Facility Locations and Characteristics 

Another set of inputs to the SWM-LCI model is information on the location, capacity 

and technological characteristics of existing waste collection and processing 

facilities. The existing facilities within each county are given in Table IV-6 and Figure 

IV-1.  In addition to existing facilities, it was also necessary to assume locations for 

facilities that do not currently exist but are to be considered in the modeling exercise.  

As new facilities have not been sited, the locations were chosen to be in convenient 

locations based on current population centers and the locations of existing DSWA 

facilities.  For example, a combustion facility was assumed to be located close to the 

landfill in New Castle County, and a MRF was assumed to be located on the border of 

Kent and Sussex Counties to serve the central and southern regions of the state.  

Also, in New Castle County, a transfer station is utilized to serve the southern part of 

the county that is relatively less urbanized.  A new transfer station is also located in 

the middle of Kent County.   
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All three existing landfills are assumed to produce electricity from the recovered 

landfill gas.  The landfill gas collection efficiency was assumed to be 0, 0, 50, 70 and 

80% in years 1, 2, 3, 4, and 5- 100, respectively.   

 

 
Figure IV-1  Locations of existing and hypothetical new facilities in Delaware  

 

Information required for the waste collection process model includes numerous 

parameters, examples of which include truck capacity, the average truck travel time 

from the garage to the start of a route, the average times at each stop and between 

stops, and the average time from the last point on a route to a facility where the truck 

is emptied (e.g. MRF, landfill, etc.).  In addition, a utilization factor is required as 

collection trucks are most likely not completely full on every route. These inputs are 
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then used to calculate the number of trucks and labor required to collect the waste 

generated in a community.  Input parameters for the collection process model were 

assembled based on phone interviews with the major haulers serving Delaware.   

Table IV-5  Waste Generation in Each Sector 

New Castle County 

 

Population 
Residents per 
house 

Generation Rate 
lb/person-day 

Number of 
collection 
locations 

Residential Sector 1 39,809 2.51 2.30 N.A. 

Residential Sector 2 357,402 2.51 2.30 N.A. 

Multi-family 103,055 N.A. 2.30 1,028 

Commercial N.A. N.A. 552a 12,269 

Kent County 

Residential Sector 1 114,270 2.52 2.30 N.A. 

Multi-family 12,697 N.A. 2.30 126 

Commercial N.A. N.A. 552a 2,131 

Sussex County 

Residential Sector 1 140,974 1.68 2.30 N.A. 

Multi-family 15,664 N.A. 2.30 233 

Commercial N.A. N.A. 552a 2,994 
a. lb/location-week 
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Table IV-6  List of Existing and New Solid Waste Management Facilities in State of 
Delaware 

Facility Type Condition Location 

Landfill Existing 
Northern SWM Center, New Castle 
County 

Landfill Existing Central SWM Center, Kent County 
Landfill Existing Southern SWM Center, Sussex County 
Transfer Station Existing Southern part of New Castle County 
Transfer Station New Kent County 
Material Recovery 
Facility Existing New Castle County 
Material Recovery 
Facility New 

On the border of Kent and Sussex 
County 

Waste-to-Energy New Near landfill, New Castle County 
Yard Waste Composting New Near landfill, New Castle County 

Yard Waste Composting New 
On the border of Kent and Sussex 
County 

 

Lastly, market values for recyclables are also input parameters.  In scenarios 

where the model objective is to minimize cost, the revenue from recyclables may 

influence SWM strategy selection.  The prices paid to DSWA in 2003 and utilized in 

this study are presented in Table IV-7. 
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Table IV-7  Market Values for Recyclables in Delaware 

Recyclable Item 

Market 
Value 

($/ton) 
Old Newsprint 18.00 
Old Corrugated Cardboard 25.00 
Office Paper 80.00 
Phone Books 74.00 
Books 41.00 
Old Magazines 50.00 
3rd Class Mail 50.00 
Mixed Paper 74.00 
HDPE - Translucent 57.00 
HDPE - Pigmented 57.00 
PET 57.00 
Ferrous Cans 16.00 
Ferrous Metal - Other 16.00 
Aluminum Cans 927.00 
Aluminum - Other #1 927.00 
Aluminum - Other #2 927.00 
Glass - Clear   20.00 
Glass - Brown  10.00 
Glass - Green  9.00 

V Overview of the Integrated SWM Strategy 

Development Procedure 

The structure of the SWM-LCI model poses several restrictions when representing 

the MSW system for the entire state in a single model.  Each county has unique input 

parameters based on their population density and utilization of different existing 

facilities.  Thus, the Delaware MSW system was represented by partitioning the 

model into three sub-models.  Accordingly, an instance of the SWM-LCI model was 

set up for each county to conduct county-specific SWM strategy development and 

analysis.  These county-specific strategies were then combined using a scenario 
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integration procedure developed for this project to identify optimal state-wide SWM 

strategies.   

Each county-specific study investigated an array of SWM strategies to optimize 

for cost and environmental emissions for different diversion rates.  As a comparative 

benchmark, a base case SWM strategy was first defined for each county.  This base 

case represents the existing MSW system in each county, and the corresponding 

waste flows and processing options were represented in the SWM-LCI model.  This 

step is analogous to calibrating the SWM-LCI model to fit the existing conditions.  

Building upon the model for the base case, the SWM-LCI model was run to generate 

arrays of new county-specific optimal SWM strategies to represent several future 

SWM scenarios that considered numerous new MSW processing options, including 

curbside collection of recyclables, separate yard waste collection and composting, 

and combustion with energy recovery.  A SWM scenario with no diversion (i.e. all 

waste to landfill) was also modeled to help conduct a comparative analysis.  Each set 

of scenarios and the resulting county-specific optimal SWM strategies are described 

in Section VI.   

A scenario integration procedure was then utilized to systematically combine the 

county-specific optimal SWM strategies to identify statewide SWM strategies that 

optimized for cost and environmental emissions for different diversion rates.  To 

generate an optimal statewide SWM strategy, numerous combinations of optimal 

county-specific SWM strategies were explored to determine the optimal set of 

county-specific SWM strategies that collectively met the statewide SWM objectives.  

A statewide SWM strategy is defined by a unique combination of county-specific 

waste flows and processing options.  The statewide strategies represent future SWM 
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scenarios that incorporate the numerous new MSW processing options considered in 

the county-specific scenarios.  More detail on the procedure to formulate statewide 

SWM strategies is presented in Section VII.   

V.1  Correlation between Multiple Environmental 

Emissions 

The SWM-LCI model tracks seven air pollutants, total greenhouse equivalents 

(GHEs) and energy consumption as described in Section III.  Most of these 

emissions are criteria pollutants and contribute to global warming, acid rain, smog 

formation and/or public health problems.  While all of the aforementioned 

emissions are presented with the results, preliminary work was also conducted to 

evaluate whether the emissions were correlated.  The identification of a correlation 

would (1) facilitate selection of one emission for model runs in which the objective is 

to minimize emissions and (2) make it possible to review trends between SWM 

strategies and one emission, with some knowledge that trends in that one emission 

were similar to trends in other emissions.  Thus, an analysis was conducted to select 

a representative environmental emission.     

The initial hypothesis was that GHEs would be a good indicator of 

environmental performance as it already represents a combination of two emissions 

(CO2–fossil and CH4), and CO2-fossil emissions are correlated with energy 

consumption.  To test this hypothesis, GHE minimizing scenarios at different cost 

targets were generated.  Figure V-1 shows the relation between GHE and NOx, SOx, 

and PM while Figure V-2 shows the relation between GHE and energy consumption.  

These figures and the corresponding correlation analysis (Table V-1) show that GHE, 
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PM, SOx, and NOx emissions are highly correlated while the correlation between CO 

and GHE is weaker.  Eventually, GHE was selected as the representative pollutant in 

emissions-minimizing scenarios.  Nonetheless, the results for all emissions are 

presented with the results.   

Table V-1  Correlation between LCI Emissions 

LCI Parameter Units 
Energy 

Consumption 
Total 
PM NOx SOx CO GHE 

Energy 
Consumption MBTU/year 1.000 0.997 0.992 0.995 0.596 0.978 
Total Particulate 
Matter lbs Total PM/year 0.997 1.000 0.989 0.990 0.633 0.969 

Nitrogen Oxides lbs NOx/year 0.992 0.989 1.000 0.989 0.607 0.970 

Sulfur Oxides lbs SOx/year 0.995 0.990 0.989 1.000 0.526 0.993 

Carbon Monoxide lbs CO/year 0.596 0.633 0.607 0.526 1.000 0.432 
Carbon Dioxide 
Biomass lbs CO2 Bio/year -0.964 -0.951 -0.944 -0.980 -0.369 -0.992 
Carbon Dioxide 
Fossil lbs CO2 Fossil/year 0.935 0.925 0.913 0.960 0.312 0.984 
Greenhouse 
Equivalents tons GHE/year 0.978 0.969 0.970 0.993 0.432 1.000 

Methane lbs CH4/year 0.988 0.981 0.997 0.991 0.550 0.979 
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Figure V-1  Correlation between environmental emissions and GHE.  The data 

plotted represent least-GHE SWM strategies for New Castle County in which all unit 
operations are enabled. 
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Figure V-2  Correlation between energy consumption and GHE.   The data plotted 

represent least-GHE SWM strategies for New Castle County in which all unit 
operations are enabled. 

VI County-Specific Solid Waste Management 

Strategies & Results 

For each county, the SWM-LCI model was used to analyze a series of SWM 

scenarios.  These scenarios are summarized in Table VI-1 and categorized as follows:  

[1] no-diversion scenario where all waste is disposed in landfills;   

[2] base case scenario corresponding to existing conditions;  

[3] future cost-minimizing SWM scenarios considering different rates of 

diversion with curbside recycling enabled in addition to existing facilities;  

[4] future cost-minimizing SWM scenarios considering different rates of 

diversion with curbside recycling and yard waste composting enabled in 

addition to existing facilities;  
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[5] future cost-minimizing SWM scenarios considering different rates of 

diversion with curbside recycling and mixed waste combustion enabled in 

addition to existing facilities;  

[6] future cost-minimizing SWM scenarios considering different rates of 

diversion with curbside recycling, yard waste composting and mixed waste 

combustion enabled in addition to existing facilities;  

[7] future GHE-minimizing SWM scenarios, for different budget levels, with 

curbside recycling, yard waste composting and combustion enabled in 

addition to existing facilities; and 

[8] future GHE-minimizing SWM scenarios, for different budget levels, with 

curbside recycling and yard waste composting enabled in addition to existing 

facilities.   

Table VI-1  Solid Waste Management Strategies Evaluated for Delaware 

 
Model Objective:  Least-Cost 

Model Objective:  
Least-GHE 

 1 2 3 4 5 6 7 8 
Pre-sorted MRF  Enabled Enabled Enabled Enabled Enabled Enabled Enabled 
Commingled MRF   Enabled Enabled Enabled Enabled Enabled Enabled 
Mixed Waste MRF   Enabled Enabled Enabled Enabled Enabled Enabled 
Yard Waste 
Composting 

   Enabled  Enabled Enabled Enabled 

Waste-to-Energy     Enabled Enabled Enabled  
Landfill Enabled Enabled Enabled Enabled Enabled Enabled Enabled Enabled 

 

The future scenarios (3-8) represent potential SWM programs that could be 

considered in addition to the existing programs.  For example, scenario 5 considers 

curbside recycling and mixed waste combustion as possible future SWM options in 

addition to the existing drop-off recycling and pre-sorted commercial recycling 

programs.   In all the future SWM scenarios, the SWM-LCI model was executed to 

identify the optimal SWM strategy to meet a set of SWM goals corresponding to each 
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scenario.  For example, in scenario 3, the model was used to generate the county-

specific SWM strategy that minimized cost while meeting a specific diversion rate to 

be achieved via existing programs as well as new curbside recycling programs. In the 

results presented below, a SWM strategy is described by the waste flows through the 

different MSW processing options enabled in each case.  Unless, otherwise noted, 

the cost and environmental emissions data that are reported represent emissions 

attributable to an entire SWM scenario.  It is nonetheless recognized that DSWA 

does not control refuse collection, but rather takes responsibility for waste once it is 

delivered to a waste processing facility (e.g., transfer station, drop-off station, MRF 

or landfill) operated by DSWA.  Where appropriate, the results for the future SWM 

scenarios are also summarized in trade-off graphs that show the variation among 

cost, GHE emissions and diversion rate.   

VI.1  County-Specific Case 1: No-Diversion  

In this set of scenarios, all MSW generated in each county is assumed to be sent to 

the landfill in the respective county.  In New Castle County, the MSW for one set of 

residential sectors, in the northern region of the county, is collected and directly 

disposed in the Northern Solid Waste Management Center (a landfill); in the other 

set of sectors located in the southern region of the county, the MSW is assumed to be 

collected, processed at the transfer station, and then transported to the landfill.  

When setting up the SWM-LCI model for this case, the mass flow through the 

transfer station was verified to be consistent with the existing mass flow through the 

transfer station.  In Kent and Sussex Counties, no transfer station is utilized. The 

resulting waste flows for this no-diversion case, as well as the cost and 
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environmental emissions corresponding to the SWM strategies for New Castle, Kent 

and Sussex Counties are summarized in Tables VI-2 – VI-4.  The negative values for 

certain environmental emissions (PM, SOx, CO2-f) are due to avoided emissions from 

the conversion of landfill gas to energy.  The results for Case 1 are reported only in 

this section.  To the extent that comparisons with Cases 2 to 8 are desired, the reader 

should refer back to this section.   

Table VI-2  SWM Strategy for New Castle County 0% Diversion (Case 1)a 

Sector  Unit Process  
Mass Processed 

(Tons/yr) 

 Residential 1  Residuals Collection 150,019 
 Residential 2  Residuals Collection 16,710 
 Multifamily 1  Residuals Collection  43,257 
 Commercial 1  Residuals Collection  176,085 
  Mixed Waste Transfer Station  16,710 
  Landfill  386,071 

Cost and Environmental Emissions b 
Cost and Environmental 

Emissions Parameter  Units  
Cost $/year 37,281,932 
Energy Consumption MBTU/year 76,398 
Total Particulate Matter lbs Total PM/year -25,695 
Nitrogen Oxides lbs NOx/year 145,060 

Sulfur Oxides lbs SOx/year -488,641 
Carbon Monoxide lbs CO/year 667,777 
Carbon Dioxide Biomass lbs CO2 Bio/year 332,398,904 
Carbon Dioxide Fossil lbs CO2 Fossil/year -58,917,744 
Greenhouse Equivalents c tons GHE/year 38,251 
Methane lbs CH4/year 16,163,000 
Diversion % 0 
a. In current practice, 10% of total discarded residential solid waste is routed through a transfer station in New 
Castle County.  Residential sector 2 utilizes the transfer station. 
b. Negative values represent emissions avoided due to recycling and/or energy recovery. 
c. Calculated as (12/44) * (CO2-fossil) + 21* (12/44)* (CH4) 
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Table VI-3  SWM Strategy for Kent County with 0% Diversion (Case 1) 

Sector  Unit Process  
Mass Processed 

(Ton/yr) 

 Residential 1  Residuals Collection 47,965 
 Multifamily 1  Residuals Collection  5,330 
 Commercial 1  Residuals Collection  30,584 
  Landfill  83,879 

Cost and Environmental Emissions 
Cost and Environmental 
Emissions Parameter  Units  
Cost $/year 19,826,078 
Energy Consumption MBTU/year 116,218 
Total Particulate Matter lbs Total PM/year 13,515 
Nitrogen Oxides lbs NOx/year 160,993 

Sulfur Oxides lbs SOx/year -64,054 
Carbon Monoxide lbs CO/year 267,999 
Carbon Dioxide Biomass lbs CO2 Bio/year 68,076,348 
Carbon Dioxide Fossil lbs CO2 Fossil/year 3,003,598 
Greenhouse Equivalents tons GHE/year 9,962 
Methane lbs CH4/year 3,335,937 
Diversion % 0 
* Negative values represent emissions avoided due to recycling and/or energy recovery. 

 

Table VI-4  SWM Strategy for Sussex County with 0% Diversion (Case 1) 

Sector  Unit Process  
 Mass Processed 

       (Ton/yr) 
 Residential 1  Residuals Collection 59,174 

 Multifamily 1  Residuals Collection  6,575 

 Commercial 1  Residuals Collection  42,970 

  Landfill  108,719 

Cost and Environmental Emissions 
Cost and Environmental 
Emissions Parameter  Units  
Cost $/year 34,807,772 

Energy Consumption MBTU/year 217,120 

Total Particulate Matter lbs Total PM/year 27,774 

Nitrogen Oxides lbs NOx/year 294,638 

Sulfur Oxides lbs SOx/year -53,013 

Carbon Monoxide lbs CO/year 437,474 

Carbon Dioxide Biomass lbs CO2 Bio/year 90,037,398 

Carbon Dioxide Fossil lbs CO2 Fossil/year 13,425,464 

Greenhouse Equivalents tons GHE/year 14,439 

Methane lbs CH4/year 4,402,752 

Diversion % 0 
* Negative values represent emissions avoided due to recycling and/or energy recovery. 
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VI.2  County-specific Case 2: Base Case  

Description 

The existing MSW system for New Castle County was first represented in the SWM-

LCI model based on the reported waste flows.  Appropriate site-specific inputs and 

modeling components in the SWM-LCI model were set such that the resulting SWM 

strategy for the base case closely represents the waste flows through the Pine Tree 

Corners Transfer Station, the recyclables drop-off facilities, the Delaware Recycling 

Center (a MRF receiving pre-sorted recyclables), and the Northern Solid Waste 

Management Center (a landfill).  For example, based on input from private waste 

haulers in New Castle County, the waste flow through the transfer station was 

estimated to be approximately 10% of the total residential waste generated in the 

county.  In addition, the item-specific mass of recyclables recovered at the MRF 

based on waste flow from the drop-off centers and commercial pre-sorted collection 

(DSWA, 2002) were used in setting up the SWM-LCI model.  Figure IV-1 shows the 

physical locations of the existing and hypothetical new facilities.   

To match the existing waste flows, waste generation from New Castle County 

was modeled using two residential sectors, a multi-family sector and a commercial 

sector.  Two residential sectors were required to represent the differences in 

distances from collection routes to the facilities, e.g., the transfer station and landfill.  

As these two facilities are at geographically different locations in the county, the 

distances to these facilities from the collection routes from each residential sector 

were set so that the least-cost SWM strategy selects the transfer station and the 

landfill at approximately the current waste flow rates to these facilities.  Residential 
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sector 2 in New Castle County represents the southern region of the county that is 

served by the transfer station.   

Corresponding base case scenarios were also set up for Kent and Sussex 

Counties.  These counties were represented in the SWM-LCI model using one 

residential sector, one multi-family sector and one commercial sector, and no MSW 

transfer stations.   

Residents in all counties participate in the Recycle Delaware Program, where 

residents bring recyclables to drop-off centers and recyclables are then transported 

to the pre-sorted MRF located in New Castle County.  The residual MSW is taken to 

the landfill in each county.   

Resulting SWM Strategies 

The least-cost SWM strategy that reflects existing SWM practices in New Castle 

County was generated by the SWM-LCI model.  The corresponding waste flows, and 

cost and environmental emissions are summarized in Table VI-5.  Figure VI-1 

illustrates the percentage (by mass) of MSW flowing through each of the existing 

MSW unit operations.  The total cost for the New Castle County SWM strategy is 

approximately $39.7 million per year (M/yr).  When collection costs are excluded 

from the $39.7 million per year, the corresponding cost is $14 per ton (including 

operation of the drop-off facilities, transfer station, and MRF, and revenues from 

recyclable materials).  The collection cost per ton of MSW from the single-family and 

multi-family sectors is $58 and $27, respectively.  This SWM strategy diverts 

approximately 20% of MSW through drop-off centers and commercial pre-sorted 

recycling.  
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Table VI-5  Least-Cost Strategy for the Base Scenario for New Castle County(Case 2)a 

Sector  Unit Process  
Mass Processed 

(Tons/yr) 
 Residential 1  Residuals Collection 139,150 
 Residential 1  Recyclables Drop-Off 10,870 
 Residential 2  Residuals Collection 15,875 
 Residential 2  Recyclables Drop-Off 835 

 Multifamily 1  Recyclables Drop-Off  3,982 
 Multifamily 1  Residuals Collection  39,275 
 Commercial 1  Commercial Recycling  61,528 
 Commercial 1  Residuals Collection  114,556 
  Mixed Waste Transfer Station  15,875 
  Presorted MRF  77,214 
  Landfill  308,857 

Cost and Environmental Emissions b 
Cost and Environmental 
Emissions Parameter  Units  
Cost $/year 39,673,528 
Energy Consumption MBTU/year -992,199 
Total Particulate Matter lbs Total PM/year -287,726 
Nitrogen Oxides lbs NOx/year -377,933 
Sulfur Oxides lbs SOx/year -1,278,145 

Carbon Monoxide lbs CO/year -150,078 
Carbon Dioxide Biomass lbs CO2 Bio/year 320,593,961 
Carbon Dioxide Fossil lbs CO2 Fossil/year -28,147,313 
Greenhouse Equivalents tons GHE/year 22,851 
Methane lbs CH4/year 9,320,117 
Diversion % 20 
a. In current practice, 10% of total discarded residential solid waste is routed through a transfer station in New 
Castle County.  Residential sector 2 utilizes the transfer station. 
b. Negative values represent emissions avoided due to recycling and/or energy recovery. 

 

The least-cost SWM strategy that reflects current SWM practice in Kent County 

was generated by the SWM-LCI model.  The corresponding waste flows, and cost and 

environmental emissions are summarized in Table VI-6.  This strategy costs 

approximately $21.4 M/yr.  When collection costs are excluded from $21.4 M/yr, 

this corresponds to a cost of $15 per ton (including recyclables revenues).  The 

collection cost per ton of MSW from the single-family and multi-family sectors is 

$330 and $32, respectively.  This SWM strategy achieves an 18% recycling rate.   
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The least-cost SWM strategy that reflects current SWM practice in Sussex 

County was generated by the SWM-LCI model.  The corresponding waste flows, and 

cost and environmental emissions are summarized in Table VI-7.  This strategy costs 

approximately $36.9 M/yr.  When collection costs are excluded from $36.9 M/yr, 

this corresponds to a cost of $14 per ton (including recyclables revenues).  The 

collection cost per ton of MSW from the single-family and multi-family sectors is 

$496 and $42, respectively.  This SWM strategy achieves a 19% recycling rate.  
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Figure VI-1  Utilization of current SWM facilities  

Figure VI-2 illustrates the break down of costs by unit operation.  Collection 

costs constitute a major portion of the total cost.  As Kent and Sussex are largely 

rural counties, the collection costs (per ton) are higher than the collection costs 

incurred in New Castle County with its more urban population.  In addition, hauling 

of recyclables to New Castle County’s MRF from Kent and Sussex Counties 
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contributes to higher “per ton” costs and environmental emissions.  Recycling 

collection costs per ton of MSW were $43, $89, and $118 in New Castle, Kent and 

Sussex Counties, respectively.  These numbers correspond to the cost per ton of 

recyclables hauled from residential drop-off sites in each county to the New Castle 

County’s MRF.  Figure VI-3 illustrates the breakdown of greenhouse gas emissions 

by each unit operation in current use.  The majority of the GHE originate from the 

landfills.  Although landfill gas is recovered for electricity generation, some methane 

is released to the atmosphere in the early operating years when the landfill gas 

collection efficiency is assumed to be zero.  Nonetheless, some avoided emissions are 

realized.   
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Table VI-6  Least-Cost Strategy for the Base Scenario for Kent County (Case 2) 

Sector  Unit Process  
Mass Processed 

(Tons/yr) 

Residential 1  Residuals Collection 44,203 

Residential 1  Recyclables Drop-Off  3,762 

Multifamily 1  Recyclables Drop-Off  515 

Multifamily 1  Residuals Collection 4,814 

Commercial 1  Pre-Sorted Collection 10,687 

Commercial 1  Residuals Collection 19,897 

  Presorted MRF 14,964 

  Landfill  68,915 

Cost and Environmental Emissions a 

Cost and Environmental 
Emissions Parameter  Units  

Cost $/year 21,395,482 

Energy Consumption MBTU/year -72,366 

Total Particulate Matter lbs Total PM/year -208,236 

Nitrogen Oxides lbs NOx/year 110,696 

Sulfur Oxides lbs SOx/year -216,404 

Carbon Monoxide lbs CO/year 273,360 

Carbon Dioxide Biomass lbs CO2 Bio/year 67,702,084 

Carbon Dioxide Fossil lbs CO2 Fossil/year 12,717,033 

Greenhouse Equivalents tons GHE/year 7,696 

Methane lbs CH4/year 2,081,750 

Diversion % 18 

a. Negative values represent emissions avoided due to recycling and/or energy recovery.   
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Table VI-7  Least-Cost Strategy for the Base Scenario for Sussex County (Case 2) 

Sector  Unit Process  
Mass Processed 

(Tons/yr) 

Residential 1  Residuals Collection 54,528 

Residential 1  Recyclables Drop-Off  4,646 

Multifamily 1  Recyclables Drop-Off  636 

Multifamily 1  Residuals Collection 5,939 

Commercial 1  Pre-Sorted Collection 15,016 

Commercial 1  Residuals Collection 27,954 

  Presorted MRF 20,298 

  Landfill  88,421 

Cost and Environmental Emissions a 
Cost and Environmental 
Emissions Parameter Units  

Cost $/year 36,915,571 

Energy Consumption MBTU/year -283 

Total Particulate Matter lbs Total PM/year -271,796 

Nitrogen Oxides lbs NOx/year 273,681 

Sulfur Oxides lbs SOx/year -240,392 

Carbon Monoxide lbs CO/year 618,471 

Carbon Dioxide Biomass lbs CO2 Bio/year 88,708,658 

Carbon Dioxide Fossil lbs CO2 Fossil/year 35,884,144 

Greenhouse Equivalents tons GHE/year 12,565 

Methane lbs CH4/year 2,678,872 

Diversion % 19 

a. Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Figure VI-2  Costs of current SWM practice.  Total cost of transfer and 

transportation is around $100,000/yr. 
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Figure VI-3  GHE emissions from current SWM practice  
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VI.3  County-specific Case 3: future cost-minimizing 

SWM scenarios considering different rates of diversion via 

curbside recycling 

Description 

To explore SWM strategies that would result in increased diversion, the SWM-LCI 

model for the base case was updated to enable several curbside recycling options.  In 

addition to the existing residential recyclables drop-off and commercial pre-sorted 

recycling programs, commingled curbside recycling options for single-family and 

multi-family residential sectors were enabled for New Castle County.  Commingled 

curbside recycling collection includes two options: 1) recyclables sorted by the crew 

at curbside and then sent to a MRF designed for pre-sorted recyclables; and 2) 

commingled recyclables are collected at curbside and sorted at a MRF handling 

commingled recyclables.  A MRF in which recyclables are sorted from mixed waste 

was also enabled.  Least-cost SWM strategies were generated to achieve different 

levels of waste diversion from landfill, starting from the current level of diversion 

and increasing to the maximum feasible diversion rate.  Diversion from a landfill 

results from all recycling activities (curbside, pre-sorted, drop-off, recovery at a 

mixed waste MRF) in all sectors in each county.   

Similarly, the base case SWM-LCI models for Kent and Sussex Counties were 

updated to include curbside recycling.  Although the only existing MRF is located in 

New Castle County, utilizing only this MRF for future recycling programs in Kent 

and Sussex Counties was deemed not practical given the long transportation 

distances.   Accordingly, a new MRF was assumed to be located on the border of Kent 
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and Sussex Counties for receipt of recyclable material flow from these counties.  The 

assumed locations of this MRF and all facilities are shown in Figure IV-1.  For each 

county, the SWM-LCI model was executed to identify least-cost SWM strategies to 

achieve different levels of diversion, ranging from the existing diversion rate to the 

maximum possible rate.   

Resulting SWM Strategies: New Castle County 

Table VI-8 summarizes the mass flows through each unit operation for the least cost 

strategy for each level of diversion for New Castle County.  Table VI-9 summarizes 

the corresponding cost and environmental emissions.  The results are presented with 

the base case (Case 2) results.   

Up to 28% diversion, all recyclables are recovered through the drop-off program 

and mixed waste MRF.  As the diversion rate is further increased, curbside recycling 

is utilized in residential sector 1 and the multi-family sector to recover more 

material.  This suggests that recovery of recyclables in a mixed waste MRF is less 

expensive than implementation of a curbside recycling program and can meet 

recycling goals up to 28% diversion.  The increasing amount of mass sent to a mixed 

waste MRF indicates that utilization of a mixed waste MRF increases as the waste 

diversion constraint increases.  Residential sector 2, which represents the population 

in the southern part of the county, is located farther away from the MRF.  The longer 

transportation distance translates to higher cost which explains why commingled 

recycling is not utilized in sector 2 until the model objective is to maximize diversion, 

at which point commingled recycling is utilized in sector 2 and the maximum 
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possible diversion rate of 28.91% is achieved, albeit with a significant jump in cost 

(Table VI-9).   

Figure VI-4 illustrates the shifts in mass flow as diversion increases.  Note that at 

the maximum diversion level, the use of a mixed waste MRF decreases slightly, and 

recyclables collected at curbside are sorted by the crew rather than at a MRF as in 

the 28.5% diversion case.  The shift in unit operations between 28.5 and 28.91% 

diversion is controlled by slightly different assumptions on materials loss in pre-

sorted vs. commingled MRFs.  Specifically, more broken glass is lost when mixed 

recyclables are collected as opposed to pre-sorted recyclables.  While mathematically 

correct, this diversion increase is likely insignificant in practice.  It is important to 

note that the maximum possible diversion rate depends on the model inputs 

specifying the rate at which residents participate in curbside recycling programs.  

Derivation of these inputs was described in Section IV.   
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Figure VI-4  Variation of mass flow and GHE for alternate SWM strategies in New 
Castle County (Case 3)1 

Figure VI-5 illustrates the trade-off between cost and diversion rate.  Between 20 

and 28% diversion, the cost increases uniformly with diversion rate.  As curbside 

recycling (at 28%) is included to achieve higher diversion targets, the cost starts to 

increase rapidly due to the higher costs associated with additional collection trucks 

and MRFs to enable curbside recycling.  Figure VI-5 also shows the variation of GHE 

as the diversion rate increases.  The resulting environmental benefits associated with 

remanufacturing offsets and reduced landfill emissions due to additional diversion 

results in a decrease in GHE with increased diversion.   Interestingly, CO2-biomass 

emissions increase as diversion increases.  This is because more CO2-biomass is 

released when OCC and ONP are recycled relative to the use of virgin materials for 

the production of these products.  Other than CO2-biomass, all other emissions and 

                                                
1 Scale of x-axis is not uniform. 
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energy consumption attain their minimum values when diversion is at its maximum.  

As CO2-biomass has a weighting factor of zero in the calculation of GHE, its increase 

is not problematic.   
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Figure VI-5  Variation of cost and GHE with diversion in New Castle County (Case 3) 

 

Resulting SWM Strategies: Kent & Sussex Counties 

A similar analysis was conducted for Kent and Sussex Counties, and an array of cost-

effective diversion strategies, at different diversion rates, was generated for each 

county.  The corresponding waste flows for Kent and Sussex Counties are 

summarized in Tables VI-10 and VI-12, respectively, and the cost and environmental 

emissions are presented in Tables VI-11 and VI-13, respectively.  The results are 

presented with the base case (Case 2) results.   
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The trend in mass flows for these strategies is similar to the trend reported for 

New Castle County.  Figure VI-6 and VI-7 show the mass flows through the MSW 

facilities at different diversion rates for Kent and Sussex Counties, respectively.  

Again, the drop-off option along with additional recovery at a mixed waste MRF are 

used initially, and curbside recycling is introduced closer to the maximum diversion 

rate.   

At 26% diversion, PM, NOx, SOx, CO2-fossil, GHE and energy consumption 

attain their minimum values.  Subsequently, these parameters start to increase as 

more MSW is diverted.  In addition, as reported for New Castle County, the CO2-

biomass emissions start to increase as more OCC and ONP are recycled via the 

curbside recycling programs.  Figures VI-6 and VI-7 show that GHE stabilize after 

the introduction of curbside recycling, which uses additional trucks.  As these 

counties have relatively higher rural populations, the transportation effects are 

greater, which contributes to increased vehicle emissions due to curbside recycling.  

The emissions savings from remanufacturing offsets are not high enough to 

compensate for the increases in the collection operations.  This comparison between 

New Castle, and Kent and Sussex Counties, serves as a good illustration of why one 

SWM strategy for the entire state may not be optimal from either a cost or 

environmental perspective.   
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Figure VI-6  Variation of mass flow and GHE for alternate SWM Strategies in Kent 
County (Case 3)1 
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Figure VI-7  Variation of mass flow and GHE for alternate SWM strategies in Sussex 

County  

(Case 3)1

                                                
1 Scale of x-axis is not uniform.  
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Table VI-8  Mass Flows through Unit Operations at Different Diversion Rates for Least-Cost Curbside Recycling Strategies 
for New Castle County (tons/yr) (Case 3) 

Diversion Rate (%) 

Sector Unit Process 

20  
(Base 
Case)a 

20 21 23 26 28 28.50 28.91 

 Residential 1   R-Commingled/Crew  n.a. - - - - - - 16,724 

 Residential 1   R-Commingled/MRF  n.a. - - - - - 5,972 - 

 Residential 1   R-Residuals  139,150 139,150 138,604 138,604 138,604 138,604 136,708 133,295 

 Residential 1   R-Recyclable Drop-Off  10,870 10,870 11,415 11,415 11,415 11,415 7,339 - 

 Residential 2   R-Commingled/Crew  n.a. - - - - - - 582 

 Residential 2   R-Commingled/MRF  n.a. - - - - - - 1,280 

 Residential 2   R-Residuals  15,875 15,499 15,438 15,438 15,438 15,438 15,438 14,847 

 Residential 2   R-Recyclable Drop-Off  835 1,211 1,271 1,271 1,271 1,271 1,271 - 

 Multifamily 1   MF-Recyclable Drop-Off  3,982 3,982 4,182 4,182 4,182 4,182 - - 

 Multifamily 1   MF-Commingled  n.a. - - - - - 6,127 6,127 

 Multifamily 1   MF-Residuals  39,275 39,275 39,076 39,076 39,076 39,076 37,130 37,130 

 Commercial 1   C-Pre-Sorted  61,528 61,152 61,550 61,550 61,550 61,550 61,550 61,550 

 Commercial 1   C-Mixed Waste  n.a. 1,076 - - - - - - 

 Commercial 1   C-Residuals  114,556 113,856 114,535 114,535 114,535 114,535 114,535 114,535 

  Mixed Waste Transfer 15,875 15,499 15,438 15,438 15,438 15,438 15,438 14,847 

  Commingled Transfer n.a. - - - - - - 1,280 

  Pre-Sorted Transfer n.a. - - - - - - 582 

  Mixed Waste  MRF n.a. - 23,397 103,380 230,973 307,654 303,812 299,808 

  Presorted MRF 77,214 77,214 78,418 78,418 78,418 78,418 70,160 78,856 

  Commingled MRF n.a. - - - - - 12,100 7,408 

  Landfill  308,857 308,857 304,996 297,275 285,693 277,971 276,041 274,458 
a. The Base Case scenario represents existing practice in New Castle County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or 
equal to the base case.  Curbside recycling is enabled in all scenarios except the base case.   
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Table VI-9  Cost and Environmental Emissions for Least-Cost Curbside Recycling Strategies for New Castle County    
(Case 3)* 

Diversion Rate (%)  

Parameter Units 

20  
(Base 

Case) a 

20 21 23 26 28 28.50 28.91 

Cost $/year 39,673,528 39,661,099 40,233,613 41,651,147 43,990,084 45,684,858 49,479,857 61,074,373 
Energy 
Consumption MBTU/year -992,199 -993,483 -1,109,709 -1,320,907 -1,645,536 -1,902,918 -2,055,856 -2,233,794 
Total Particulate 
Matter 

lbs Total 
PM/year -287,726 -287,659 -308,102 -343,776 -398,608 -443,812 -457,025 -463,961 

Nitrogen Oxides lbs NOx/year -377,933 -377,998 -409,837 -465,877 -544,717 -598,938 -615,908 -625,121 

Sulfur Oxides lbs SOx/year -1,278,145 -1,281,067 -1,334,666 -1,422,694 -1,553,277 -1,659,996 -1,693,495 -1,724,829 
Carbon 
Monoxide lbs CO/year -150,078 -142,844 -198,218 -394,008 -673,113 -782,773 -1,137,737 -1,834,293 
Carbon Dioxide 
Biomass 

lbs CO2 
Bio/year 320,593,961 321,892,837 324,290,130 328,663,120 335,708,570 342,204,435 345,709,824 349,364,157 

Carbon Dioxide 
Fossil 

lbs CO2 
Fossil/year -28,147,313 -28,964,432 -34,281,587 -36,171,807 -39,647,701 -50,253,399 -59,017,323 -71,151,778 

Greenhouse 
Equivalents 

tons 
GHE/year 22,851 22,789 21,684 19,979 17,437 15,303 14,039 12,315 

Methane lbs CH4/year 9,320,117 9,337,371 9,204,669 8,699,205 7,977,204 7,736,974 7,712,925 7,688,551 
a. The Base Case scenario represents existing practice in New Castle County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or equal 
to the base case.  Curbside recycling is enabled in all scenarios except the base case. 
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Table VI-10  Mass Flows through Unit Operations at Different Diversion Rates for Least-Cost Curbside Recycling 
Strategies for Kent County (tons/yr) (Case 3) 

Diversion Rate (%) 

 Sector   Unit Process  

18 
(Base 

Case) a 19 20 24 26 26.5 26.8 26.85 

 Residential 1   R-Commingled/Crew  n.a. - - - - - 814 1,110 

 Residential 1   R-Commingled/MRF  n.a. - - - - 1,110 292 - 

 Residential 1   R-Residuals  8,860 8,860 8,860 8,860 8,860 8,510 8,510 8,510 

 Residential 1   R-Recyclable Drop-Off  755 755 755 755 755 - - - 

 Residential 2   R-Commingled/Crew  n.a. - - - - - - 3,780 

 Residential 2   R-Commingled/MRF  n.a. - - - - 2,230 4,410 635 

 Residential 2   R-Residuals  35,300 35,300 35,000 35,340 35,300 34,600 33,900 33,900 

 Residential 2   R-Recyclable Drop-Off  3,010 3,010 3,010 3,011 3,010 1,490 - - 

 Multifamily 1   MF-Recyclable Drop-Off  515 491 491 491 295 - - - 

 Multifamily 1   MF-Commingled  n.a. - - - 323 755 755 755 

 Multifamily 1   MF-Residuals  4,810 4,840 4,840 4,840 4,710 4,580 4,580 4,580 

 Commercial 1   C-Pre-Sorted  10,700 10,700 10,700 10,700 10,700 10,700 10,700 10,700 

 Commercial 1   C-Residuals  19,900 19,900 19,900 19,900 19,900 19,900 19,900 19,900 

  Mixed Waste Transfer 8,860 8,860 8,860 8,860 8,860 8,510 8,510 8,510 

  Commingled Transfer n.a. - - - - 1,110 292 - 

  Pre-Sorted Transfer n.a. 755 755 755 755 - 814 1,110 

  Mixed Waste MRF n.a. 9,540 18,500 52,200 68,800 67,600 66,900 66,900 

  Presorted MRF 15,000 15,000 14,900 14,900 14,800 12,200 11,500 15,600 

  Commingled MRF n.a. - - - 323 4,090 5,460 1,390 

  Landfill  68,900 67,900 67,100 63,700 62,100 61,700 61,400 61,400 
a. The Base Case scenario represents existing practice in Kent County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or 
equal to the base case.  Curbside recycling is enabled in the other scenarios.   
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Table VI-11  Cost and Environmental Emissions for Least-Cost Curbside Recycling Strategies for Kent County (Case 3)* 

Diversion Rate (%) 

Parameter Units 
18 

(Base Case) a 19 20 24 26 26.5 26.8 26.85 

Cost $/year 21,395,482 20,553,195 20,695,814 21,408,317 21,868,286 29,195,417 34,696,709 38,552,338 

Energy Consumption MBTU/year -72,366 -107,917 -126,427 -239,210 -291,904 -273,716 -257,179 -252,026 
Total Particulate 
Matter 

lbs Total 
PM/year 

-208,236 -225,829 -243,437 -283,247 -297,642 -286,858 -279,090 -278,417 

Nitrogen Oxides lbs NOx/year 110,696 88,024 80,046 53,681 40,877 125,837 185,213 192,106 

Sulfur Oxides lbs SOx/year -216,404 -231,402 -240,475 -282,342 -305,439 -288,491 -275,917 -274,373 

Carbon Monoxide lbs CO/year 273,360 233,859 205,655 140,267 117,608 24,616 -31,964 -24,981 
Carbon Dioxide 
Biomass 

lbs CO2 
Bio/year 67,702,084 68,371,658 68,616,304 71,458,854 72,744,763 73,838,131 74,472,305 74,472,478 

Carbon Dioxide Fossil 
lbs CO2 
Fossil/year 12,717,033 10,492,567 10,765,794 6,873,259 4,399,922 11,477,339 16,592,295 17,346,326 

Greenhouse 
Equivalents tons GHE/year 

7,696 7,218 7,050 6,099 5,632 6,583 7,272 7,374 

Methane lbs CH4/year 2,081,750 2,020,973 1,949,218 1,802,534 1,757,315 1,752,218 1,749,357 1,749,205 
a. The Base Case scenario represents existing practice in Kent County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or equal to the 
base case.  Curbside recycling is enabled in the other scenarios.   
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Table VI-12  Mass Flows through Unit Operations at Different Diversion Rates for Least-Cost Curbside Recycling 
Strategies for Sussex County (tons/yr) (Case 3) 

Diversion Rates (%) 

 Sector   Unit Process  

19 
(Base 
Case)a 19 20 25 26 27 27.5 

 Residential 1   R-Commingled/Crew  n.a.    - - 1,680 

 Residential 1   R-Commingled/MRF  n.a.    - 2,080 5,130 

 Residential 1   R-Residuals  54,500 54,500 54,500 54,500 54,528 53,900 52,400 

 Residential 1   R-Recyclable Drop-Off  4,650 4,650 4,650 4,650 4,646 3,227 - 

 Multifamily 1   MF-Recyclable Drop-Off  636 636 636 636 636   

 Multifamily 1   MF-Commingled  n.a.    - 931 931 

 Multifamily 1   MF-Residuals  5,940 5,940 5,940 5,940 5,939 5,640 5,640 

 Commercial 1   C-Pre-Sorted  15,000 15,000 15,000 15,000 15,020 15,000 15,000 

 Commercial 1   C-Mixed Waste  n.a.    -   

 Commercial 1   C-Residuals  28,000 28,000 28,000 28,000 27,950 28,000 28,000 

  Mixed Waste Transfer n.a. 2,970 13,400 69,500 85,477 87,500 86,000 

  Presorted MRF 20,300 20,300 20,300 20,300 20,302 18,200 16,700 

  Commingled MRF n.a.    - 3,010 6,060 

 Landfill 88,400 88,100 87,000 81,500 80,452 79,400 78,800 

a. The Base Case scenario represents existing practice in Sussex County, whereas each of the other scenarios is constrained to have a diversion ratio that is 
greater than or equal to the base case.  Curbside recycling is enabled in the other scenarios.   
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Table VI-13  Cost and Environmental Emissions for Least-Cost Curbside Recycling Strategies for Sussex County (Case 3) * 

Diversion Rate (%) 

Parameter Units 

19 
(Base 
Case)a 19 20 25 26 27 27.5 

Cost $/year 36,915,571 35,290,004 35,489,244 36,605,872 36,838,910 44,197,677 62,177,248 

Energy Consumption MBTU/year -283 -43,876 -71,918 -238,547 -276,958 -271,257 -198,316 
Total Particulate 
Matter 

lbs Total 
PM/year -271,796 -286,262 -305,465 -379,590 -390,340 -384,771 -358,755 

Nitrogen Oxides lbs NOx/year 273,681 194,273 185,793 150,145 144,116 215,359 399,314 

Sulfur Oxides lbs SOx/year -240,392 -272,971 -285,246 -348,858 -362,215 -356,982 -312,854 

Carbon Monoxide lbs CO/year 618,471 539,392 509,514 395,268 378,979 283,481 93,420 
Carbon Dioxide 
Biomass lbs CO2 Bio/year 88,708,658 89,053,240 89,586,071 93,595,628 94,649,411 95,781,717 97,156,773 

Carbon Dioxide Fossil 
lbs CO2 
Fossil/year 35,884,144 26,102,437 26,006,732 22,432,489 21,097,977 26,479,801 42,602,786 

Greenhouse 
Equivalents tons GHE/year 12,565 11,183 10,949 9,638 9,344 10,038 12,222 

Methane lbs CH4/year 2,678,872 2,662,137 2,584,973 2,297,498 2,258,446 2,244,426 2,239,250 

a. The Base Case scenario represents existing practice in Sussex County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater 
than or equal to the base case.  Curbside recycling is enabled in the other scenarios.   
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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VI.4  County-specific Case 4:  future cost-minimizing 

SWM scenarios considering different rates of diversion via 

curbside recycling and yard waste composting 

Description 

The SWM-LCI model from Case 3 was repeated with the inclusion of yard waste 

composting.  For Case 4, the definition of diversion was modified to include 

diversion due to all recycling and composting.  Since a DSWA controlled composting 

facility does not currently exist in Delaware, a composting facility is assumed to be 

located in New Castle County near the Northern SWM Center.  Since landfills are 

most likely to be sited at centralized locations, it was assumed that locating a future 

composting facility near a landfill is reasonable.  While the SWM-LCI model does not 

have the capability to optimize facility location, it can be used to evaluate and 

compare the effect of locating a facility in multiple pre-selected locations, and is not 

limited to the location assumed in this study.   

Similarly, the SWM-LCI models for Kent and Sussex Counties were updated to 

include yard waste composting.  A single new yard waste composting facility to serve 

these two counties was assumed to be located at the border of the counties.  The 

distances between the facilities were input to each SWM-LCI model to appropriately 

reflect the new MSW system. 

Resulting SWM Strategies: New Castle County 

The mass flows through each unit operation for each least-cost diversion strategy for 

New Castle County are presented in Table VI-14, while Table IV-15 summarizes the 
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corresponding cost and environmental emissions and Figure VI-8 illustrates the 

mass flows through all the facilities at different diversion rates.   

Up to 20% diversion, the diversion constraint is met using drop-off recycling 

alone.  As diversion is constrained to values above 20%, the next unit operation to be 

utilized is a mixed waste MRF.  Use of the mixed waste MRF increases with the 

diversion constraint up to 28%, after which it decreases as yard waste composting is 

utilized.  As yard waste composting is cheaper than curbside recycling, it is utilized 

first.  Finally, curbside recycling is utilized when the diversion constraint reaches 

35%.  Curbside recycling is first implemented in single-family residential sector 1 and 

in the multi-family sector.  It is only utilized in residential sector 2 at the maximum 

diversion rate.   

The cost increases steadily with the diversion rate, and shows a sharp increase 

with the implementation of curbside recycling (Fig. VI-9).  While the emissions show 

a general decreasing trend with diversion rate, with the exception of GHE and CH4, 

they do not all decrease monotonically.  Noticeably, there are two points at which the 

other emissions reach a minimum.  When yard waste composting is introduced at 

28% diversion, PM, NOx, SOx, CO, and CO2-f emissions as well as energy 

consumption attain their first minimum.  However, between 28 and 32% diversion, 

the mass of material recycled remains constant while the mass composted increases.  

Thus, there are no additional remanufacturing offsets between 28 and 32% diversion 

and the introduction of yard waste composting results in increased emissions from 

the additional collection and treatment processes.  While there are benefits to 

compost when used in certain applications, at this time there are no definitive offsets 

to the use of compost as it is not clear what is avoided when compost is produced.  
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Thus, unlike remanufacturing or energy recovery from waste, there are no offset 

emissions attributed to composting.  Emissions then decrease at 35% diversion due 

to the benefits of selected curbside recycling but increase when curbside recycling is 

implemented in the rural part of New Castle County.  In contrast to PM, NOx, SOx, 

CO, and CO2-f emissions, GHE and CH4 emissions decrease consistently with 

increasing diversion (Fig. VI-9).  This is because the majority of CH4 and GHE 

emissions result from landfills, and these emissions decrease as more waste is 

diverted.   
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Figure VI-8  Variation of mass flow and GHE for alternate SWM strategies in New 

Castle County (Case 4)1 

Finally, note that at 28% diversion the mass of waste routed to yard waste 

composting is only 1,020 tons/yr (Table VI-14).  In the absence of a specific 

constraint, there is no lower limit to the mass that can be routed through a facility in 

                                                
1 Scale of x-axis is not uniform. 
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the SWM-LCI model.  In practice, it is not likely to be practical to utilize a compost 

facility at such a low mass flow rate.  If the 28% diversion scenario was desirable for 

other attributes, then it should be rerun with a constraint to either disable yard 

waste composting or force a larger mass through this diversion alternative.  

Alternately, the alternatives generation capability described in Section VIII could be 

utilized. 
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Figure VI-9  Variation of cost and GHE with diversion (Case 4)   

 

Resulting SWM Strategies: Kent & Sussex Counties 

A similar analysis was conducted for Kent and Sussex Counties, and an array of cost-

effective diversion strategies, at different diversion rates, was generated for each 

county.  The corresponding waste flows for Kent and Sussex Counties are 

summarized in Tables VI-16 and VI-18, respectively, and the cost and environmental 

emissions are presented in Tables VI-17 and VI-19, respectively. 
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Figures VI-10 and VI-11 illustrate the mass flows through all the facilities at 

different diversion rates for Kent and Sussex Counties, respectively.  Up to about 

27%, diversion is achieved in each county primarily via the drop-off program and 

recyclable recovery at the mixed waste MRF.  Utilization of yard waste composting 

begins at 27% diversion.  Curbside recycling is selected for the multi-family and 

residential sectors in Kent County at diversion constraints of 30 and 34%, 

respectively.  For Sussex County, the curbside recycling option for residential and 

multi-family sectors is selected only at the maximum diversion of 34.5%.  As for New 

Castle County, curbside recycling is selected only after diversion by yard waste 

composting, recyclables drop-off, and the mixed waste MRF are fully exploited. 

The relationship between GHE emissions and diversion rate are different than 

those described for New Castle County.  In Kent and Sussex Counties, GHE 

emissions attain their minimum at 27% diversion with the utilization of yard waste 

composting at a very low level.  Thereafter, GHE emissions increase in Kent and 

Sussex Counties while they continue to decrease in New Castle County.  These 

differing trends can be attributed to differences in travel distances.  While the 

diversion of yard waste from a landfill results in avoided methane emissions in all 

cases, the avoided emissions do not completely replace the increased emissions 

associated with yard waste collection and processing in Kent and Sussex Counties.  
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Figure VI-10  Variation of mass flow and GHE for alternate SWM strategies in Kent 

County (Case 4)1 
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Figure VI-11  Variation of mass flow and GHE for alternate SWM strategies in Sussex 
County (Case 4)1 

                                                
1 Scale of x-axis is not uniform. 
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Table VI-14  Mass Flows for Least-Cost Curbside Recycling and Composting Strategies for New Castle County (tons/yr) 
(Case 4) 

Diversion Rates (%) 

 Sector   Unit Process  

20  
(Base 

Case) a 20 25 28 30 32 35 
35.15 
(max) 

 Residential 1   R-Yard Waste  n.a. 0 0 1020 8741 16463 21726 21726 
 Residential 1   R-Commingled/Crew  n.a. 0 0 0 0 0 0 11964 
 Residential 1   R-Commingled/MRF  n.a. 0 0 0 0 0 14494 4761 
 Residential 1   R-Residuals  139150 139150 138604 137585 129863 122142 112277 111569 
 Residential 1   R-Recyclable Drop-Off  10870 10870 11415 11415 11415 11415 1522 0 
 Residential 2   R-Yard Waste  n.a. 0 0 0 0 0 2420 2420 
 Residential 2   R-Commingled/Crew  n.a. 0 0 0 0 0 0 0 
 Residential 2   R-Commingled/MRF  n.a. 0 0 0 0 0 0 1863 
 Residential 2   R-Residuals  15875 15499 15438 15438 15438 15438 13019 12427 
 Residential 2   R-Recyclable Drop-Off  835 1211 1271 1271 1271 1271 1271 0 
 Multifamily 1   MF-Recyclable Drop-Off  3982 3982 4182 4182 4182 4182 0 0 
 Multifamily 1   MF-Commingled  n.a. 0 0 0 0 0 6127 6127 
 Multifamily 1   MF-Residuals  39275 39275 39076 39076 39076 39076 37130 37130 
 Commercial 1   C-Pre-Sorted  61528 61152 61550 61550 61550 61550 61550 61550 
 Commercial 1   C-Mixed Waste  n.a. 1076 0 0 0 0 0 0 
 Commercial 1   C-Residuals  114556 113856 114535 114535 114535 114535 114535 114535 
  Mixed Waste Transfer 15875 15499 15438 15438 15438 15438 13019 12427 
  Commingled Transfer n.a. 0 0 0 0 0 0 1863 
  Pre-Sorted Transfer n.a. 0 0 0 0 0 0 0 
  Mixed Waste MRF n.a. 0 186798 306634 298913 291191 276961 275662 
  Presorted MRF 77214 77214 78418 78418 78418 78418 64343 73513 
  Commingled MRF n.a. 0 0 0 0 0 20621 12751 
  Yard Waste Compost  n.a. 0 0 1020 8741 16463 24146 24146 
  Landfill  308857 308857 289554 277971 270250 262529 250946 250367 
a. The Base Case scenario represents existing practice in New Castle County, whereas each of the other scenarios is constrained to have a diversion ratio that is 
greater than or equal to the base case.  Curbside recycling and composting are enabled in the other scenarios.   
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Table VI-15  Cost and Environmental Emissions for Least-Cost Curbside Recycling and Composting Strategies for New 
Castle County (Case 4) *  

Diversion Rate (%) 

Cost/LCI 
Parameter Units 

20  
(Base Case) 

a 20 25 28 30 32 35 35.15 (max) 

Cost $/year 39,673,528 39,661,099 43,155,366 45,668,195 47,403,326 49,138,456 51,040,086 58,232,564 
Energy 
Consumption MBTU/year -992,199 -997,346 -1,511,863 -1,882,170 -1,868,603 -1,855,037 -2,149,794 -2,203,916 
Total Particulate 
Matter 

lbs Total 
PM/year -287,726 -288,975 -375,566 -440,451 -438,118 -435,784 -456,792 -459,217 

Nitrogen Oxides lbs NOx/year -377,933 -386,633 -530,144 -581,293 -564,204 -547,115 -591,149 -599,736 

Sulfur Oxides lbs SOx/year -1,278,145 -1,283,249 -1,507,915 -1,634,410 -1,625,351 -1,616,292 -1,691,517 -1,701,486 
Carbon 
Monoxide lbs CO/year -150,078 -152,266 -622,684 -775,110 -765,069 -755,028 -1,600,319 -1,798,155 
Carbon Dioxide 
Biomass 

lbs CO2 
Bio/year 320,593,961 321,892,688 331,966,339 342,675,620 346,243,958 349,812,296 359,336,772 360,340,909 

Carbon Dioxide 
Fossil 

lbs CO2 
Fossil/year -28,147,313 -30,042,802 -35,818,457 -47,783,614 -45,374,461 -42,965,308 -62,232,493 -66,245,285 

Greenhouse 
Equivalents 

tons 
GHE/year 22,851 22,642 18,356 15,586 15,513 15,440 12,300 11,734 

Methane lbs CH4/year 9,320,117 9,337,272 8,115,697 7,718,124 7,577,960 7,437,795 7,258,558 7,252,053 
a. The Base Case scenario represents existing practice in New Castle County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than 
or equal to the base case.  Curbside recycling and composting are enabled in the other scenarios.   
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Table VI-16  Mass Flows for Least-Cost Curbside Recycling and Composting Strategies for Kent County (tons/yr)   
(Case 4) 

Diversion Rate (%) 

 Sector   Unit Process  

18  
(Base 

Case) a 18 20 25 27 30 33 
34.15 
(max) 

 Residential 1   R-Yard Waste  n.a. - - - 875 1,228 1,228 1,228 
 Residential 1   R-Commingled/Crew  n.a. - - - - - - 1,106 
 Residential 1   R-Commingled/MRF  n.a. - - - - - - - 
 Residential 1   R-Residuals  8,859 8,895 8,895 8,859 7,984 7,631 7,631 7,280 
 Residential 1   R-Recyclable Drop-Off  755 719 719 755 755 755 755 - 
 Residential 2   R-Yard Waste  n.a. - - - - 2,079 4,595 4,900 
 Residential 2   R-Commingled/Crew  n.a. - - - - - - 3,285 
 Residential 2   R-Commingled/MRF  n.a. - - - - - - 1,127 
 Residential 2   R-Residuals  35,344 35,340 35,340 35,340 35,340 33,261 30,745 29,039 
 Residential 2   R-Recyclable Drop-Off  3,007 3,011 3,011 3,011 3,011 3,011 3,011 - 
 Multifamily 1   MF-Recyclable Drop-Off  515 491 491 491 515 - - - 
 Multifamily 1   MF-Commingled  n.a. - - - - 755 755 755 
 Multifamily 1   MF-Residuals  4,814 4,839 4,839 4,839 4,814 4,575 4,575 4,575 
 Commercial 1   C-Pre-Sorted  10,687 10,691 10,691 10,691 10,691 10,691 10,691 10,691 
 Commercial 1   C-Residuals  19,897 19,894 19,894 19,894 19,894 19,894 19,894 19,894 
  Mixed Waste Transfer 8,859 8,895 8,895 8,859 7,984 7,631 7,631 7,280 
  Commingled Transfer n.a. - - - - - - - 
  Pre-Sorted Transfer n.a. 719 719 755 755 755 755 1,106 
  Mixed Waste MRF n.a. 1,654 18,851 64,605 68,032 65,360 62,844 60,787 
  Presorted MRF 14,964 14,911 14,911 14,947 14,971 14,456 14,456 15,081 
  Commingled MRF n.a. - - - - 755 755 1,882 
  Yard Waste Compost  n.a. - - - 875 3,307 5,823 6,128 
  Landfill  68,915 68,780 67,103 62,909 61,231 58,715 56,199 55,234 

a. The Base Case scenario represents existing practice in Kent County, whereas each of the other scenarios is constrained to have a diversion ratio that is 
greater than or equal to the base case.  Curbside recycling and composting are enabled in the other scenarios.   
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Table VI-17  Cost and Environmental Emissions for Least-Cost Curbside Recycling and Composting Strategies for Kent 
County (Case 4) *  

Diversion Rate (%) 

Cost/LCI 
Parameter Units 

18  
(Base 

Case) a 18 20 25 27 30 33 
34.15 
(max) 

Cost $/year 21,395,482 20,420,665 20,695,814 21,597,937 23,560,939 30,175,405 37,095,944 54,047,759 
Energy 
Consumption MBTU/year -72,366 -84,360 -126,427 -268,671 -271,222 -226,045 -171,984 -121,726 
Total 
Particulate 
Matter 

lbs Total 
PM/year -208,236 -212,147 -243,437 -291,505 -288,497 -279,724 -269,967 -249,266 

Nitrogen 
Oxides lbs NOx/year 110,696 95,046 80,046 49,281 67,002 132,452 200,394 359,268 
Sulfur Oxides lbs SOx/year -216,404 -221,482 -240,475 -292,578 -241,121 -222,167 -200,792 -166,497 
Carbon 
Monoxide lbs CO/year 273,360 255,654 205,655 127,948 89,015 149,715 214,376 80,081 
Carbon Dioxide 
Biomass 

lbs CO2 
Bio/year 67,702,084 67,883,451 68,616,304 72,271,874 40,859,818 42,236,392 43,401,199 45,378,274 

Carbon Dioxide 
Fossil 

lbs CO2 
Fossil/year 12,717,033 10,856,727 10,765,794 5,872,888 15,518,649 23,157,910 31,263,916 45,196,387 

Greenhouse 
Equivalents 

tons 
GHE/year 7,696 7,422 7,050 5,876 2,463 3,380 4,359 6,241 

Methane lbs CH4/year 2,081,750 2,074,843 1,949,218 1,772,408 121,011 77,684 33,289 27,073 
a. The Base Case scenario represents existing practice in Kent County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or 
equal to the base case.  Curbside recycling and composting are enabled in the other scenarios.  
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Table VI-18  Mass Flows for Least-Cost Curbside Recycling and Composting Strategies for Sussex County (tons/yr) 
(Case 4) 

Diversion Rate (%) 

 Sector   Unit Process  

18.67  
(Base 

Case) a 19 20 25 27 30 33 34 
34.5 

(max) 

 Residential 1   R-Yard Waste  n.a. - - - 335 3,597 6,858 7,560 7,560 

 Residential 1   R-Commingled/Crew  n.a. - - - - - - - 6,527 

 Residential 1   R-Commingled/MRF  n.a.   - - - - 2,528 280 

 Residential 1   R-Residuals  54,528 54,528 54,528 54,528 54,193 50,931 47,669 46,165 44,807 

 Residential 1   R-Recyclable Drop-Off  4,646 4,646 4,646 4,646 4,646 4,646 4,646 2,920 - 

 Multifamily 1  
 MF-Recyclable Drop-
Off  636 634 636 636 636 636 636 - - 

 Multifamily 1   MF-Commingled  n.a. - - - - - - 931 931 

 Multifamily 1   MF-Residuals  5,939 5,941 5,939 5,939 5,939 5,939 5,939 5,644 5,644 

 Commercial 1   C-Pre-Sorted  15,016 15,020 15,020 15,020 15,020 15,020 15,020 15,020 15,020 

 Commercial 1   C-Residuals  27,954 27,950 27,950 27,950 27,950 27,950 27,950 27,950 27,950 

  Mixed Waste MRF n.a. 3,135 14,109 73,453 88,082 84,820 81,559 79,758 78,400 

  Presorted MRF 20,298 20,300 20,302 20,302 20,302 20,302 20,302 17,940 21,547 

  Commingled MRF n.a. - - - - - - 3,460 1,212 

  Yard Waste Compost  n.a. - - - 335 3,597 6,858 7,560 7,560 

  Landfill  88,421 88,062 86,975 81,539 79,365 76,103 72,842 71,754 71,211 
a. The Base Case scenario represents existing practice in Sussex County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or 
equal to the base case.  Curbside recycling and composting are enabled in the other scenarios.   
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Table VI-19  Cost and Environmental Emissions for Least-Cost Curbside Recycling and Composting Strategies for 
Sussex County (Case 4) *  

Diversion Rate, % 

Cost/LCI 
Parameter Units 

18.67 
(Base 
Case) 19 20 25 27 30 33 34 

34.5 
(max) 

Cost $/year 36,915,571 35,290,004 35,489,244 36,605,872 38,008,987 47,673,989 57,338,991 68,073,995 91,739,622 
Energy 
Consumption MBTU/year -283 -43,876 -71,918 -238,547 -285,525 -180,079 -74,634 -22,327 53,179 
Total Particulate 
Matter 

lbs Total 
PM/year -271,796 -286,262 -305,465 -379,590 -386,533 -367,488 -348,442 -331,257 -306,415 

Nitrogen Oxides lbs NOx/year 273,681 194,273 185,793 150,145 151,292 283,747 416,201 542,241 720,549 

Sulfur Oxides lbs SOx/year -240,392 -272,971 -285,246 -348,858 -298,412 -257,608 -216,804 -186,725 -143,994 
Carbon 
Monoxide lbs CO/year 618,471 539,392 509,514 395,268 316,648 444,167 571,686 494,235 334,219 
Carbon Dioxide 
Biomass 

lbs CO2 
Bio/year 88,708,658 89,053,240 89,586,071 93,595,628 53,844,037 55,355,162 56,866,287 58,342,882 59,768,208 

Carbon Dioxide 
Fossil 

lbs CO2 
Fossil/year 35,884,144 26,102,437 26,006,732 22,432,489 31,729,941 47,444,495 63,159,048 74,843,987 90,736,444 

Greenhouse 
Equivalents 

tons 
GHE/year 12,565 11,183 10,949 9,638 4,800 6,781 8,761 10,319 12,487 

Methane lbs CH4/year 2,678,872 2,662,137 2,584,973 2,297,498 165,245 108,607 51,968 39,505 39,729 
a. The Base Case scenario represents existing practice in Sussex County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or 
equal to the base case.  Curbside recycling and composting are enabled in the other scenarios.  
* Negative values represent emissions avoided due to recycling and/or energy recovery. 
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VI.5  County-specific Case 5: future cost-minimizing 

SWM scenarios considering different rates of diversion via 

curbside recycling and mixed waste combustion  

Description 

The SWM-LCI model from Case 3 was repeated with the inclusion of mixed waste 

combustion with energy recovery.  For Case 5, the definition of diversion was 

modified to include landfill diversion due to all types of recycling and waste 

combustion.  Since there is not currently a municipal waste combustion facility in the 

State of Delaware, a new combustion facility is assumed to be located in New Castle 

County near the Northern SWM Center.  While the SWM-LCI model does not have 

the capability to optimize facility location, it can be used to evaluate and compare the 

effect of locating a facility in multiple pre-selected locations, and is not limited to the 

location assumed in this study.   

Similarly, the SWM-LCI models for Kent and Sussex Counties were updated to 

include mixed waste combustion.  The new combustion facility in New Castle County 

is assumed to serve these two counties as well.  A transfer station was assumed to be 

located in each county as well, so that if waste from these counties is to be processed 

via combustion, then a supporting transfer station would be available.  The distances 

between the facilities were input to each SWM-LCI model to appropriately reflect the 

new MSW system. 
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Resulting SWM Strategies: New Castle County 

The mass flows through each unit operation for each least-cost diversion strategy 

for New Castle County are presented in Table VI-20, while Table VI-21 summarizes 

the corresponding cost and environmental emissions and Figure VI-12 illustrates the 

mass flows through all the facilities at different diversion rates.   

Combustion is utilized at increasing mass flows as the diversion rate increases 

from 30 to 88%.  As the maximum diversion level is approached, a mixed waste MRF 

is utilized.  This is because glass and metals can be recovered at a mixed waste MRF, 

but would appear otherwise in the combustion ash that is landfilled.  Finally, when 

the model objective is to maximize diversion, commingled curbside recycling is 

utilized, and all waste not set out for curbside recycling is routed through a mixed 

MRF prior to combustion so that non-combustible recyclables are recovered.  The 

maximum diversion achieved is 88.4%, with the residual buried in an ash monofill.   

Combustion was selected before any recycling option other than drop-off.  

Revenues from recycled materials and electricity, collection costs, and recyclable 

recovery rates are parameters that greatly influence SWM strategy selection, i.e. 

MSW combustion vs. curbside recycling.  The model results indicate that combustion 

is preferred over curbside recycling even at lower diversion rates.  The mass of waste 

processed through a combustion facility increases as the diversion constraint 

increases.  Thus, at less than the maximum diversion levels, only a fraction of the 

county’s waste is diverted from a landfill to combustion.     

When combustion is utilized, the mixed waste could be processed through a 

mixed waste MRF for additional material recovery prior to combustion.  Notably, the 

SWM strategies that include combustion at diversion rates between 30% and 88% do 
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not include a mixed waste MRF.   In the SWM-LCI model for New Castle County, the 

mixed waste MRF and the combustion facility are located close to each other, 

making the collection and transportation costs almost the same whether the 

collected mixed waste is sent (1) directly to the combustion facility, or (2) through 

the mixed waste MRF and then to the combustion facility.  The cost difference 

between these two options is then dependent primarily on the cost of combustion 

and the mixed waste MRF, and on the revenue from electricity and recyclables 

material.  As the revenue from recyclables is insufficient to compensate for the cost 

of the MRF, option 2 is relatively less cost-effective, resulting in combustion without 

material recovery in a mixed waste MRF.     

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

20 25 40 60 80 85 88 88.4

% Diversion

%
 o

f T
ot

al
 W

as
te

-50

-40

-30

-20

-10

0

10

20

30

G
re

en
ho

us
e 

G
as

 E
qu

iv
al

en
ts

 (G
H

E
) 

Em
is

si
on

s,
 T

ho
us

an
ds

 T
on

s/
yr

Mixed Waste MRF Presorted MRF Commingled MRF
Combustion GHE

 
Figure VI-12  Variation of mass flow and GHE for alternate SWM strategies in New 

Castle County (Case 5)1 

 

                                                
1 Scale of x-axis is not uniform. 
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Although the combustion option is selected at a relatively low diversion rate of 

30%, the resulting combustion facility feed rate is approximately 43,000 tons/yr.  

For reasons of economies of scale, this operating load may be considered too low for 

implementation.  While the SWM-LCI model is designed to be used as a pre-

screening tool to identify SWM strategies, such specific practical considerations and 

engineering design choices should be applied in subsequent detailed analysis.  As 

discussed with Case 4, the model could also be rerun to constrain the mass flow to a 

feasible level if desired.   

Figure VI-13 illustrates the trade-off between cost and diversion rate.  While 

emissions show a general decreasing trend with increasing diversion rate, they do 

not all decrease monotonically (Table VI-21).  Energy consumption, GHE, CO and 

CO2-f emissions achieve their minimum levels when diversion is at its maximum of 

88.4%.   However, PM, NOx, SOx and CH4 emissions attain their lowest values just 

below 88.4% diversion.  The amount of waste sent to combustion decreases slightly 

at diversion rates above 85% as waste is routed through a mixed waste MRF prior to 

combustion.  Sorting in a mixed waste MRF results in the recovery of some otherwise 

combustible items (e.g. ONP, OCC) and a subsequent decrease in the offsets from 

electricity generation, and the corresponding offsets in PM, NOx, and SOx emissions.  

At the maximum diversion level, a landfill is again utilized but only to receive rejects 

from the MRF processing commingled recyclables.   
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Figure VI-13  Variation of cost and GHE with diversion (Case 5) 

 

Resulting SWM Strategies: Kent & Sussex Counties  

A similar analysis was conducted for Kent and Sussex Counties, and an array of cost-

effective diversion strategies was generated for each county.  The corresponding 

waste flows for Kent and Sussex Counties are summarized in Tables VI-22 and VI-

24, respectively, and the cost and environmental emissions are presented in Tables 

VI-23 and VI-25, respectively.  

Figures VI-14 and VI-15 illustrate the mass flows through various facilities at 

different diversion rates for Kent and Sussex Counties, respectively.  In contrast to 

New Castle County, in the Kent and Sussex County scenarios, it is more cost effective 

to sort MSW at a mixed waste MRF.  Selected recyclables are recovered at the MRF 

including combustible (e.g. ONP, OCC) and noncombustible materials (e.g., glass, 

aluminum, ferrous metal).  The residual MSW is then routed to the combustion 
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facility.  Use of the mixed waste MRF reduces the quantity and cost of refuse to be 

transported to the combustion facility in New Castle County.  The mixed waste MRF 

that was assumed to be located on the border of Kent and Sussex Counties acts like a 

transfer station prior to transport of the residual MSW to the combustion facility 

located in New Castle County.   

In the SWM strategies for Kent County, the utilization of combustion begins at 

low diversion levels and along with recycling through a mixed waste MRF and drop-

off recycling, meets constraints up to 87% diversion.  Interestingly, even commercial 

waste is routed to a mixed waste MRF rather than pre-sorted recyclable drop-off up 

to 87% diversion.  As the diversion constraint approaches its maximum level, pre-

sorted recycling in the commercial sector and curbside recycling for residential 

sector 2 and the multi-family sector are selected.   

In the SWM strategies for Sussex County, maximum diversion is achieved 

through combustion of all waste except commercial pre-sorted recyclables.  As 

described above, waste is first processed in a mixed waste MRF to recover 

recyclables and reduce the mass to be transported to New Castle County. 
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Figure VI-14  Variation of mass flow and GHE for alternate SWM strategies in Kent 

County (Case 5)1 
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Figure VI-15  Variation of mass flow and GHE for alternate SWM strategies in Sussex 

County (Case 5)2 

                                                
1 Scale of x-axis is not uniform. 
2 Scale of x-axis is not uniform. 
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In the Kent County scenarios, the amount of waste sent to combustion decreases 

after 87% diversion.  Due to the resulting decrease in energy offsets, energy 

consumption, and PM, NOx, and SOx emissions attain their lowest values at 87% 

diversion and then increase.  The implementation of commercial pre-sorted 

recycling at 87% diversion, results in increased CO2-f and GHE emissions due to an 

increased use of trucks (Figure VI-14). 

In Sussex County scenarios, energy consumption and all (except CO2-f and GHE) 

emissions attain their lowest value at the maximum diversion (Figure VI-15).  When 

commercial pre-sorted recyclable collection is included to achieve the maximum 

diversion, CO2-f emissions increase due to the additional collection and 

remanufacturing processes, which are the major source of CO2-f emissions.  As CO2-f 

emissions increase, GHE increase linearly as well.  
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Table VI-20  Mass Flows for Least-Cost Curbside Recycling and Combustion Strategies for New Castle County 
(tons/yr) (Case 5) 

Diversion Rate, % 

 Sector   Unit Process  

20  
(Base 

Case) a 20 30 40 50 60 70 80 85 88 
88.4 

(max) 

 Residential 1   R-Commingled/Crew  n.a. - - - - - - - - - 14,794 

 Residential 1   R-Residuals  139,150 139,150 139,150 139,150 139,150 139,150 139,150 139,150 139,150 139,453 135,226 

 Residential 1   R-Recyclable Drop-Off  10,870 10,870 10,870 10,870 10,870 10,870 10,870 10,870 10,870 10,567 - 

 Residential 2   R-Commingled/Crew  n.a. - - - - - - - - - 500 

 Residential 2   R-Commingled/MRF  n.a. - - - - - - - - - 1,147 

 Residential 2   R-Residuals  15,875 15,499 15,499 15,499 15,533 15,533 15,533 15,533 15,533 15,533 15,062 

 Residential 2   R-Recyclable Drop-Off  835 1,211 1,211 1,211 1,177 1,177 1,177 1,177 1,177 1,177 - 

 Multifamily 1   MF-Recyclable Drop-Off  3,982 3,982 3,982 3,982 3,982 3,982 3,982 3,953 3,881 3,871 - 

 Multifamily 1   MF-Commingled  n.a. - - - - - - - - - 5,420 

 Multifamily 1   MF-Residuals  39,275 39,275 39,275 39,275 39,275 39,275 39,275 39,304 39,376 39,386 37,837 

 Commercial 1   C-Pre-Sorted  61,528 61,152 61,528 61,528 61,528 61,528 61,528 61,528 61,528 61,103 61,112 

 Commercial 1   C-Mixed Waste  n.a. 1,076 - - - - - - - - - 

 Commercial 1   C-Residuals  114,556 113,856 114,556 114,556 114,556 114,556 114,556 114,556 114,556 114,982 114,973 

  Mixed Waste Transfer 15,875 15,499 15,499 15,499 15,533 15,533 15,533 15,533 15,533 15,533 15,062 

  Commingled Transfer n.a. - - - - - - - - - 1,147 

  Pre-Sorted Transfer n.a. - - - - - - - - - 500 

  Mixed Waste MRF n.a. - - - - - - - - 260,669 303,098 

  Presorted MRF 77,214 77,214 77,590 77,590 77,557 77,557 77,557 77,528 77,456 76,717 76,406 

  Commingled MRF n.a. - - - - - - - - - 6,567 

  Combustion  n.a. - 43,658 87,746 133,531 181,949 230,367 279,350 304,994 288,111 278,847 

  Landfill  308,857 308,857 264,823 220,735 174,984 126,566 78,148 29,193 3,622 - 77 

  Ash-landfill  n.a. - 5,713 11,482 19,139 29,736 40,333 51,550 58,421 51,213 49,592 
a. The Base Case scenario represents existing practice in New Castle County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or 
equal to the base case.  Curbside recycling and combustion are enabled in the other scenarios.   
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Table VI-21  Cost and Environmental Emissions for Least-Cost Curbside Recycling and Combustion Strategies for New 
Castle County (Case 5) *  

Diversion Rate (%) 

Cost/LCI 
Parameter Units 

20 (Base 
Case) a 20 30 40 50 60 70 80 85 88 88.4 

Cost $/year 3.97E+07 3.97E+07 4.21E+07 4.44E+07 4.71E+07 5.01E+07 5.31E+07 5.62E+07 5.78E+07 6.16E+07 7.78E+07 
Energy 
Consumption MBTU/year -9.92E+05 -9.93E+05 -1.39E+06 -1.79E+06 -2.18E+06 -2.55E+06 -2.93E+06 -3.33E+06 -3.56E+06 -3.87E+06 -3.98E+06 
Total 
Particulate 
Matter 

lbs Total 
PM/year -2.88E+05 -2.88E+05 -3.62E+05 -4.35E+05 -5.01E+05 -5.55E+05 -6.09E+05 -6.64E+05 -6.95E+05 -8.06E+05 -7.96E+05 

Nitrogen 
Oxides lbs NOx/year -3.78E+05 -3.78E+05 -5.69E+05 -7.59E+05 -9.17E+05 -1.02E+06 -1.13E+06 -1.24E+06 -1.30E+06 -1.44E+06 -1.44E+06 

Sulfur Oxides lbs SOx/year -1.28E+06 -1.28E+06 -1.66E+06 -2.05E+06 -2.38E+06 -2.63E+06 -2.88E+06 -3.13E+06 -3.28E+06 -3.55E+06 -3.49E+06 
Carbon 
Monoxide lbs CO/year -1.50E+05 -1.43E+05 -1.84E+05 -2.16E+05 -2.49E+05 -2.85E+05 -3.21E+05 -3.58E+05 -3.80E+05 -7.86E+05 -1.96E+06 
Carbon Dioxide 
Biomass 

lbs CO2 
Bio/year 3.21E+08 3.22E+08 3.66E+08 4.10E+08 4.51E+08 4.87E+08 5.23E+08 5.59E+08 5.76E+08 5.80E+08 5.81E+08 

Carbon Dioxide 
Fossil 

lbs CO2 
Fossil/year -2.81E+07 -2.90E+07 -8.76E+07 -1.47E+08 -1.90E+08 -2.08E+08 -2.26E+08 -2.43E+08 -2.51E+08 -2.61E+08 -2.67E+08 

Greenhouse 
Equivalents  

tons 
GHE/year 2.29E+04 2.28E+04 1.04E+04 -1.96E+03 -1.22E+04 -1.90E+04 -2.58E+04 -3.28E+04 -3.64E+04 -3.81E+04 -3.88E+04 

Methane lbs CH4/year 9.32E+06 9.34E+06 7.82E+06 6.32E+06 4.81E+06 3.27E+06 1.74E+06 1.48E+05 -7.54E+05 -9.09E+05 -8.50E+05 
a. The Base Case scenario represents existing practice in New Castle County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or 
equal to the base case.  Curbside recycling and combustion are enabled in the other scenarios.   
* Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Table VI-22  Mass Flows for Least-Cost Curbside Recycling and Combustion Strategies for Kent County (tons/yr)  
(Case 5) 

Diversion Rate (%) 

 Sector   Unit Process  
18  

(Base Case) a 18 20 40 60 80 85 87 87.6 
 Residential 1   R-Recyclable Drop-Off  755 719 719 714 699 699 699 699 - 

 Residential 1   R-Commingled/Crew  n.a. - - - - - - - 978 

 Residential 1   R-Residuals  8,859 8,895 8,895 8,900 8,915 8,915 8,915 8,915 8,636 

 Residential 2   R-Recyclable Drop-Off  3,007 2,867 2,867 2,867 2,867 2,867 2,867 2,787 9 

 Residential 2   R-Commingled/Crew  n.a. - - - - - - - 3,891 

 Residential 2   R-Residuals  35,344 35,484 35,484 35,484 35,484 35,484 35,484 35,564 34,451 

 Multifamily 1   MF-Recyclable Drop-Off  515 491 491 491 219 219 219 239 - 

 Multifamily 1   MF-Commingled  n.a. - - - - - - - 668 

 Multifamily 1   MF-Residuals  4,814 4,839 4,839 4,839 5,111 5,111 5,111 5,090 4,662 

 Commercial 1   C-Pre-Sorted  10,687 - - - - - - 10,611 10,614 

 Commercial 1   C-Mixed Waste  n.a. 30,584 30,584 30,584 30,584 30,584 30,584 - - 

 Commercial 1   C-Residuals  19,897 - - - - - - 19,973 19,970 

  Mixed Waste Transfer 8,859 8,895 8,895 8,900 8,915 8,915 8,915 8,915 8,636 

  Commingled Transfer n.a. - - - - - - - - 

  Pre-Sorted Transfer n.a. 719 719 714 699 699 699 699 978 

  Mixed Waste MRF n.a. 30,584 30,584 30,584 45,196 65,716 70,846 61,002 67,718 

  Presorted MRF 14,964 4,076 4,076 4,071 3,784 3,784 3,784 14,336 15,492 

  Commingled MRF n.a. - - - - - - - 668 

  Combustion  n.a. 4,799 6,715 26,095 45,823 64,604 69,300 64,392 62,405 

  Landfill  68,915 68,184 66,268 46,893 25,983 5,463 333 - 8 

  Ash-landfill  n.a. 615 860 3,568 7,948 11,848 12,823 12,052 11,541 

a. The Base Case scenario represents existing practice in Kent County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or 
equal to the base case.  Curbside recycling and combustion are enabled in the other scenarios.   
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Table VI-23  Cost and Environmental Emissions for Least-Cost Curbside Recycling and Combustion Strategies for Kent 
County (Case 5) * 

Diversion Rate, % 

Cost/LCI 
Parameter Units 

18 
 (Base 
Case) a 18 20 40 60 80 85 87 87.6 

Cost $/year 21,395,482 20,368,946 20,485,900 21,683,004 23,267,424 24,952,980 25,374,369 25,772,936 43,318,590 

Energy 
Consumption MBTU/year 

-72,366 -91,517 -107,335 -266,328 -454,422 -641,393 -688,136 -701,277 -619,925 

Total 
Particulate 
Matter 

lbs Total 
PM/year 

-208,236 -165,616 -168,635 -198,073 -233,148 -271,312 -280,853 -365,436 -348,006 

Nitrogen 
Oxides 

lbs 
NOx/year 

110,696 89,369 81,596 7,544 -44,206 -97,564 -110,903 -120,354 26,775 

Sulfur Oxides 
lbs 
SOx/year 

-216,404 -241,430 -257,152 -409,060 -529,629 -650,517 -680,739 -684,188 -647,343 

Carbon 
Monoxide lbs CO/year 

273,360 317,395 315,742 299,562 266,198 225,472 215,291 105,294 -45,635 

Carbon Dioxide 
Biomass 

lbs CO2 
Bio/year 

67,702,084 79,194,383 80,899,780 97,790,664 113,058,517 128,476,726 132,331,278 123,565,443 124,642,739 

Carbon Dioxide 
Fossil 

lbs CO2 
Fossil/year 

12,717,033 620,776 -1,820,263 -24,348,698 -32,068,548 -40,144,867 -42,163,947 -31,158,550 -20,119,873 

Greenhouse 
Equivalents 

tons 
GHE/year 

7,696 6,638 6,046 452 -2,574 -5,570 -6,319 -4,793 -3,267 

Methane 
lbs 
CH4/year 

2,081,750 2,288,337 2,197,813 1,317,465 628,356 -33,322 -198,741 -190,046 -182,911 

a.  The Base Case scenario represents existing practice in Kent County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or 
equal to the base case.  Curbside recycling and combustion are enabled in the other scenarios.  
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Table VI-24  Mass Flows for Least-Cost Curbside Recycling and Combustion Strategies for Sussex County (tons/yr) 
(Case 5) 

Diversion Rate (%) 

 Sector   Unit Process  

18.67  
(Base 

Case) a 19 20 40 60 80 85 
87.6 

(max) 

 Residential 1   R-Commingled/Crew  n.a. - - - - - - - 

 Residential 1   R-Residuals  54,528 54,750 54,750 54,750 54,750 54,750 54,750 54,873 

 Residential 1   R-Recyclable Drop-Off  4,646 4,424 4,424 4,424 4,424 4,424 4,424 4,301 

 Multifamily 1   MF-Recyclable Drop-Off  636 605 605 605 605 605 605 588 

 Multifamily 1   MF-Commingled  n.a. - - - - - - - 

 Multifamily 1   MF-Residuals  5,939 5,970 5,970 5,970 5,970 5,970 5,970 5,987 

 Commercial 1   C-Pre-Sorted  15,016 - - - - - - 14,078 

 Commercial 1   C-Mixed Waste   42,970 42,970 42,970 42,970 42,970 42,970 2,392 

 Commercial 1   C-Residuals  27,954 - - - - - - 26,500 

  Mixed Waste MRF n.a. 17,299 18,502 42,572 69,128 95,725 102,571 89,751 

  Presorted MRF 20,298 5,029 5,029 5,029 5,029 5,029 5,029 18,967 

  Commingled MRF n.a. - - - - - - - 

  Combustion  n.a. 13,442 14,377 33,080 57,330 81,674 87,835 82,057 

  Landfill  88,421 86,390 85,187 61,117 34,562 7,965 1,119 - 

  Ash-landfill  n.a. 1,722 1,842 4,238 9,249 14,303 15,774 14,931 
a. The Base Case scenario represents existing practice in Sussex County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater 
than or equal to the base case.  Curbside recycling and combustion are enabled in the other scenarios.   
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Table VI-25  Cost and Environmental Emissions for Least-Cost Curbside Recycling and Combustion Strategies for 
Sussex County (Case 5) *  

Diversion Rate (%) 

Cost/LCI 
Parameter Units 

18.67  
(Base Case) 

a 19 20 40 60 80 85 87.6 

Cost $/year 36,915,571 35,070,005 35,145,802 36,661,735 38,819,400 40,987,849 41,536,128 42,277,551 
Energy 
Consumption MBTU/year -283 -11,081 -23,341 -268,528 -508,637 -748,661 -817,411 -837,712 
Total 
Particulate 
Matter 

lbs Total 
PM/year -271,796 -108,851 -116,069 -260,427 -310,675 -359,342 -373,322 -485,634 

Nitrogen 
Oxides lbs NOx/year 273,681 210,507 204,033 74,560 9,905 -53,661 -71,293 -79,366 

Sulfur Oxides lbs SOx/year -240,392 -292,075 -302,722 -515,674 -671,993 -827,359 -870,384 -877,856 
Carbon 
Monoxide lbs CO/year 618,471 805,950 796,193 601,055 551,359 504,107 489,942 349,663 
Carbon 
Dioxide 
Biomass 

lbs CO2 
Bio/year 88,708,658 109,009,598 109,926,775 128,270,312 148,227,580 168,211,966 173,094,545 161,921,232 

Carbon 
Dioxide Fossil 

lbs CO2 
Fossil/year 35,884,144 151,969 -923,498 -22,432,846 -32,460,461 -42,295,126 -44,622,940 -29,536,939 

Greenhouse 
Equivalents 

tons 
GHE/year 12,565 9,101 8,758 1,892 -1,955 -5,752 -6,746 -4,729 

Methane lbs CH4/year 2,678,872 3,170,936 3,102,274 1,729,028 862,948 5,391 -230,897 -244,800 
a. The Base Case scenario represents existing practice in Sussex County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or equal 
to the base case.  Curbside recycling and combustion are enabled in the other scenarios.   
* Negative values represent emissions avoided due to recycling and/or energy recovery. 
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VI.6  County-specific Case 6: future cost-minimizing 

SWM scenarios considering different rates of diversion via 

curbside recycling, yard waste composting and mixed waste 

combustion  

Description 

In Case 6, the SWM-LCI model for each county was modified to enable curbside 

recycling, yard waste composting and combustion (i.e., an integration of cases 3 - 5) . 

The locations of the new facilities are the same as those assumed in the previous 

cases.  The model for each county was used to generate least-cost strategies at 

increasing levels of waste diversion.  For Case 6, diversion is defined to include all 

types of recycling, composting and waste combustion. 

Resulting SWM Strategies: New Castle County 

The mass flows through each unit operation for each least-cost diversion strategy for 

New Castle County are presented in Table VI-26, while Table VI-27 summarizes the 

corresponding cost and environmental emissions, and Figure VI-16 illustrates the 

mass flows through all the facilities at different diversion rates.  As the diversion rate 

increases, trends in the changes in waste flows and unit process selection are similar 

to what was observed in the previous cases.  Combustion is selected at lower 

diversion rates and continues to be the major source of diversion until about 88% 

diversion.  At 88% diversion, additional recyclables are recovered by routing mixed 

waste through a MRF prior to combustion, and at 88.5% diversion, yard waste 

composting is selected.  Just before the maximum diversion rate of 88.73%, curbside 
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recycling is selected for all residential sectors to capture the maximum quantity of 

recyclables.  The landfill (for mixed waste) is not utilized at 88 and 88.5% diversion, 

but its utilization begins again at 88.7% diversion concurrent with the use of a 

commingled recyclables MRF.  In the commingled MRF, some residuals such as 

broken glass and other contaminants are generated which necessitates the need for a 

landfill.   

Figure VI-17 illustrates the trade-off between cost and diversion rate, and the 

variation of GHE with diversion rate for New Castle County.  The sharp increase in 

cost at 88% diversion is associated with implementation of the mixed waste MRF, 

yard waste composting and ultimately curbside recycling to maximize diversion.  

Although energy consumption and emissions show a general decreasing trend with 

increasing diversion rate, the changes are not monotonic in some instances.  At 85% 

diversion, CO2-f emissions and GHE attain their minimum and then start to 

increase.  As the additional unit operations (mixed waste MRF, yard waste 

composting, and curbside recycling) are utilized to increase diversion (Figure VI-16), 

there is an increase in total emissions.  Although additional recyclable material is 

recovered and yard waste is composted, the emissions offsets in remanufacturing do 

not fully compensate for the increases in the emissions associated with the 

collection, treatment and separation processes.    

Beyond 85% diversion, the amount of waste sent to combustion decreases as 

more material is diverted via recyclable recovery and yard waste composting.  This 

results in a decrease in energy offsets, which affects PM, NOx and SOx emissions that 

are correlated to electricity generation offsets.  Thus, these emissions and energy 

consumption attain their lowest values at 88% diversion.  The only reason that yard 
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waste composting is utilized is because it will result in slightly higher diversion than 

yard waste combustion due to the ash content of the yard waste.  In practice this is 

inconsequential and yard waste composting would not make sense if the goal were to 

cost-effectively maximize diversion.   

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

20 25 40 60 80 85 88 88.70 88.73

% Diversion

%
 o

f T
ot

al
 W

as
te

-80

-60

-40

-20

0

20

40

G
re

en
ho

us
e 

G
as

 E
qu

iv
al

en
ts

 (G
HE

), 
Th

ou
sa

nd
s 

To
ns

/y
r

Mixed Waste MRF Pre-sorted MRF Commingled MRF
Yard Waste Composting Combustion GHE

 
Figure VI-16  Variation of mass flow and GHE for alternate SWM strategies in New 

Castle County (Case 6)1 

 

Resulting SWM Strategies: Kent & Sussex Counties 

A similar analysis was conducted for Kent and Sussex Counties, and an array of cost-

effective diversion strategies, at different diversion rates, was generated for each 

county.  The corresponding waste flows for Kent and Sussex Counties are 

summarized in Tables VI-28 and VI-30, respectively, and the cost and 

environmental emissions are presented in Tables VI-29 and VI-31, respectively.  

                                                
1 Scale of x-axis is not uniform.  
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Figures VI-18 and VI-19 illustrate the mass flows through all the facilities at 

different diversion rates for Kent and Sussex Counties, respectively.  To divert waste 

from landfill, the combustion facility along with a mixed waste MRF is utilized.  In 

both counties, no commercial pre-sorted recycling is utilized until close to the 

maximum diversion rate.  Combustion is a more cost effective way to divert waste 

than recycling in Kent and Sussex Counties.  To achieve higher levels of diversion at 

minimum cost, all commercial waste is sent to the mixed waste MRF for recyclables 

recovery, after which residuals from the MRF are transferred to the combustion 

facility.  As above, both selected combustible recyclables (ONP, OCC) and non-

combustible recyclables (glass, aluminum, ferrous) are removed at the MRF.  At 87% 

diversion, commercial pre-sorted recycling is utilized, and as the diversion constraint 

is increased further, yard waste composting and curbside recycling for the multi-

family sector are selected.  At the maximum diversion rate, curbside recycling for the 

residential sectors is chosen.   
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Figure VI-17  Variation of cost and GHE with diversion (Case 6) 

In contrast to New Castle County, it is more cost effective to sort MSW at a 

mixed waste MRF to recover noncombustible recyclable materials (e.g., glass, 

aluminum), and then send the residual MSW from the MRF to the combustion 

facility.  The mixed waste MRF that was assumed to be located on the border of Kent 

and Sussex Counties acts like a transfer station prior to transport of the residual 

MSW to the combustion facility located in New Castle County.   

In the Kent County scenarios, the cost increases gradually and monotonically 

with diversion until about 87%, and then increases rapidly as the more expensive but 

high capture composting and curbside recycling options are selected.  The changes in 

environmental emissions follow a trend similar to that observed in the New Castle 

County scenarios. For example, CO2-f emissions attain their lowest value at 85% 

diversion, and GHE and CH4 emissions attain their lowest value at 86% diversion, 

the point at which the MSW landfill is no longer used.  PM, NOx, SOx, and CO 
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emissions attain their lowest values at 87% diversion, just before yard waste 

composting and curbside recycling are utilized.  Pollutant trends for Sussex County 

are quite similar to those reported for Kent County which would be expected as unit 

operation selection is similar.   
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Figure VI-18  Variation of mass flow and GHE for alternate SWM strategies in Kent 

County (Case 6)1 

                                                
1 Scale of x-axis is not uniform. 
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Figure VI-19  Variation of mass flow and GHE for alternate SWM strategies in Sussex 

County (Case 6)1 
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Table VI-26  Mass Flows for Least-Cost Curbside Recycling, Composting and Combustion Strategies for New Castle 
County (tons/yr) (Case 6) 

Diversion Rate (%) 

Sector  Unit Process  
20  

(Base Case)a 20 25 40 60 80 85 88 88.5 88.7 
88.73 
(max) 

Residential 1  R-Yard Waste  n.a. - - - - - - - 18,686 21,726 21,726 

Residential 1  R-Commingled/Crew  n.a. - - - - - - - - 5,914 14,794 

Residential 1  R-Commingled/MRF  n.a. - - - - - - - - 8,880 - 

Residential 1  R-Residuals  139150 139,150 139,150 139,150 139,150 139,150 139,150 139,453 120,221 113,500 113,500 

Residential 1  R-Recyclable Drop-Off  10870 10,870 10,870 10,870 10,870 10,870 10,870 10,567 11,112 - - 

Residential 2  R-Yard Waste  n.a. - - - - - - - - 2,420 2,420 

Residential 2  R-Commingled/Crew  n.a. - - - - - - - - - 1,058 

Residential 2  R-Commingled/MRF  n.a. - - - - - - - - 1,648 590 

Residential 2  R-Residuals  15875 15,499 15,499 15,499 15,533 15,533 15,533 15,533 15,472 12,642 12,642 

Residential 2  R-Recyclable Drop-Off  835 1,211 1,211 1,211 1,177 1,177 1,177 1,177 1,238 - - 

Multifamily 1  
MF-Recyclable Drop-
Off  3982 3,982 3,982 3,982 3,982 3,953 3,881 3,871 4,071 - - 

Multifamily 1  MF-Commingled  n.a. - - - - - - - - 5,420 5,420 

Multifamily 1  MF-Residuals  39275 39,275 39,275 39,275 39,275 39,304 39,376 39,386 39,187 37,837 37,837 

Commercial 1  C-Pre-Sorted  61528 61,152 61,528 61,528 61,528 61,528 61,528 61,103 61,112 61,112 61,112 

Commercial 1  C-Mixed Waste  n.a. 1,076 - - - - - - - - - 

Commercial 1  C-Residuals  114556 113,856 114,556 114,556 114,556 114,556 114,556 114,982 114,973 114,973 114,973 

 Mixed Waste Transfer 15875 15,499 15,499 15,499 15,533 15,533 15,533 15,533 15,472 12,642 12,642 

 Commingled Transfer n.a. - - - - - - - - 1,648 590 

 Pre-Sorted Transfer n.a. - - - - - - - - - 1,058 

 Mixed Waste MRF n.a. - - - - - - 260,669 289,853 278,952 278,952 

 Presorted MRF 77214 77,214 77,590 77,590 77,557 77,528 77,456 76,717 77,532 67,026 76,964 

 Commingled MRF n.a. - - - - - - - - 15,948 6,010 

 Yard Waste Compost  n.a. - - - - - - - 18,686 24,146 24,146 

 Combustion  n.a. - 21,615 87,746 181,949 279,350 304,994 288,111 263,163 254,701 254,701 

 Landfill  308857 308,857 286,867 220,735 126,566 29,193 3,622 - - 186 70 

 Ash-landfill  n.a. - 2,828 11,482 29,736 51,550 58,421 51,213 49,283 48,325 48,325 
a. The Base Case scenario represents existing practice in New Castle County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or 
equal to the base case.  Curbside recycling, composting and combustion are enabled in the other scenarios.   
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Table VI-27  Cost and Environmental Emissions for Least-Cost Curbside Recycling, Composting and Combustion 
Strategies for New Castle County (Case 6) *  

Diversion Rate (%) 

Cost/LCI 
Parameter Units 

20  
(Base 

Case) a 20 25 40 60 80 85 88 88.5 88.7 
88.73 
(max) 

Cost $/year 3.97E+07 3.97E+07 4.09E+07 4.44E+07 5.01E+07 5.62E+07 5.78E+07 6.16E+07 6.54E+07 7.76E+07 8.23E+07 
Energy 
Consumption MBTU/year -9.92E+05 -9.93E+05 -1.19E+06 -1.79E+06 -2.55E+06 -3.33E+06 -3.56E+06 -3.82E+06 -2.18E+06 -2.33E+06 -2.32E+06 
Total Particulate 
Matter 

lbs Total 
PM/year -2.88E+05 -2.88E+05 -3.25E+05 -4.35E+05 -5.55E+05 -6.64E+05 -6.95E+05 -7.89E+05 -4.41E+05 -4.47E+05 -4.46E+05 

Nitrogen Oxides lbs NOx/year -3.78E+05 -3.78E+05 -4.74E+05 -7.59E+05 -1.02E+06 -1.24E+06 -1.30E+06 -1.39E+06 -5.55E+05 -5.98E+05 -5.83E+05 

Sulfur Oxides lbs SOx/year -1.28E+06 -1.28E+06 -1.47E+06 -2.05E+06 -2.63E+06 -3.13E+06 -3.28E+06 -3.46E+06 -1.43E+06 -1.50E+06 -1.50E+06 
Carbon 
Monoxide lbs CO/year -1.50E+05 -1.43E+05 -1.69E+05 -2.16E+05 -2.85E+05 -3.58E+05 -3.80E+05 -7.73E+05 -1.01E+06 -2.06E+06 -2.05E+06 
Carbon Dioxide 
Biomass 

lbs CO2 
Bio/year 3.21E+08 3.22E+08 3.43E+08 4.10E+08 4.87E+08 5.59E+08 5.76E+08 5.80E+08 2.24E+08 2.30E+08 2.30E+08 

Carbon Dioxide 
Fossil 

lbs CO2 
Fossil/year -2.81E+07 -2.90E+07 -5.79E+07 -1.47E+08 -2.08E+08 -2.43E+08 -2.51E+08 -2.46E+08 -1.85E+07 -3.71E+07 -3.55E+07 

Greenhouse 
Equivalents  

tons 
GHE/year 2.29E+04 2.28E+04 1.66E+04 -1.96E+03 -1.90E+04 -3.28E+04 -3.64E+04 -3.61E+04 -2.94E+03 -5.49E+03 -5.27E+03 

Methane lbs CH4/year 9.32E+06 9.34E+06 8.57E+06 6.32E+06 3.27E+06 1.48E+05 -7.54E+05 -8.85E+05 -1.44E+05 -1.50E+05 -1.51E+05 
a. The Base Case scenario represents existing practice in New Castle County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or 
equal to the base case.  Curbside recycling, Composting and Combustion are enabled in the other scenarios.   
* Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Table VI-28  Mass Flows for Least-Cost Curbside Recycling, Composting and Combustion Strategies for Kent County 
(tons/yr)  (Case 6) 

Diversion Rate (%) 

 Sector   Unit Process  

18  
(Base 

Case) a 20 40 60 80 85 86 87 87.5 87.9 

 Residential 1   R-Yard Waste  n.a. - - - - - - - 970 1,228 

 Residential 1   R-Commingled/Crew  n.a. - - - - - - - - 978 

 Residential 1   R-Residuals  8,859 8,895 8,900 8,915 8,915 8,915 8,915 8,915 7,909 7,407 

 Residential 1   R-Recyclable Drop-Off  755 719 714 699 699 699 699 699 735 - 

 Residential 2   R-Yard Waste  n.a. - - - - - - - - 4,900 

 Residential 2   R-Commingled/Crew  n.a. - - - - - - - - 1,361 

 Residential 2   R-Residuals  35,344 35,484 35,484 35,484 35,484 35,484 35,564 35,564 35,420 30,181 

 Residential 2   R-Recyclable Drop-Off  3,007 2,867 2,867 2,867 2,867 2,867 2,787 2,787 2,931 1,909 

 Multifamily 1   MF-Recyclable Drop-Off  515 491 491 219 219 219 219 239 - - 

 Multifamily 1   MF-Commingled  n.a. - - - - - - - 668 668 

 Multifamily 1   MF-Residuals  4,814 4,839 4,839 5,111 5,111 5,111 5,111 5,090 4,662 4,662 

 Commercial 1   C-Pre-Sorted  10,687 - - - - - - 10,611 10,614 10,614 

 Commercial 1   C-Mixed Waste  n.a. 30,584 30,584 30,584 30,584 30,584 30,584 - - - 

 Commercial 1   C-Residuals  19,897 - - - - - - 19,973 19,970 19,970 

  Mixed Waste Transfer 8,859 8,895 8,900 8,915 8,915 8,915 8,915 8,915 7,909 7,407 

  Pre-Sorted  Transfer n.a. 719 714 699 699 699 699 699 735 978 

  Mixed Waste MRF n.a. 30,584 30,584 45,196 65,716 70,846 71,259 61,002 67,960 62,220 

  Presorted MRF 14,964 4,076 4,071 3,784 3,784 3,784 3,704 14,336 14,280 14,862 

  Commingled MRF n.a. - - - - - - - 668 668 

  Yard Waste Compost  n.a. - - - - - - - 970 6,128 

  Combustion  n.a. 6,715 26,095 45,823 64,604 69,300 70,180 64,392 61,864 56,500 

  Landfill  68,915 66,268 46,893 25,983 5,463 333 - - 8 8 

  Ash-landfill  n.a. 860 3,568 7,948 11,848 12,823 12,891 12,052 11,625 11,290 
a. The Base Case scenario represents existing practice in Kent County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater 
than or equal to the base case.  Curbside recycling, composting and combustion are enabled in the other scenarios.   
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Table VI-29  Cost and Environmental Emissions for Least-Cost Curbside Recycling, Composting and Combustion 
Strategies for Kent County (Case 6) *  

Diversion Rate (%) 

Cost/LCI 
Parameter Units 

18  
(Base 

Case) a 20 40 60 80 85 86 87 87.5 87.9 

Cost $/year 2.14E+07 2.05E+07 2.17E+07 2.33E+07 2.50E+07 2.54E+07 2.55E+07 2.58E+07 2.81E+07 4.99E+07 
Energy 
Consumption MBTU/year -7.24E+04 -1.07E+05 -2.66E+05 -4.54E+05 -6.41E+05 -6.88E+05 -6.80E+05 -7.01E+05 -3.58E+05 -1.88E+05 
Total 
Particulate 
Matter 

lbs Total 
PM/year -2.08E+05 -1.69E+05 -1.98E+05 -2.33E+05 -2.71E+05 -2.81E+05 -2.81E+05 -3.65E+05 -2.97E+05 -2.63E+05 

Nitrogen 
Oxides lbs NOx/year 1.11E+05 8.16E+04 7.54E+03 -4.42E+04 -9.76E+04 -1.11E+05 -1.11E+05 -1.20E+05 6.07E+04 2.79E+05 

Sulfur Oxides lbs SOx/year -2.16E+05 -2.57E+05 -4.09E+05 -5.30E+05 -6.51E+05 -6.81E+05 -6.83E+05 -6.84E+05 -2.72E+05 -1.94E+05 
Carbon 
Monoxide lbs CO/year 2.73E+05 3.16E+05 3.00E+05 2.66E+05 2.25E+05 2.15E+05 2.17E+05 1.05E+05 8.45E+04 1.51E+05 
Carbon Dioxide 
Biomass 

lbs CO2 
Bio/year 6.77E+07 8.09E+07 9.78E+07 1.13E+08 1.28E+08 1.32E+08 1.33E+08 1.24E+08 4.89E+07 4.72E+07 

Carbon Dioxide 
Fossil 

lbs CO2 
Fossil/year 1.27E+07 -1.82E+06 -2.43E+07 -3.21E+07 -4.01E+07 -4.22E+07 -4.21E+07 -3.12E+07 1.08E+07 3.67E+07 

Greenhouse 
Equivalents 

tons 
GHE/year 7.70E+03 6.05E+03 4.52E+02 -2.57E+03 -5.57E+03 -6.32E+03 -6.34E+03 -4.79E+03 1.35E+03 4.91E+03 

Methane lbs CH4/year 2.08E+06 2.20E+06 1.32E+06 6.28E+05 -3.33E+04 -1.99E+05 -2.10E+05 -1.90E+05 -4.04E+04 -2.98E+04 
a.  The Base Case scenario represents existing practice in Kent County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or 
equal to the base case.  Curbside recycling, composting and combustion are enabled in the other scenarios.   
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Table VI-30  Mass Flows for Least-Cost Curbside Recycling, Composting and Combustion Strategies for Sussex County 
(tons/yr) (Case 6) 

Diversion Rate (%) 

 Sector   Unit Process  
18.67  

(Base Case)a 19 20 30 40 60 80 85 87 88 

 Residential 1   R-Yard Waste  n.a. - - - - - - - - 5,826 

 Residential 1   R-Commingled/Crew  n.a. - - - - - - - - - 
 Residential 1   R-Residuals  54,528 54,750 54,750 54,750 54,750 54,750 54,750 54,750 54,873 48,825 

 Residential 1   R-Recyclable Drop-Off  4,646 4,424 4,424 4,424 4,424 4,424 4,424 4,424 4,301 4,523 

 Multifamily 1   MF-Recyclable Drop-Off  636 605 605 605 605 605 605 605 588 - 

 Multifamily 1   MF-Commingled  n.a. - - - - - - - - 824 

 Multifamily 1   MF-Residuals  5,939 5,970 5,970 5,970 5,970 5,970 5,970 5,970 5,987 5,751 

 Commercial 1   C-Pre-Sorted  15,016 - - - - - - - 5,007 14,913 

 Commercial 1   C-Mixed Waste  n.a. 42,970 42,970 42,970 42,970 42,970 42,970 42,970 28,537 - 

 Commercial 1   C-Residuals  27,954 - - - - - - - 9,425 28,057 

  Mixed Waste MRF n.a. 17,299 18,502 30,537 42,572 69,128 95,725 102,571 98,822 82,633 

  Presorted MRF 20,298 5,029 5,029 5,029 5,029 5,029 5,029 5,029 9,896 19,436 

  Commingled MRF n.a. - - - - - - - - 824 

  Yard Waste Compost  n.a. - - - - - - - - 5,826 

  Combustion  n.a. 13,442 14,377 23,728 33,080 57,330 81,674 87,835 86,919 74,798 

  Landfill  88,421 86,390 85,187 73,152 61,117 34,562 7,965 1,119 - 10 

  Ash-landfill  n.a. 1,722 1,842 3,040 4,238 9,249 14,303 15,774 15,584 14,487 
a. The Base Case scenario represents existing practice in Sussex County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or 
equal to the base case.  Curbside recycling, composting and combustion are enabled in the other scenarios.   
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Table VI-31  Cost and Environmental Emissions for Least-Cost Curbside Recycling, Composting and Combustion 
Strategies for Sussex County (Case 6) * 

Diversion Rate (%) 

Cost/LCI 
Parameter Units 

18.67  
(Base 

Case) a 19 20 30 40 60 80 85 87 88 

Cost $/year 3.69E+07 3.51E+07 3.51E+07 3.59E+07 3.67E+07 3.88E+07 4.10E+07 4.15E+07 4.20E+07 5.96E+07 
Energy 
Consumption MBTU/year -2.83E+02 -1.11E+04 -2.33E+04 -1.46E+05 -2.69E+05 -5.09E+05 -7.49E+05 -8.17E+05 -8.22E+05 -2.01E+05 
Total 
Particulate 
Matter 

lbs Total 
PM/year -2.72E+05 -1.09E+05 -1.16E+05 -1.88E+05 -2.60E+05 -3.11E+05 -3.59E+05 -3.73E+05 -4.15E+05 -3.62E+05 

Nitrogen 
Oxides lbs NOx/year 2.74E+05 2.11E+05 2.04E+05 1.39E+05 7.46E+04 9.91E+03 -5.37E+04 -7.13E+04 -7.61E+04 3.73E+05 

Sulfur Oxides lbs SOx/year -2.40E+05 -2.92E+05 -3.03E+05 -4.09E+05 -5.16E+05 -6.72E+05 -8.27E+05 -8.70E+05 -8.78E+05 -2.51E+05 
Carbon 
Monoxide lbs CO/year 6.18E+05 8.06E+05 7.96E+05 6.99E+05 6.01E+05 5.51E+05 5.04E+05 4.90E+05 4.40E+05 5.25E+05 
Carbon Dioxide 
Biomass 

lbs CO2 
Bio/year 8.87E+07 1.09E+08 1.10E+08 1.19E+08 1.28E+08 1.48E+08 1.68E+08 1.73E+08 1.70E+08 6.18E+07 

Carbon Dioxide 
Fossil 

lbs CO2 
Fossil/year 3.59E+07 1.52E+05 -9.23E+05 -1.17E+07 -2.24E+07 -3.25E+07 -4.23E+07 -4.46E+07 -3.95E+07 5.49E+07 

Greenhouse 
Equivalents tons GHE/year 1.26E+04 9.10E+03 8.76E+03 5.33E+03 1.89E+03 -1.96E+03 -5.75E+03 -6.75E+03 -6.13E+03 7.38E+03 

Methane lbs CH4/year 2.68E+06 3.17E+06 3.10E+06 2.42E+06 1.73E+06 8.63E+05 5.39E+03 -2.31E+05 -2.62E+05 -3.57E+04 
a.  The Base Case scenario represents existing practice in Sussex County, whereas each of the other scenarios is constrained to have a diversion ratio that is greater than or 
equal to the base case.  Curbside recycling, Composting and Combustion are enabled in the other scenarios.   
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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VI.7  County-specific Case 7:  future GHE-minimizing 

SWM scenarios, for different budget levels, considering 

curbside recycling, yard waste composting and mixed waste 

combustion  

Description 

All of the unit operations that were enabled in Case 6 (curbside recycling, yard waste 

composting, mixed waste MRF and combustion) were also enabled in Case 7.  

Instead of minimizing cost at different diversion rates as in Cases 3 to 6, in Case 7 

the objective was to minimize GHE subject to a cost constraint.  The initial cost 

specified was the cost obtained in Case 2, which represents the current solid waste 

system for each county.  The cost was then increased at discrete intervals to generate 

a series of scenarios in which GHE was minimized.   A scenario that minimizes GHE 

without any cost constraint was also analyzed.   

Resulting SWM Strategies: New Castle County 

Table VI-32 summarizes the mass flows through all the unit operations for each 

GHE-minimizing SWM strategy for New Castle County while Table VI-33 

summarizes the corresponding cost and environmental emissions.  Because of the 

offsets associated with electrical energy recovery, combustion is the most effective 

GHE reducing option.  Thus, combustion utilization increases with the cost 

constraint up to 60% diversion at which level combustion utilization decreases (Fig. 

VI-20).  As the cost constraint increases above $60 M/yr, other more expensive unit 

operations are utilized although the actual decrease in GHE is relatively small for 
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scenarios above $60M/yr.  For example, at a cost of $60M/yr, a mixed waste MRF is 

utilized and use of a mixed waste landfill is eliminated, indicating that all waste is 

processed through the mixed waste MRF after which the non-recyclable residual 

MSW is combusted.  Processing through a mixed waste MRF results in the recovery 

of recyclables that would not contribute to an energy offset during combustion 

(glass, metal).  When the cost constraint is eliminated and GHE is minimized, the 

resulting strategy utilizes several unit operations including residential curbside 

recycling, a mixed waste MRF, and pre-sorted commercial recycling.  The use of pre-

sorted and curbside recycling will result in the recovery of slightly more recyclables 

than a mixed waste MRF due to higher recovery rates.  While the corresponding 

increases in diversion are mathematically correct, they may have little or no practical 

significance for planning a SWM system.  Interestingly, although yard waste 

composting was enabled, it is not utilized, even when GHE emissions are minimized.  

This is because of the absence of offsets associated with compost production. 

While most other emissions monotonically decrease along with GHE as the cost 

target is relaxed, some exceptions can be observed.  For example, above a cost target 

of $65M/yr, NOx emissions start to increase, and SOx, CO emissions and energy 

consumption attain their minima prior to when GHE is lowest (at the maximum cost 

of ~$73M/yr).  Thus, as diversion is increased from 84.9 to 85.04% and the cost 

increases by $8 million dollars, the effort to obtain the lowest possible GHE results 

in higher emissions of other pollutants.  
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Figure VI-20  Variation of mass flow and GHE for alternate SWM strategies in New 

Castle County (Case 7)1 

 

Resulting SWM Strategies: Kent & Sussex Counties 

Tables VI-34 and VI-36 summarize the mass flows through the unit operations for 

each GHE-minimizing SWM strategy for Kent and Sussex Counties, respectively, 

while Tables VI-35 and VI-37 summarize the corresponding cost and environmental 

emissions. Figures VI-21 and VI-22 illustrate the mass flows through all facilities at 

different cost constraints for Kent and Sussex Counties, respectively.  In contrast to 

New Castle County, a mixed waste MRF is utilized much earlier in the series of 

model runs for both Kent and Sussex Counties. After the recovery of recyclables in a 

mixed waste MRF, the residuals are sent to a combustion facility.  As the mixed 

                                                
1 Scale of x-axis is not uniform. 
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waste MRF is located closer to the point of waste generation than the combustion 

facility, GHE emissions are minimized by processing material for recyclables 

recovery prior to transporting the residual to the combustion facility located in 

Northern New Castle County.  Landfill use decreases and utilization of a combustion 

facility increases as the cost constraint is relaxed.  In terms of implementation, the 

use of both a landfill and combustion facility indicates that based on the imposed 

cost constraint, a combustion facility would be sized to process less than the total 

mass of waste generated in the county under study.  To achieve the minimum GHE, 

more recovery occurs, but at a higher cost, by utilization of curbside recycling in the 

residential sectors.   

The trends in emissions are similar to those reported for New Castle County.  For 

example, NOx and CO emissions attain minima in model scenarios slightly before 

GHE attains its lowest value.  This is because the increased emissions and energy 

consumption in the collection processes are not fully offset by the avoided emissions 

associated with recyclable material remanufacturing offsets.   
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Figure VI-21  Variation of mass flow and GHE for alternate SWM strategies in Kent 

County (Case 7)1 
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Figure VI-22  Variation of mass flow and GHE for alternate SWM strategies in 

Sussex County (Case 7)2 

                                                
1 Scale of x-axis is not uniform. 
2 Scale of x-axis is not uniform. 
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Table VI-32  Mass Flows for Least GHE Curbside Recycling, Composting and Combustion Strategies for New Castle 
County (tons/yr) (Case 7) 

   Cost, $ Millions/yr  

 Sector   Unit Process  Base Casea 39.7 40 45 50 55 60 65 70 
Least 
GHE 

 Residential 1   R-Yard Waste  n.a. - - - - - - - - - 
 Residential 1   R-Mixed Waste  n.a. - - - - - 54,337 150,019 26,559 - 
 Residential 1   R-Commingled/MRF  n.a. - - - - - - - 3,708 4,505 
 Residential 1   R-Residuals  139,150 139,150 139,150 139,150 138,835 140,231 89,975 - 119,753 145,514 
 Residential 1   R-Recyclable Drop-Off  10,870 10,870 10,870 10,870 11,185 9,789 5,707 - - - 
 Residential 2   R-Mixed Waste  n.a. - - - - - 16,710 16,710 16,710 - 
 Residential 2   R-Commingled/MRF  n.a. - - - - - - - - 502 
 Residential 2   R-Residuals  15,875 15,499 15,499 15,499 15,738 15,738 - - - 16,208 
 Residential 2   R-Recyclable Drop-Off  835 1,211 1,211 1,211 972 972 - - - - 
 Multifamily 1   MF-Recyclable Drop-Off  3,982 3,982 3,982 3,982 3,279 3,279 3,279 1,351 1,351 - 
 Multifamily 1   MF-Commingled  n.a. - - - - - - - - 1,651 
 Multifamily 1   MF-Residuals  39,275 39,275 39,275 39,275 39,979 39,979 39,979 41,907 41,907 41,607 
 Commercial 1   C-Pre-Sorted  61,528 - - - - - - 4,345 5,747 2,676 
 Commercial 1   C-Mixed Waste  n.a. 176,085 176,085 176,085 176,085 176,085 176,085 42,939 - - 
 Commercial 1   C-Residuals  114,556 - - - - - - 128,801 170,338 173,409 
  Mixed Waste Transfer  15,875 15,499 15,499 15,499 15,738 15,738 16,710 16,710 16,710 16,208 
  Commingled Transfer n.a. - - - - - - - - 502 
  Pre-Sorted Transfer n.a. - - - 972 972 - - - - 
  Mixed Waste MRF n.a. - - - - - 111,026 208,636 204,928 203,329 
  Presorted MRF 77,214 16,062 16,062 16,062 15,435 14,039 8,986 5,696 7,098 2,676 
  Commingled MRF n.a. - - - - - - - 3,708 6,657 
  Yard Waste Compost n.a. - - - - - - - - - 
  Combustion  

n.a. 66,873 72,866 164,786 244,980 324,817 
365,85

3 357,639 354,569 356,921 
  Landfill  308,857 303,136 297,143 205,223 125,657 47,215 - - 142 255 
  Ash-landfill  n.a. 8,933 9,734 22,013 40,437 57,804 65,184 60,653 58,617 58,235 
a. The Base Case scenario represents existing practice in New Castle County, whereas each of the other scenarios is constrained to have a specified cost that is greater 
than or equal to the cost of base case.  Curbside recycling, composting and combustion are enabled in the other scenarios. 
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Table VI-33  Cost and Environmental Emissions for Least GHE Curbside Recycling, Composting and Combustion 
Strategies for New Castle County (Case 7) * 

   Cost, $ Millions/yr  

Cost/LCI 
Parameter Units Base Casea 39.7 40 45 50 55 60 65 70 Least GHE 

Cost $/year 3.97E+07 3.97E+07 4.00E+07 4.50E+07 5.00E+07 5.50E+07 6.00E+07 6.50E+07 7.00E+07 7.31E+07 
Energy 
Consumption MBTU/year -9.92E+05 -7.65E+05 -8.16E+05 -1.60E+06 -2.30E+06 -2.91E+06 -3.42E+06 -3.64E+06 -3.71E+06 -3.70E+06 
Total Particulate 
Matter 

lbs Total 
PM/year -2.88E+05 -2.31E+05 -2.40E+05 -3.83E+05 -4.83E+05 -5.70E+05 -6.53E+05 -7.11E+05 -7.42E+05 -7.47E+05 

Nitrogen Oxides lbs NOx/year -3.78E+05 -1.66E+05 -1.90E+05 -5.51E+05 -7.63E+05 -9.37E+05 -1.08E+06 -1.14E+06 -1.13E+06 -1.11E+06 

Sulfur Oxides lbs SOx/year -1.28E+06 -1.28E+06 -1.33E+06 -2.04E+06 -2.51E+06 -2.92E+06 -3.20E+06 -3.30E+06 -3.38E+06 -3.38E+06 

Carbon Monoxide lbs CO/year -1.50E+05 1.46E+06 1.45E+06 1.34E+06 1.27E+06 1.22E+06 6.84E+05 7.11E+03 -5.15E+03 1.27E+04 
Carbon Dioxide 
Biomass 

lbs CO2 
Bio/year 3.21E+08 4.08E+08 4.13E+08 4.92E+08 5.52E+08 6.13E+08 6.51E+08 6.53E+08 6.53E+08 6.51E+08 

Carbon Dioxide 
Fossil 

lbs CO2 
Fossil/year -2.81E+07 -1.52E+08 -1.60E+08 -2.73E+08 -3.14E+08 -3.45E+08 -3.80E+08 -4.04E+08 -4.11E+08 -4.12E+08 

Greenhouse 
Equivalents 

tons 
GHE/year 2.29E+04 1.22E+04 1.02E+04 -2.05E+04 -3.45E+04 -4.59E+04 -5.50E+04 -5.83E+04 -5.93E+04 -5.95E+04 

Methane lbs CH4/year 9.32E+06 1.15E+07 1.12E+07 5.85E+06 2.91E+06 4.06E+05 -1.10E+06 -1.13E+06 -1.15E+06 -1.15E+06 

Diversion % 20% 19.2% 20.51% 41.14% 56.97% 72.79% 83.52% 84.90% 84.99% 85.04% 
a. The Base Case scenario represents existing practice in New Castle County, whereas each of the other scenarios is constrained to have a specified cost that is greater than 
or equal to the cost of base case.  Curbside recycling, composting and combustion are enabled in the other scenarios. 
* Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Table VI-34  Mass Flows for Least GHE Curbside Recycling, Composting and Combustion Strategies for Kent County 
(tons/yr) (Case 7) 

   Cost, $ Millions/yr  

 Sector   Unit Process  Base Case a 22 23 24 25 26 27 
Least 
GHE 

 Residential 1   R-Yard Waste  n.a. - - - - - - - 
 Residential 1   R-Mixed Waste  n.a. - - - - - 9,614 9,614 
 Residential 1   R-Residuals  44,203 8,880 9,022 9,022 9,022 9,022 - - 
 Residential 1   R-Recyclable Drop-Off  3,762 734 592 592 592 592 - - 
 Residential 2   R-Mixed Waste  n.a. - - - - 16,386 38,351 38,351 
 Residential 2   R-Residuals  n.a. 35,340 35,376 35,587 35,799 20,613 - - 
 Residential 2   R-Recyclable Drop-Off  n.a. 3,011 2,975 2,764 2,552 1,352 - - 
 Multifamily 1   MF-Recyclable Drop-Off  515 353 128 128 128 128 153 - 
 Multifamily 1   MF-Commingled  n.a. - - - - - - 203 
 Multifamily 1   MF-Residuals  4,814 4,977 5,201 5,201 5,201 5,201 5,177 5,126 
 Commercial 1   C-Pre-Sorted  10,687 - - - - - 266 465 
 Commercial 1   C-Mixed Waste  n.a. 30,584 30,584 30,584 30,584 30,584 13,098 - 
 Commercial 1   C-Residuals  19,897 - - - - - 17,220 30,119 
  Mixed Waste Transfer n.a. 39,464 39,606 39,606 39,606 39,606 9,614 9,614 
  Pre-Sorted Transfer n.a. 734 592 592 592 592 - - 
  Mixed Waste MRF n.a. 4,977 7,168 18,889 30,611 42,200 83,460 83,210 
  Presorted MRF 14,964 4,097 3,695 3,483 3,272 2,072 418 465 
  Commingled MRF n.a. - - - - - - 203 
  Yard Waste Compost n.a. - - - - - - - 
  Combustion  n.a. 32,155 45,988 56,794 67,601 77,820 76,804 76,691 
  Landfill  68,915 47,048 33,409 21,899 10,389 - - 8 
  Ash-landfill  n.a. 4,468 7,586 9,814 12,041 14,224 13,529 13,425 
a. The Base Case scenario represents existing practice in Kent County, whereas each of the other scenarios is constrained to have a specified cost that is 
greater than or equal to the cost of base case.  Curbside recycling, composting and combustion are enabled in the other scenarios. 
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Table VI-35  Cost and Environmental Emissions for Least GHE Curbside Recycling, Composting and Combustion 
Strategies for Kent County (Case 7) *  

   Cost, $ Millions/yr  
Cost/LCI 
Parameter Units 

Base 
Casea 22 23 24 25 26 27 

Least 
GHE 

Cost $/year 2.13E+07 2.20E+07 2.30E+07 2.40E+07 2.50E+07 2.60E+07 2.70E+07 2.75E+07 
Energy Consumption MBTU/year -7.24E+04 -2.37E+05 -3.45E+05 -4.48E+05 -5.51E+05 -6.50E+05 -6.98E+05 -7.01E+05 
Total Particulate 
Matter 

lbs Total 
PM/year -2.08E+05 -6.84E+04 -8.22E+04 -9.84E+04 -1.15E+05 -1.27E+05 -1.36E+05 -1.37E+05 

Nitrogen Oxides lbs NOx/year 1.11E+05 3.34E+04 3.01E+03 -2.34E+04 -4.99E+04 -7.89E+04 -9.71E+04 -9.50E+04 
Sulfur Oxides lbs SOx/year -2.16E+05 -3.86E+05 -4.59E+05 -5.24E+05 -5.90E+05 -6.43E+05 -6.57E+05 -6.61E+05 
Carbon Monoxide lbs CO/year 2.73E+05 4.86E+05 4.79E+05 4.66E+05 4.52E+05 3.40E+05 1.23E+05 1.24E+05 
Carbon Dioxide 
Biomass 

lbs CO2 
Bio/year 6.77E+07 1.00E+08 1.11E+08 1.20E+08 1.29E+08 1.37E+08 1.37E+08 1.37E+08 

Carbon Dioxide 
Fossil 

lbs CO2 
Fossil/year 1.27E+07 -3.74E+07 -4.28E+07 -4.82E+07 -5.36E+07 -5.98E+07 -6.51E+07 -6.53E+07 

Greenhouse 
Equivalents 

tons 
GHE/year 7.70E+03 -1.38E+03 -3.41E+03 -5.21E+03 -7.02E+03 -8.81E+03 -9.55E+03 -9.58E+03 

Methane lbs CH4/year 2.08E+06 1.30E+06 8.49E+05 4.76E+05 1.04E+05 -2.31E+05 -2.34E+05 -2.35E+05 
Diversion % 17.84% 36.98% 47.37% 57.47% 67.58% 77.68% 84.43% 84.35% 
a. The Base Case scenario represents existing practice in Kent County, whereas each of the other scenarios is constrained to have a specified cost that is greater than or equal 
to the cost of base case.  Curbside recycling, composting and combustion are enabled in the other scenarios. 
*  Negative values represent emissions avoided due to recycling and/or energy recovery.  
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Table VI-36  Mass Flows for Least GHE Curbside Recycling, Composting and Combustion Strategies for Sussex County 
(tons/yr) (Case 7) 

   Cost, $ Millions/yr 

 Sector   Unit Process  
Base 
Casea 38 39 40 41 42 43 44 

Least 
GHE 

 Residential 1   R-Yard Waste  n.a. - - - - - - - - 
 Residential 1   R-Mixed Waste  n.a. 7,262 19,005 30,748 42,491 54,234 59,174 59,174 59,174 
 Residential 1   R-Residuals  54,528 47,950 37,104 26,257 15,410 4,563 - - - 
 Residential 1   R-Recyclable Drop-Off  4,646 3,961 3,065 2,169 1,273 377 - - - 
 Multifamily 1   MF-Recyclable Drop-Off  636 618 618 618 618 618 188 188 188 
 Multifamily 1   MF-Commingled  n.a. - - - - - - - - 
 Multifamily 1   MF-Residuals  5,939 5,957 5,957 5,957 5,957 5,957 6,387 6,387 6,387 
 Commercial 1   C-Pre-Sorted  15,016 - - - - - 17 634 653 
 Commercial 1   C-Mixed Waste  n.a. 42,970 42,970 42,970 42,970 42,970 41,849 1,233 - 
 Commercial 1   C-Residuals  27,954 - - - - - 1,104 41,102 42,317 
  Mixed Waste MRF n.a. 50,232 61,975 73,718 85,461 97,204 108,513 107,896 107,877 
  Presorted MRF 20,298 4,579 3,683 2,787 1,891 995 205 823 841 
  Yard Waste Compost n.a. - - - - - - - - 
  Combustion n.a. 48,192 58,685 69,177 79,670 90,163 99,972 99,694 99,686 
  Landfill  88,421 53,908 43,061 32,214 21,367 10,520 - - - 
  Ash-landfill  n.a. 6,492 8,710 10,927 13,145 15,362 17,446 17,177 17,169 
a. The Base Case scenario represents existing practice in Sussex County, whereas each of the other scenarios is constrained to have a specified cost that is greater than or 
equal to the cost of base case.  Curbside recycling, composting and combustion are enabled in the other scenarios. 
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Table VI-37  Cost and Environmental Emissions for Least GHE Curbside Recycling, Composting and Combustion 
Strategies for Sussex County (Case 7) * 

  
 Cost, $ Millions/yr 

Cost/LCI 
Parameter Units Base Casea 38 39 40 41 42 43 44 

Least 
GHE 

Cost $/year 3.76E+07 3.80E+07 3.90E+07 4.00E+07 4.10E+07 4.20E+07 4.30E+07 4.40E+07 4.40E+07 
Energy Consumption MBTU/year -2.83E+02 -3.01E+05 -4.08E+05 -5.14E+05 -6.20E+05 -7.27E+05 -8.33E+05 -8.40E+05 -8.41E+05 
Total Particulate 
Matter 

lbs Total 
PM/year -2.72E+05 -9.06E+04 -1.04E+05 -1.18E+05 -1.31E+05 -1.45E+05 -1.62E+05 -1.66E+05 -1.66E+05 

Nitrogen Oxides lbs NOx/year 2.74E+05 1.14E+05 8.17E+04 4.94E+04 1.71E+04 -1.52E+04 -4.44E+04 -3.87E+04 -3.85E+04 
Sulfur Oxides lbs SOx/year -2.40E+05 -5.31E+05 -5.90E+05 -6.49E+05 -7.08E+05 -7.67E+05 -8.29E+05 -8.39E+05 -8.40E+05 
Carbon Monoxide lbs CO/year 6.18E+05 8.00E+05 6.78E+05 5.55E+05 4.32E+05 3.10E+05 2.50E+05 2.52E+05 2.53E+05 
Carbon Dioxide 
Biomass lbs CO2 Bio/year 8.87E+07 1.38E+08 1.47E+08 1.55E+08 1.63E+08 1.72E+08 1.80E+08 1.80E+08 1.80E+08 

Carbon Dioxide Fossil 
lbs CO2 
Fossil/year 3.59E+07 -4.29E+07 -4.98E+07 -5.67E+07 -6.36E+07 -7.05E+07 -7.63E+07 -7.68E+07 -7.68E+07 

Greenhouse 
Equivalents tons GHE/year 1.26E+04 -1.69E+03 -3.63E+03 -5.57E+03 -7.51E+03 -9.45E+03 -1.13E+04 -1.14E+04 -1.14E+04 
Methane lbs CH4/year 2.68E+06 1.45E+06 1.11E+06 7.56E+05 4.06E+05 5.65E+04 -3.03E+05 -3.06E+05 -3.06E+05 
Diversion % 18.67% 39.85% 44.64% 53.25% 61.87% 70.48% 79.10% 84.50% 84.53% 
a. The Base Case scenario represents existing practice in Sussex County, whereas each of the other scenarios is constrained to have a specified cost that is greater than or 
equal to the cost of base case.  Curbside recycling, Composting and Combustion are enabled in the other scenarios. 
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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VI.8  County-specific Case 8:  future GHE-minimizing 

SWM scenarios, for different budget levels, considering 

curbside recycling and yard waste composting  

Description 

Case 8 is the same as Case 7 except that the model was constrained to preclude 

utilization of combustion as a treatment alternative.  As in Case 7, GHE emissions 

were minimized while meeting a series of increasing cost targets.  The cost was 

varied, in discrete intervals, from the cost of the current system (i.e., the base case 

described in Case 2) to that of the minimum GHE scenario.  These scenarios along 

with those from Case 7 provide a basis for comparing the effect of including or 

excluding combustion as part of a SWM plan. 

Resulting SWM Strategies: New Castle County 

Table VI-38 summarizes the mass flows through all the unit operations for each 

GHE-minimizing SWM strategy for New Castle County, while Table VI-39 

summarizes the corresponding cost and environmental emissions.  Figure VI-23 

illustrates the mass flows through all facilities at different cost targets.   
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Figure VI-23  Variation of mass flow and GHE for alternate SWM strategies in New 
Castle County (Case 8)1 

The first strategy utilized to minimize GHE is pre-sorted recyclables drop-off, 

after which a mixed waste MRF is selected as the cost target is relaxed.  As the cost 

constraint is increased further, commingled curbside recycling is utilized in 

residential sector 1, followed by implementation of yard waste composting in the 

minimum GHE scenario.   

Although the SWM-LCI model does not assign any emissions offset to the 

compost product, the model selects yard waste composting over landfilling despite 

the fact that methane is recovered for beneficial reuse (with offsets) from the landfill.  

This can be explained by the decay rate of grass in landfills and the landfill gas 

collection efficiency that dictates how much gas is captured over time.  The assumed 

decay rate for grass is relatively high (k = 0.09 yr-1 for grass, and 0.03 yr-1 for leaves 

                                                
1 Scale of x-axis is not uniform. 
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and branches) and the gas collection efficiency for years 1 and 2 is assumed to be 

zero.  As such, gas production attributable to grass is released to the atmosphere.  

Therefore, compared to yard waste composting, using a landfill for yard waste is less 

attractive with respect to GHE.   

While GHE and CH4 emissions decrease monotonically as the cost target 

increases, other emissions and energy consumption attain their minima before 

reaching the minimum-GHE scenario.  As above, this is attributed to the utilization 

of curbside recycling at higher cost constraints and the fact that increased emissions 

from recyclable material collection vehicles are not fully compensated by the 

remanufacturing offsets, thus resulting in a net increase in these emissions.     

Resulting SWM Strategies: Kent & Sussex Counties 

For Kent and Sussex Counties, only a base case and minimum GHE scenario were 

developed through the SWM-LCI model.  This was done because the difference in 

cost between the base case and minimum GHE scenario was less than 5%.  Tables 

VI-40 and VI-42 summarize the mass flows through all the unit operations for each 

GHE-minimizing SWM strategy for Kent and Sussex Counties, respectively, while 

Tables VI-41 and VI-43 summarize the corresponding cost and environmental 

emissions.  Figures VI-24 and VI-25 illustrate the mass flows through all facilities for 

Kent and Sussex Counties, respectively.  For both Kent and Sussex Counties, the 

primary difference between the minimum-GHE scenario and the base case scenario 

is the utilization of commingled curbside recycling in the multi-family sector along 

with some additional recovery at a mixed waste MRF.  Both of these unit operations 

serve to complement the existing residential drop-off recycling program without 
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increasing GHE emissions.  Diversion in the minimum GHE case is only 23.60% for 

Kent County and 24.45% for Sussex County.  This is because curbside collection of 

commingled recyclables is not utilized in the residential sector as it is not a GHE 

minimizing strategy.    

Except for CO2-biomass emissions, all emissions decrease as GHE is minimized.  

CO2-biomass emissions increase when OCC and ONP are recycled.   Thus, as GHE 

decreases and recycling increases, an increase in CO2-biomass emissions is observed.   
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Figure VI-24  Variation of mass flow and GHE for alternate SWM strategies in Kent 
County (Case 8) 
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Figure VI-25  Variation of mass flow and GHE for alternate SWM strategies in 
Sussex County (Case 8) 
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Table VI-38  Mass Flows for Least GHE Curbside Recycling and Composting Strategies for New Castle County 
(tons/yr) (Case 8) 

Cost, $ Million/year  
 Sector   Unit Process  Base Casea 40 45 50 55 Least GHE 
 Residential 1   R-Yard Waste  n.a. - - - 4,864 21,726 
 Residential 1   R-Mixed Waste  n.a. - - 45,496 - - 
 Residential 1   R-Commingled/MRF  n.a. - - 11,492 16,724 16,724 
 Residential 1   R-Residuals  139,150 138,604 138,604 93,032 128,431 111,569 
 Residential 1   R-Recyclable Drop-Off  10,870 11,415 11,415 - - - 
 Residential 2   R-Mixed Waste  n.a. - - 16,710 - - 
 Residential 2   R-Commingled/MRF  n.a. - - - 1,863 1,863 
 Residential 2   R-Residuals  15,875 15,474 15,446 - 14,847 14,847 
 Residential 2   R-Recyclable Drop-Off  835 1,236 1,264 - - - 
 Multifamily 1   MF-Recyclable Drop-Off  3,982 4,182 4,182 4,182 - - 
 Multifamily 1   MF-Commingled  n.a. - - - 6,127 6,127 
 Multifamily 1   MF-Residuals  39,275 39,076 39,076 39,076 37,130 37,130 
 Commercial 1   C-Pre-Sorted  61,528 61,550 61,550 61,550 61,550 61,550 
 Commercial 1   C-Mixed Waste  n.a. - - - - - 
 Commercial 1   C-Residuals  114,556 114,535 114,535 114,535 114,535 114,535 
  Mixed Waste Transfer 15,875 15,474 15,446 16,710 14,847 14,847 
  Commingled Transfer n.a. - - - 1,863 1,863 
  Pre-Sorted Transfer n.a. 1,236 1,264 - - - 
  Mixed Waste MRF n.a. 11,260 269,110 308,848 294,943 278,082 
  Presorted MRF 77,214 78,382 78,410 65,731 61,550 61,550 
  Commingled MRF n.a. - - 11,492 24,714 24,714 
  Yard Waste Compost n.a. - - - 4,864 21,726 
  Combustion n.a. - - - - - 
  Landfill 308,857 306,377 281,595 279,372 269,772 252,911 
  Ash-landfill n.a. - - - - - 
a. The Base Case scenario represents existing practice in New Castle County, whereas each of the other scenarios is constrained to have a 
specified cost that is greater than or equal to the cost of base case.  Curbside recycling and composting are enabled in the other scenarios. 
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Table VI-39  Cost and Environmental Emissions for Least GHE Curbside Recycling and Composting Strategies for New 
Castle County (Case 8) * 

Cost, $ Million/yr  
Cost/LCI Parameter Units Base Case a 40 45 50 55 Least GHE 
Cost $/year 39,673,528 40,000,000 45,000,000 50,000,000 55,000,000 58,789,068 
Energy Consumption MBTU/year -992,199 -1,064,429 -1,828,537 -2,090,706 -2,248,769 -2,219,143 
Total Particulate Matter lbs Total PM/year -287,726 -300,789 -432,659 -440,263 -465,912 -460,816 
Nitrogen Oxides lbs NOx/year -377,933 -411,247 -578,193 -653,790 -646,832 -609,514 
Sulfur Oxides lbs SOx/year -1,278,145 -1,320,133 -1,623,526 -1,667,681 -1,726,611 -1,706,829 
Carbon Monoxide lbs CO/year -150,078 -188,387 -675,242 -1,833,898 -1,861,980 -1,840,053 
Carbon Dioxide Biomass lbs CO2 Bio/year 320,593,961 322,953,984 341,147,756 343,989,214 351,611,385 359,403,695 
Carbon Dioxide Fossil lbs CO2 Fossil/year -28,147,313 -33,594,314 -53,116,136 -69,083,731 -73,333,481 -68,072,526 
Greenhouse Equivalents tons GHE/year 22,851 21,920 15,799 13,072 11,766 11,607 
Methane lbs CH4/year 9,320,117 9,254,330 8,046,693 7,854,643 7,600,857 7,294,774 
Diversion % 20.00% 20.64% 27.06% 27.64% 30.12% 34.49% 
a. The Base Case scenario represents existing practice in New Castle County, whereas each of the other scenarios is constrained to have a specified cost that is 
greater than or equal to the cost of base case.  Curbside recycling and composting are enabled in the other scenarios.  
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Table VI-40  Mass Flows for Least GHE Curbside Recycling and Composting 
Strategies for Kent County (tons/yr) (Case 8) 

Sector  Unit Process  Base Casea Least GHE 

 Residential 1   R-Mixed Waste  n.a. 9,614 

 Residential 2   R-Mixed Waste  n.a. 38,351 

 Residential 1   R-Residuals  44,203 - 

 Residential 2   R-Residuals  n.a. - 

 Residential 1   R-Recyclable Drop-Off  3,762 - 

 Residential 2   R-Recyclable Drop-Off  n.a. - 

 Multifamily 1   MF-Recyclable Drop-Off  515 - 

 Multifamily 1   MF-Commingled  n.a. 755 

 Multifamily 1   MF-Residuals  4,814 4,575 

 Commercial 1   C-Pre-Sorted  10,687 10,691 

 Commercial 1   C-Mixed Waste  n.a. - 

 Commercial 1   C-Residuals  19,897 19,894 

   Mixed Waste Transfer n.a. 9,614 

   Pre-Sorted Transfer n.a. - 

   Mixed Waste MRF n.a. 72,433 

   Presorted MRF 14,964 10,691 

   Commingled MRF n.a. 755 

   Combustion  n.a. - 

   Landfill  68,915 64,080 

   Ash-landfill  n.a. - 
a. The Base Case scenario represents existing practice in Kent County, whereas each of the 
other scenarios is constrained to have a specified cost that is greater than or equal to the cost of 
base case.  Curbside recycling and composting are enabled in the other scenarios. 

 
Table VI-41  Cost and Environmental Emissions for Least GHE Curbside Recycling 

and Composting Strategies for Kent County (Case 8)* 

Cost/LCI Parameter Units Base Casea Least GHE 
Cost $/year 21,292,182 22,173,535 
Energy Consumption MBTU/year -72,366 -302,691 
Total Particulate Matter lbs Total PM/year -208,236 -289,414 
Nitrogen Oxides lbs NOx/year 110,696 11,882 
Sulfur Oxides lbs SOx/year -216,404 -287,203 
Carbon Monoxide lbs CO/year 273,360 -189,245 
Carbon Dioxide Biomass lbs CO2 Bio/year 67,702,084 71,603,990 
Carbon Dioxide Fossil lbs CO2 Fossil/year 12,717,033 -845,764 
Greenhouse Equivalents tons GHE/year 7,696 5,231 
Methane lbs CH4/year 2,081,750 1,866,871 
Diversion % 18.00% 23.60% 
a. The Base Case scenario represents existing practice in Kent County, whereas each of the other 
scenarios is constrained to have a specified cost that is greater than or equal to the cost of base 
case.  Curbside recycling and composting are enabled in the other scenarios. 
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Table VI-42  Mass Flows for Least GHE Curbside Recycling and Composting 
Strategies for Sussex County (tons/yr) (Case 8) 

Sector Unit Process Base Casea Least GHE 
 Residential 1   R-Mixed Waste  n.a. 59,174 
 Residential 1   R-Residuals  54,528 - 
 Residential 1   R-Recyclable Drop-Off  4,646 - 
 Multifamily 1   MF-Recyclable Drop-Off  636 - 
 Multifamily 1   MF-Commingled  n.a. 931 
 Multifamily 1   MF-Residuals  5,939 5,644 
 Commercial 1   C-Pre-Sorted  15,016 15,020 
 Commercial 1   C-Mixed Waste  n.a. - 
 Commercial 1   C-Residuals  27,954 27,950 
  Mixed Waste MRF n.a. 92,767 
  Presorted MRF 20,298 15,020 
  Commingled MRF n.a. 931 
  Landfill  88,421 82,135 
a. The Base Case scenario represents existing practice in Sussex County, whereas each of the other 
scenarios is constrained to have a specified cost that is greater than or equal to the cost of base case.  
Curbside recycling and composting are enabled in the other scenarios. 

 

Table VI-43  Cost and Environmental Emissions for Least GHE Curbside Recycling 
and Composting Strategies for Sussex County (Case 8) * 

Cost/LCI Parameter Units Base Casea Least GHE 
Cost $/year 37,647,111 37,607,832 
Energy Consumption MBTU/year -283 -327,049 
Total Particulate Matter lbs Total PM/year -271,796 -382,833 
Nitrogen Oxides lbs NOx/year 273,681 106,247 
Sulfur Oxides lbs SOx/year -240,392 -351,493 
Carbon Monoxide lbs CO/year 618,471 -177,837 
Carbon Dioxide Biomass lbs CO2 Bio/year 88,708,658 93,615,360 
Carbon Dioxide Fossil lbs CO2 Fossil/year 35,884,144 11,771,614 
Greenhouse Equivalents tons GHE/year 12,565 8,428 
Methane lbs CH4/year 2,678,872 2,382,402 
Diversion % 18.67% 24.45% 
a. The Base Case scenario represents existing practice in Sussex County, whereas each of the other 
scenarios is constrained to have a specified cost that is greater than or equal to the cost of base 
case.  Curbside recycling and composting are enabled in the other scenarios. 
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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VI.9  Modeling Commercial Yard Waste 

The SWM-LCI model does not include the mass flow equations to simulate the 

generation and management of yard waste that is generated in the multi-family and 

commercial sectors.  To address this model limitation, yard waste generated in the 

multi-family sector was added to residential generation.  The strategy for modeling 

commercial yard waste is more complex and described in this section. 

A total of 6,185 tons/yr of yard waste is generated in the commercial sector 

annually.  To evaluate the cost and emissions associated with managing this 

material, it was assumed that the yard waste generated in the commercial sector is 

directly proportional to number of commercial locations.  Thus, of the total 

commercial yard waste generated, the amount attributed to New Castle, Kent and 

Sussex Counties is 4,363, 758, and 1,065 tons/yr, respectively.   

For the overall model results to incorporate commercial yard waste, a template 

was prepared to simulate the alternate management options for yard waste; 

composting, landfill disposal, or combustion.  Cost and LCI coefficients were 

generated using the model.   Table VI-44 summarizes the total cost and 

environmental emissions for managing commercial yard waste via the three 

management options. These values were then added to the corresponding values for 

the different optimal SWM strategies presented in this section to obtain a total 

system cost.   
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Table VI-44  Cost and LCI Emissions of Different Commercial Yard Waste Handling 
Strategiesa 

NEW CASTLE COUNTY 

  Landfill b 
Composting 

c 
Combustion 

d 

Cost $/year 143,151 5,742,746 995,162 

Energy Consumption MBTU/year -221 28,832 -40,830 

Total Particulate Matter lbs Total PM/year -106 4,537 -8,372 

Nitrogen Oxides lbs NOx/year 242 32,481 -18,864 

Sulfur Oxides lbs SOx/year -3,502 7,387 -49,750 

Carbon Monoxide lbs CO/year 3,727 33,830 4,743 

Carbon Dioxide Biomass lbs CO2 Bio/year 1,138,892 2,894,537 13,346,215 

Carbon Dioxide Fossil 
lbs CO2 
Fossil/year -466,861 3,389,299 -7,826,615 

Greenhouse Equivalents tons GHE/year 163 632 -1,118 

Methane lbs CH4/year 79,047 59,257 -17,714 

KENT COUNTY 

Cost $/year 29,455 1,048,022 193,280 

Energy Consumption MBTU/year 16 5,826 -6,858 

Total Particulate Matter lbs Total PM/year 1 1,071 -1,372 

Nitrogen Oxides lbs NOx/year 175 7,618 -2,701 

Sulfur Oxides lbs SOx/year -577 1,750 -8,505 

Carbon Monoxide lbs CO/year 779 7,832 1,396 

Carbon Dioxide Biomass lbs CO2 Bio/year 197,816 502,783 2,318,110 

Carbon Dioxide Fossil 
lbs CO2 
Fossil/year 

-66,019 812,454 -1,294,131 

Greenhouse Equivalents tons GHE/year 30 140 -185 

Methane lbs CH4/year 13,731 10,313 -3,071 

SUSSEX COUNTY 

Cost $/year 42,589 1,474,286 273,517 

Energy Consumption MBTU/year 35 8,172 -9,617 

Total Particulate Matter lbs Total PM/year 5 1,499 -1,921 

Nitrogen Oxides lbs NOx/year 274 10,666 -3,750 

Sulfur Oxides lbs SOx/year -804 2,447 -11,939 

Carbon Monoxide lbs CO/year 1,122 10,969 2,006 

Carbon Dioxide Biomass lbs CO2 Bio/year 277,927 706,397 3,256,886 

Carbon Dioxide Fossil 
lbs CO2 
Fossil/year 

-89,589 1,136,841 -1,813,071 

Greenhouse Equivalents tons GHE/year 43 197 -260 

Methane lbs CH4/year 19,292 14,488 -4,314 
a. The values shown are based on the management of 6,185 tons/yr of yard waste as described in Section VI. I.   
b. Yard waste is collected along with mixed waste collection and disposed to a landfill. 
c. Yard waste is collected via separate trucks and sent to a composting facility. 
d. Yard waste is collected along with mixed waste and sent to a waste-to-energy facility. 
*  Negative values represent emissions avoided due to recycling and/or energy recovery.  
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VI.10 Sensitivity to Collection Inputs 

As described throughout this section, there were a number of cases where the model 

results suggested different mass flows in New Castle County relative to Kent and 

Sussex Counties.  Additional work was conducted to understand this trend.  As the 

major difference between the three counties is population density, this analysis 

emphasizes collection costs.   

Key inputs that describe waste and recyclables collection are summarized in 

Table VI-45 and VI-46.  Based on these inputs, collection costs for each county’s 

maximum diversion strategy (Case 3) are presented in Table VI-47.  As illustrated by 

the large differences in collection costs, these costs are very sensitive to population 

density.  To explore the sensitivity of selected inputs to model results, the travel time 

between stops (houses) in single-family collection options was reduced from 2.7 

minutes to 1 minute in Kent and Sussex Counties, and Case 3 (where only curbside 

recycling is enabled) for Kent and Sussex Counties was rerun.  The mass flows 

through SWM unit operations for Kent and Sussex Counties are presented in Tables 

VI-48 and VI-50 while the corresponding cost and LCI emissions are presented in 

Tables VI-49 and VI-51.  There were no changes in the mass flows relative to the 

original Case 3 results (Tables VI-10 to VI-13), however, both emissions and cost 

decreased significantly with the decrease in travel time.  Figure VI-26 and 27 

illustrate the variation of cost and greenhouse gas emissions with the diversion for 

Kent and Sussex Counties, respectively, and the new collection costs are presented in 

Table VI-47. 
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The large differences in collection cost between the urban and rural counties 

raise at least two additional considerations.  First, all collection costs are calculated 

based on model inputs without regard to whether this collection is carried out by 

DSWA or a private hauler.  As described in Chapter IV, collection model inputs were 

developed in consultation with a number of waste haulers.  Nonetheless, DSWA does 

not control much of the waste collection infrastructure, but rather this is the 

responsibility of the local community.  Second, the collection inputs used for Kent 

County represent an average value.  Inclusion of Dover with the rest of Kent County 

may be misleading as its population density is more similar to that of Wilmington or 

Newark.  In subsequent analyses, it may be appropriate to analyze Dover separately 

from the remainder of Kent County.   

Table VI-45  Key Inputs to Collection Model: Single-family Sector 

New Castle Residuals 
Commingled/Crew 

Sorts 
Commingled/Sort at 

MRF 
Loading time, min  0.3 0.75 0.25 
Travel time between stops, min 0.2 0.17 0.17 
Time from garage to first point 
in the route, min 12.5 20 20 

Kent Residuals 
Commingled/Crew 

Sorts 
Commingled/Sort at 

MRF 
Loading time, min  0.3 0.75 0.25 
Travel time between stops, min 2.7 2.7 2.7 
Time from garage to first point 
in the route, min 25 20 20 

Sussex Residuals 
Commingled/Crew 

Sorts 
Commingled/Sort at 

MRF 
Loading time, min  0.3 0.75 0.25 
Travel time between stops, min 2.7 2.7 2.7 
Time from garage to first point 
in the route, min 20 20 20 
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Table VI-46  Key Inputs to Collection Model: Multi-family Sector 

New Castle Residuals Commingled 
Loading time, min  5 10 
Travel time between stops, min 1.5 1.5 
Time from garage to first point in the 
route, min 12.5 20 
Kent Residuals Commingled 
Loading time, min  5 10 
Travel time between stops, min 1.5 1.5 
Time from garage to first point in the 
route, min 25 25 
Sussex Residuals Commingled 
Loading time, min  5 10 
Travel time between stops, min 1.5 1.5 
Time from garage to first point in the 
route, min 25 25 

 

Table VI-47  Cost of collection per ton of MSW in maximum diversion curbside 
recycling strategies (Case 3), $/ton 

With Original Data (See Tables VI-45 and VI-46) 
Single-family Multi-family  % 

Diversion Residuals Commingled/ 
Crew 

Commingled/ 
MRF 

Residuals Commingled 

New Castle  28.91 63 821 350 31 246 
Kent 26.85 336 3,174 2,161 29 263 
Sussex 27.5 506 4,829 3,280 43 391 

With Reduced Travel Time Between Collection Stops 
Single-family Multi-family  % 

Diversion Residuals Commingled/ 
Crew 

Commingled/ 
MRF 

Residuals Commingled 

New Castlea 28.91 63 821 350 31 246 
Kent 26.85 150 1,584 934 29 263 
Sussex 27.5 232 2,451 1,441 44 398 
a. The runs are repeated only for Kent and Sussex Counties. 
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Table VI-48  Mass Flows Through Unit Operations at Different Diversion Rates for Least-Cost Curbside Recycling 
Strategies For Kent County (tons/yr) (Case 3) (repeat with new collection travel times) 

Diversion Rate (%) 

 Sector   Unit Process  19 20 24 26 26.5 26.8 26.85 

 Residential 1   R-Commingled/Crew  - - - - - 814 1,106 

 Residential 1   R-Commingled/MRF  - - - - 1,106 292 - 

 Residential 1   R-Residuals  8,895 8,895 8,859 8,859 8,508 8,508 8,508 

 Residential 1   R-Recyclable Drop-Off  719 719 755 755 - - - 

 Residential 2   R-Commingled/Crew  - - - - - - 3,777 

 Residential 2   R-Commingled/MRF  - - - - 2,228 4,412 635 

 Residential 2   R-Residuals  35,340 35,340 35,340 35,340 34,633 33,939 33,939 

 Residential 2   R-Recyclable Drop-Off  3,011 3,011 3,011 3,011 1,490 - - 

 Multifamily 1   MF-Recyclable Drop-Off  491 491 491 295 - - - 

 Multifamily 1   MF-Commingled  - - - 323 755 755 755 

 Multifamily 1   MF-Residuals  4,839 4,839 4,839 4,712 4,575 4,575 4,575 

 Commercial 1   C-Pre-Sorted  10,691 10,691 10,691 10,691 10,691 10,691 10,691 

 Commercial 1   C-Residuals  19,894 19,894 19,894 19,894 19,894 19,894 19,894 

  Mixed Waste Transfer 8,895 8,895 8,859 8,859 8,508 8,508 8,508 

  Commingled Transfer - - - - 1,106 292 - 

  Pre-Sorted Transfer  719 719 755 755 - 814 1,106 

  Mixed Waste MRF 9,924 18,851 55,328 68,804 67,609 66,916 66,916 

  Presorted MRF 14,911 14,911 14,947 14,751 12,181 11,505 15,573 

  Commingled MRF - - - 323 4,089 5,458 1,390 

  Landfill  67,942 67,103 63,748 62,070 61,651 61,399 61,357 
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Table VI-49  Cost and Environmental Emissions for Least-Cost Curbside Recycling Strategies For Kent County 
(tons/yr) (Case 3) (repeat with new collection travel times) *  

Diversion Rate (%) 

Parameter Units 19 20 24 26 26.5 26.8 26.85 

Cost $/year 12,693,706 12,836,430 13,477,068 13,918,569 17,160,328 19,686,427 22,056,771 

Energy Consumption MBTU/year -182,304 -200,580 -311,456 -364,556 -396,873 -414,367 -409,866 

Total Particulate Matter lbs Total PM/year -240,880 -258,408 -297,558 -312,055 -310,659 -309,358 -308,885 

Nitrogen Oxides lbs NOx/year -16,203 -23,616 -45,372 -58,883 -38,942 -24,536 -19,066 

Sulfur Oxides lbs SOx/year -260,911 -269,849 -310,630 -333,910 -335,978 -336,398 -335,197 

Carbon Monoxide lbs CO/year 130,605 102,961 42,129 18,772 -138,386 -239,147 -233,533 

Carbon Dioxide Biomass lbs CO2 Bio/year 68,368,789 68,613,445 71,456,069 72,741,962 73,833,382 74,466,244 74,466,391 

Carbon Dioxide Fossil lbs CO2 Fossil/year -1,707,157 -1,369,864 -4,741,495 -7,296,097 -7,849,024 -7,982,488 -7,386,791 

Greenhouse Equivalents tons GHE/year 5,549 5,389 4,510 4,032 3,938 3,909 3,990 

Methane  lbs CH4/year 2,019,058 1,947,310 1,800,675 1,755,445 1,749,048 1,745,312 1,745,143 

*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Table VI-50  Mass Flows Through Unit Operations at Different Diversion Rates for Least-Cost Curbside Recycling 
Strategies For Sussex County (tons/yr) (Case 3) (repeat with new collection travel times) 

Diversion Rate (%) 

 Sector   Unit Process  19 20 25 26 27 27.5 

 Residential 1   R-Commingled/Crew  - - - - - 1,677 

 Residential 1   R-Commingled/MRF  - - - - 2,079 5,130 

 Residential 1   R-Residuals  54,528 54,528 54,528 54,528 53,868 52,367 

 Residential 1   R-Recyclable Drop-Off  4,646 4,646 4,646 4,646 3,227 - 

 Multifamily 1   MF-Recyclable Drop-Off  634 636 636 636 - - 

 Multifamily 1   MF-Commingled  - - - - 931 931 

 Multifamily 1   MF-Residuals  5,941 5,939 5,939 5,939 5,644 5,644 

 Commercial 1   C-Pre-Sorted  15,020 15,020 15,020 15,020 15,020 15,020 

 Commercial 1   C-Residuals  27,950 27,950 27,950 27,950 27,950 27,950 

  Mixed Waste MRF 3,135 14,109 73,453 85,477 87,461 85,960 

  Presorted MRF 20,300 20,302 20,302 20,302 18,247 16,697 

  Commingled MRF - - - - 3,011 6,061 

  Landfill  88,062 86,975 81,539 80,452 79,365 78,821 
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Table VI-51  Cost and Environmental Emissions for Least-Cost Curbside Recycling Strategies For Sussex County 
(tons/yr) (Case 3) (repeat with new collection travel times) * 

Diversion Rate (%) 

Parameter Units 19 20 25 26 27 27.5 

Cost $/year 21,125,743 21,327,716 22,459,253 22,695,355 26,226,692 34,611,026 

Energy Consumption MBTU/year -163,189 -191,231 -357,860 -396,271 -436,246 -466,906 

Total Particulate Matter lbs Total PM/year -307,726 -326,929 -401,053 -411,804 -414,468 -407,073 

Nitrogen Oxides lbs NOx/year 45,451 36,971 1,322 -4,707 9,444 64,293 

Sulfur Oxides lbs SOx/year -317,038 -329,312 -392,924 -406,281 -417,939 -412,054 

Carbon Monoxide lbs CO/year 392,907 363,028 248,783 232,494 80,799 -236,340 

Carbon Dioxide Biomass lbs CO2 Bio/year 89,048,640 89,581,470 93,591,027 94,644,810 95,775,355 97,146,416 

Carbon Dioxide Fossil lbs CO2 Fossil/year 8,628,829 8,533,124 4,958,881 3,624,370 2,303,867 3,267,108 

Greenhouse Equivalents tons GHE/year 8,791 8,557 7,247 6,953 6,729 6,838 

Methane  lbs CH4/year 2,659,065 2,581,901 2,294,427 2,255,374 2,240,179 2,232,336 

*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Figure VI-26  Variation of cost and GHE with Diversion in Kent County (Case 3).  
The solid symbols represent results with the revised collection input parameters.   
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Figure VI-27  Variation of cost and GHE with Diversion in Sussex County (Case 3).  
The solid symbols represent results with the revised collection input parameters.   
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VI.11  Sensitivity to Recyclables Market Values 

The results of analyses to investigate the sensitivity of model results to recyclables 

market values are reported in this section.  A set of strategies was rerun using 

recently reported recyclables market values as presented in Table VI-52. 

Table VI-52  Recently Reported Market Values for Recyclables in Delaware, $/ton 

 Original 
Values 

March 
2006 

Values 
Old Newsprint 18.00 77.00 
Office Paper 80.00 95.00 
Books 41.00 40.00 
Old Magazines 50.00 40.00 
3rd Class Mail 50.00 40.00 
HDPE - Translucent 57.00 310.00 
HDPE - Pigmented 57.00 310.00 
PET 57.00 310.00 
Ferrous Cans 16.00 98.00 
Ferrous Metal - Other 16.00 98.00 
Aluminum Cans 927.00 1400.00 
Aluminum - Other #1 927.00 1400.00 
Aluminum - Other #2 927.00 1400.00 

 

Selected strategies for both New Castle and Kent Counties were repeated to 

evaluate the sensitivity of commodity prices to mass flows in both urban and rural 

counties.  Case 6 (Section VI.6.), in which curbside recycling, composting and 

combustion are enabled, was rerun for both New Castle and Kent Counties.  These 

cases examined a range of cost-effective diversion strategies.  Based on the increased 

revenue from recycling, it was hypothesized that the use of curbside recycling would 

increase relative to previous analyses, to achieve a diversion target.  New Castle 

County strategies with diversion rates of 28%, 28.91%, 40% and 85% were rerun and 

the results are summarized in Tables VI-53 and VI-54.  Despite the increased 
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commodity prices, curbside recycling was not selected and combustion was still used 

to meet diversion targets.  The amount of recycled materials recovered through drop-

off increased slightly (from 77,500 to 78,418 tons/yr), with a slight reduction in the 

amount of mixed waste sent to combustion.  Thus, the higher commodity prices did 

not alter mass flows significantly or result in the use of new unit operations.  In 

addition, the changes in total system cost (Table VI-54) were between 3 and 4%, 

which is not significant relative to the accuracy of the model. 

Selected scenarios in Case 6 were also rerun for Kent County using the recently 

reported  recyclables market values.  As described in Section VI.6., using the original 

commodity prices, waste was first processed in a mixed waste MRF prior to 

transport to the combustion facility in New Castle County.  It was hypothesized that 

an increase in recyclable market values would increase the mass flowing through a 

mixed waste MRF and more recyclables would be recovered, decreasing the mass 

processed through a combustion facility.  The results are given in Table VI-55 and 

VI-56.  In both the 25% and 40% diversion scenarios, the mass sent to the mixed 

waste MRF increased from 30,584 tons/yr to 35,695 tons/yr.  In the 40% diversion 

scenario, the mass sent to combustion facility decreased from 26,095 tons/yr to 

25,474 tons/yr.  As in the New Castle case above, the impact on the total cost of the 

SWM alternative did not change significantly.  

Similar analyses were conducted for the recycling only scenarios (i.e., Case 3 that 

considered cost-effective diversion strategies using only curbside recycling) to 

examine if curbside recycling would be utilized at lower diversion rates since the new 

recycling commodity market prices are more attractive. As in the analyses above, no 
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significant changes to mass flow in the previously generated SWM strategies were 

observed.    

In conclusion, changes in recyclables market values over the range given in Table 

VI-52 did not affect the trends in the utilization of unit operations, and only a slight 

increase in the recovery of recyclables was observed.  Subsequent work could be 

conducted to identify the magnitude of a change in commodity prices that would 

influence mass flows.   

Table VI-53  Mass Flows Through Unit Operations at Different Diversion Rates for 
New Castle County (tons/yr) (Case 6) 

Diversion Rate(%) 

 Sector   Unit Process  28 29 40 85 

 Residential 1   R-Residuals  138,604 138,604 138,604 138,604 

 Residential 1   R-Recyclable Drop-Off  11,415 11,415 11,415 11,415 

 Residential 2   R-Residuals  15,438 15,438 15,438 15,438 

 Residential 2   R-Recyclable Drop-Off  1,271 1,271 1,271 1,271 

 Multifamily 1   MF-Recyclable Drop-Off  4,182 4,182 4,182 4,182 

 Multifamily 1   MF-Residuals  39,076 39,076 39,076 39,076 

 Commercial 1   C-Pre-Sorted  61,550 61,550 61,550 61,550 

 Commercial 1   C-Residuals  114,535 114,535 114,535 114,535 

  Mixed Waste Transfer 15,438 15,438 15,438 15,438 

  Presorted MRF 78,418 78,418 78,418 78,418 

  Combustion  33,896 37,909 86,803 304,103 

  Landfill  273,757 269,745 220,851 3,551 

  Ash-landfill  4,436 4,961 11,360 58,372 
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Table VI-54  Cost and Environmental Emissions for New Castle County (tons/yr) 
(Case 6) * 

Parameter Units 28 29 40 85 

Cost (original) $/year 41,572,323 41,811,350 44,440,648 57,755,137 

Cost (Updated) $/year 39,884,263 40,101,809 42,753,002 56,100,162 

Energy Consumption MBTU/year -1,323,114 -1,359,180 -1,798,707 -3,563,743 

Total Particulate Matter lbs Total PM/year -1,343,963 -1,350,667 -1,432,363 -1,690,441 

Nitrogen Oxides lbs NOx/year -548,929 -566,227 -777,028 -1,311,561 

Sulfur Oxides lbs SOx/year -1,597,398 -1,632,323 -2,057,943 -3,271,759 

Carbon Monoxide lbs CO/year -191,934 -194,788 -229,577 -396,164 

Carbon Dioxide Biomass lbs CO2 Bio/year 355,842,477 359,881,924 409,109,904 576,399,012 

Carbon Dioxide Fossil 
lbs CO2 
Fossil/year -77,572,372 -82,987,687 -148,983,123 -254,791,641 

Green House 
Equivalents tons GHE/year 12,760 11,632 -2,121 -36,887 

Methane (CH4) lbs CH4/year 8,149,831 8,013,632 6,353,804 -748,361 
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 

 

Table VI-55  Mass Flows Through Unit Operations at Different Diversion Rates for 
Kent County (tons/yr) (Case 6)  

Diversion Rate (%) 
Sector   Unit Process  25 40 

  Original New Original New 

 Residential 1   R-Residuals  8,895  8,895 8,900 8,899 

 Residential 1   R-Recyclable Drop-Off  719  719 714 715 

 Residential 2   R-Residuals  35,484  35,484 35,484 35,484 

 Residential 2   R-Recyclable Drop-Off  2,867  2,867 2,867 2,867 

 Multifamily 1   MF-Recyclable Drop-Off  491  219 491 219 

 Multifamily 1   MF-Residuals  4,839  5,111 4,839 5,111 

 Commercial 1   C-Mixed Waste  30,584  30,584 30,584 30,584 

  Mixed Waste Transfer  8,895  8,895 8,900 8,899 

  Pre-Sorted Transfer  719  719 714 715 

  Mixed Waste MRF  30,584  35,695 30,584 35,695 

  Presorted MRF 4,076  3,804 4,071 3,800 

  Combustion  11,505  10,938 26,095 25,474 

  Landfill  61,478  61,548 46,893 47,016 

  Ash-landfill  1,474  1,402 3,568 3,433 
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Table VI-56  Cost and Environmental Emissions for Kent County (tons/yr) (Case 6) * 

Diversion Rate (%) 
Parameter Units 25 40 

Cost (original) $/year 20,778,283 21,683,004 

Cost (Updated) $/year 20,669,754 21,573,127 

Energy Consumption MBTU/year -170,847 -289,916 

Total Particulate Matter lbs Total PM/year -184,195 -206,232 

Nitrogen Oxides lbs NOx/year 35,031 -20,448 

Sulfur Oxides lbs SOx/year -305,013 -418,666 

Carbon Monoxide lbs CO/year 278,166 265,934 

Carbon Dioxide Biomass lbs CO2 Bio/year 84,881,130 97,565,793 

Carbon Dioxide Fossil lbs CO2 Fossil/year -10,957,883 -27,891,552 

Greenhouse Equivalents tons GHE/year 4,188 -14 

Methane lbs CH4/year 1,984,337 1,323,304 

*  Negative values represent emissions avoided due to recycling and/or energy recovery. 

 

VI.12 Discussion  

Examination of alternative SWM strategies for New Castle, Kent and Sussex 

Counties provides the basis for multiple lines of analysis of the results.  A summary 

of some of the themes that emerged from the model results is presented in this 

section.   

Differences between Urban and Rural Counties 

There are subtle differences between the optimal strategies identified for New Castle 

County and those for Kent and Sussex Counties.  As New Castle County is more 

urbanized than Kent and Sussex Counties, there are cost savings associated with the 

higher population density.  In Case 3, the goal was to identify cost-effective diversion 

strategies in which curbside collection of recyclables was enabled.  The cost of mixed 

waste collection in single-family residential areas for the maximum diversion case in 

New Castle County was $62/ton, while the costs in the more rural Kent and Sussex 

Counties were $336/ton and $506/ton, respectively.  The cost of curbside 
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recyclables collection in single-family residential areas for the maximum diversion 

case in New Castle County was $350/ton, while the cost in the more rural Kent and 

Sussex Counties was $2161 and $ 3280/ton, respectively.  Detailed cost information 

for the multi-family residential area is presented in Table VI-47.  The mass flows for 

the maximum diversion scenarios are presented in Tables VI- 8, VI-10 and VI-12 in 

Section VI.3.  In all cases, curbside recycling was only implemented when the model 

was constrained to near maximum diversion.   

The SWM strategy with the lowest GHE for New Castle County (Case 8) results 

in a 49% reduction (from 22,851 tons/yr to 11,607 tons/yr) in GHE compared to that 

of the base case SWM strategy.  The corresponding GHE reductions in the strategies 

for Kent and Sussex Counties are only about 32% and 33%, respectively.  This 

difference can be attributed to population density and the corresponding travel times 

between waste generators and downstream processing facilities. It should be noted 

that travel distances may vary, and therefore the results may change, depending on 

the assumed location of future facilities.  In New Castle County, emission reductions 

were realized from the implementation of curbside recycling.  In contrast, the 

implementation of curbside recycling to maximize diversion actually increased 

emissions in Kent and Sussex Counties relative to scenarios with something less than 

the maximum diversion.    

Effects of Cost Constraints on Utilization of a Particular Process 

The SWM-LCI model is not constrained to apply a selected unit operation to the 

entire sector equally.  For example, consider a case in which the model objective was 

to minimize cost subject to a diversion constraint (Case 3, Tables VI-8, 10 and 12).  
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Given that the rate of recyclables recovery is higher when a curbside collection 

program is available relative to reliance on drop-off only, utilization of curbside 

recycling will maximize diversion.  However, because curbside recycling is more 

expensive than both DSWA’s drop-off program and recyclables recovery by use of a 

mixed waste MRF, curbside recycling is selected by the model only to ramp up 

diversion as required to meet the diversion constraint.  Furthermore, only a fraction 

of the total population may be served by curbside collection as needed to achieve the 

overall diversion objective.  Similarly, in Case 7, combustion was used for only a 

fraction of the total waste when minimizing GHE subject to a cost constraint.  While 

combustion is an effective strategy for GHE emissions reductions, it is more 

expensive than landfill disposal with gas recovery.   

In practice, it may be difficult to convince a community of the rationale for 

providing only some residents with curbside collection while expecting others to 

utilize drop-off bins, or why some waste is landfilled and other waste is burned for 

energy recovery.  This is an example of a situation where the model result could be 

determined to be politically or socially infeasible, or an example where economic 

reality results in a surprised community.  In Section VIII, a technique is illustrated to 

identify multiple alternative SWM strategies that are only incrementally more 

expensive than the optimal solution, but utilize maximally different sets of facilities 

and waste flows.  This implies that some degree of flexibility exists in selecting a 

SWM plan, and may be useful when considering other decision criteria during the 

decision making process.   
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Counter-intuitive Insights about Strategies Generated by the SWM-LCI 

Model 

A potential advantage of a mathematical analysis of a complex problem is that it may 

generate results that are not intuitive to even an experienced solid waste planner.  

Tables VI-26, VI-28, and VI-30 in Case 6, and VI-32, VI-34, and VI-36 in Case 7 

illustrate this point.  In Case 6, the objective was to minimize cost subject to a 

diversion constraint.  Diversion was defined to include combustion, which can 

maximize diversion due to the extensive conversion of combustible solids to gas (and 

energy).  As combustion is expensive relative to landfill disposal, the model was able 

to identify a creative approach in which some waste was first processed through a 

mixed waste MRF prior to combustion.  Utilization of a mixed waste MRF 

accomplishes two objectives.  First, it allows for the recovery of some recyclables that 

are not combustible (such as glass and aluminum) and not separated by the waste 

generator to be included in either drop-off or curbside recycling.  When 

implemented in New Castle County, the increase in diversion was perhaps minimal 

(Table VI-26).  The second purpose of including the mixed waste MRF is more 

meaningful, however.  In Kent and Sussex Counties (Tables VI-28 and VI-30), the 

use of a mixed waste MRF reduced the quantity of waste to be transported to New 

Castle County where the combustion facility was assumed to be located.  While 

analysis of the model solution makes sense, it is more creative than a solution in 

which all the waste is treated in the same process.   

A second example of a counter-intuitive insight might be the manner in which 

yard waste composting was selected by the model based on the various objectives 

and constraints.  When yard waste is diverted from a landfill to a composting facility, 
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there is a reduction in the amount of waste landfilled.  As yard waste composting is 

less expensive than curbside recycling, it was utilized preferentially to achieve 

diversion goals.  The increased diversion from yard waste resulted in a decrease in 

GHE emissions in New Castle County, but an increase in Kent and Sussex Counties 

due to the longer travel distances to a compost facility.  The impact of yard waste 

composting on GHE emissions is influenced by travel distances, as well as by the 

decomposition rate of the yard waste in a landfill, the degree to which methane is 

captured in the early years after waste burial, and whether the methane is utilized 

beneficially.  If landfill gas is collected in year one, and utilized as an energy source, 

then this would be a more GHE friendly alternative than yard waste composting.  In 

contrast, if the methane is released to the environment, then longer transport 

distances to treat yard waste aerobically are desirable.   

Summary 

There are a large number of alternatives for the management of solid waste.  The 

optimal management strategy is a function of the objectives.  In this section, a 

variety of potential SWM strategies were developed based on the use of different 

combinations of unit operations including drop-off of recyclables by the waste 

generator, curbside collection of recyclables, separation in a mixed waste MRF, 

separate collection of yard waste for composting, and combustion with energy 

recovery.  As demonstrated, the selection of unit operations to maximize efficiency is 

a function of the model objectives.  Very different management strategies emerge 

dependent upon whether the objective is to achieve waste diversion cost-effectively 
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or to minimize GHE or total system cost.  As expected, there are tradeoffs among 

these competing objectives, which were explored by using the SWM-LCI model.  

 



 

 183

Chapter 4 

The Application of Life-Cycle 

Analysis to Integrated Solid 

Waste Planning for the State of 

Delaware: Part II 

VII Statewide Solid Waste Management Strategies & 

Results 

The MSW system for the State of Delaware was modeled by first representing each 

county in a separate instance of the SWM-LCI model, and then systematically 

combining the outputs from those county-specific models to describe a statewide 

SWM strategy.  The descriptions of the county-specific models and results were 

provided in Section VI.  The procedure for combining the county-specific SWM 

strategies to obtain optimal statewide SWM strategies is described in the following 

section.  The subsequent sections describe the results for a variety of statewide cases. 

Similar to the county-specific cases, the statewide cases include future SWM 

scenarios that consider new MSW unit operations, such as curbside recycling, 

composting and combustion, in addition to the existing residential drop-off and 

commercial pre-sorted recycling activities.  As with the cases described in Section VI, 
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the statewide cases include scenarios to explore cost-effective diversion strategies 

and GHE-minimizing strategies for the state.   

VII.1  Procedure for generating statewide SWM strategies  

The statewide SWM strategy generation procedure adopts a heuristic approach to 

identify a set of county-specific SWM strategies that can be combined to optimally 

meet the statewide SWM modeling objective.  For each county (New Castle [NC], 

Kent [K], and Sussex [S]), a discrete set of optimal SWM strategies are first 

generated as was done in Section VI.  For example, to identify a cost-effective SWM 

strategy that meets a target diversion rate, the SWM-LCI model for a county is used 

to generate a county-specific cost-effective SWM strategy that meets a specified 

diversion rate in that county.  This is repeated for different county-specific diversion 

rates for each county, varied in a discrete increment from the current diversion rate 

to the maximum possible rate.   

To identify a cost-effective SWM strategy that meets a specified diversion rate 

for the state as a whole, combinations of the county-specific cost-effective diversion 

strategies are collectively examined.  Although a given statewide diversion target 

could be achieved by the combination of county-specific strategies that meet the 

same diversion target in each county, additional options are explored by examining 

other combinations of county-specific strategies to identify the most cost-effective 

statewide strategy.  The statewide diversion rate corresponding to a combination of 

county-specific strategies is computed based on the corresponding fraction of the 

total mass of waste generated in the state that is diverted or assigned to the three 

county landfills in the county-specific strategies.  For each combination of county-
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specific strategies, the statewide SWM strategy cost is computed by summing the 

cost of each county-specific strategy.  The combination with the cheapest total cost 

and a collective diversion greater than or equal to the statewide diversion target is 

then selected as the statewide cost-effective diversion strategy.   

The generation of a statewide strategy from county-specific results is illustrated 

with the set of numbers in Table VII-1.  Each row in this table represents a 

combination of county-specific cost-effective SWM strategies, each meeting a given 

diversion rate (columns 1-3 in Table VII-1) for the corresponding county.  The 

resulting statewide diversion for a combination is shown in column 4.  The costs of 

the county-specific diversion strategies as well as their sum, which is the cost of the 

corresponding statewide SWM strategy, are also listed in this table.  Using this table, 

all combinations that meet a statewide diversion target, for example 30%, are 

screened by the total cost to select the cheapest one.  This yields the least cost 

statewide SWM strategy that meets a statewide 30% diversion target.  This 

procedure for exploring cost-effective statewide diversion strategies is similarly 

applied to generate GHE-minimizing statewide SWM strategies that are within a cost 

target.  Similar to cost, the energy consumption and environmental emissions of a 

statewide SWM strategy are computed by summing the corresponding values for the 

county-specific SWM strategies. 

The procedure for storing model results and sorting multiple strategies was 

implemented in a spreadsheet to automatically select the optimal statewide SWM 

strategy.  
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Table VII-1  Combinations of County Wide SWM Strategies 

Diversion Cost, $/yr 

New Castle Kent Sussex State-wide New Castle Kent Sussex Total 

30% 30% 30% 30.0% 42,050,377 21,070,666 35,903,768 99,024,811 

30% 35% 30% 30.7% 42,050,377 21,363,049 35,903,768 99,317,194 

30% 30% 35% 30.9% 42,050,377 21,070,666 36,282,751 99,403,794 

30% 40% 25% 30.5% 42,050,377 21,683,004 35,524,785 99,258,166 

35% 25% 20% 30.7% 43,245,513 20,778,283 35,145,802 99,169,597 

35% 20% 25% 30.9% 43,245,513 20,485,900 35,524,785 99,256,197 

35% 25% 20% 30.7% 43,245,513 20,778,283 35,145,802 99,169,597 

35% 20% 20% 30.0% 43,245,513 20,485,900 35,145,802 98,877,214 a 

40% 20% 20% 33.3% 44,440,648 20,485,900 35,145,802 100,072,350 

… … … … … … … … 

… … … … … … … … 

… … … … … … … … 
a:  Least cost combination of county specific SWM strategies to achieve state-wide diversion of 30% 

 

VII.2 The statewide SWM scenarios  

The statewide scenarios considered in this study are categorized as follows:  

i) the base case scenario corresponding to existing conditions;  

ii) future cost-minimizing SWM scenarios considering different rates of diversion 

via curbside recycling;  

iii) future cost-minimizing SWM scenarios considering different rates of diversion 

via curbside recycling, yard waste composting, and mixed waste combustion;  

iv) future GHE-minimizing SWM scenarios considering different levels of cost 

constraint via curbside recycling, yard waste composting, and mixed waste 

combustion.  

By repeatedly executing the statewide strategy development procedure described 

above, the trade-off between cost and diversion, as well as the variation of GHE with 

diversion rate are generated for the statewide scenarios.    
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The future scenarios (ii-iv) represent potential statewide SWM programs that 

could be considered in addition to the existing programs in each county.  In the 

results presented below, a statewide SWM strategy is described by the county-

specific waste flows through the different MSW processing options enabled.  Where 

appropriate, the results for the future SWM scenarios are summarized in figures 

illustrating trade-offs that show the variation among cost, GHE and diversion rate. 

VII.3 Statewide Base Case  

The base case statewide SWM strategy represents the existing waste flows in each 

county.  Thus, it is the aggregation of the base case SWM strategies for New Castle, 

Kent and Sussex Counties.  Details of these strategies were described in Section VI.2.  

The statewide base case is used as a basis for comparing the statewide SWM 

strategies for the future scenarios. The waste flows, cost and environmental 

emissions in the statewide SWM strategy for the base case are summarized in Table 

VII-2.  Figure IV-1 presents the physical locations of the existing and assumed new 

MSW processing facilities in the state, and Figure VI-1 shows the waste flows 

through these facilities.   
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Table VII-2 Summary of the Statewide SWM Strategy for the Base Case * 

Mass Processed by Unit Operations, tons/yr 

Sector  Unit Process  New Castle Kent Sussex Total 

Residential 1  R-Residualsa  139,150 44,203 54,528 237,881 

Residential 1  R-Recyclable Drop-Off 10,870 3,762 4,646 19,277 

Residential 2  R-Residualsa 15,875 n/a n/a 15,875 

Residential 2  R-Recyclable Drop-Off 835 n/a n/a 835 

Multifamily 1  
MF-Recyclable Drop-
Off  3,982 515 636 5,133 

Multifamily 1  MF-Residualsa  39,275 4,814 5,939 50,029 

Commercial 1  C-Pre-Sorted  61,528 10,687 15,016 87,231 

Commercial 1  C-Residualsa  114,556 19,897 27,954 162,407 

Transfer  Mixed Waste  15,875 n/a n/a 15,875 

MRF  Presorted  77,214 14,964 20,298 112,476 

Disposal  Landfill  308,857 68,915 88,421 466,193 

Cost and Environmental Emissions 

Parameter Units New Castle Kent Sussex Total 

Cost $/year 39,673,528 21,395,482 36,915,571 97,984,581 

Energy Consumption MBTU/year -992,199 -72,366 -283 -1,064,848 

Total Particulate Matter lbs Total PM/year -287,726 -208,236 -271,796 -767,758 

Nitrogen Oxides lbs NOx/year -377,933 110,696 273,681 6,444 

Sulfur Oxides lbs SOx/year -1,278,145 -216,404 -240,392 -1,734,941 

Carbon Monoxide lbs CO/year -150,078 273,360 618,471 741,753 

Carbon Dioxide Biomass lbs CO2 Bio/year 320,593,961 67,702,084 88,708,658 477,004,703 

Carbon Dioxide Fossil 
lbs CO2 
Fossil/year -28,147,313 12,717,033 35,884,144 20,453,864 

Greenhouse Equivalents tons GHE/year 22,851 7,696 12,565 43,112 

Methane lbs CH4 /year 9,320,117 2,081,750 2,678,872 14,080,739 

Diversion % 20% 18% 19% 19% 

a. Residuals represent non-recycled mixed waste. 
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Figure VII-1  Trade-off between cost and state-wide diversion rate.  Each point on 
the Total Cost series represents a least-cost combination of SWM strategies for New 
Castle, Kent and Sussex Counties.  Diversion includes curbside recycling in addition 

to recyclables drop-off 

VII.4 Statewide Case to evaluate inclusion of curbside 

recycling in cost-effective SWM strategies  

In this case, a set of cost-effective SWM strategies to achieve different levels of 

statewide diversion was generated.  Increased diversion was achieved by enabling 

curbside recycling in addition to the existing residential drop-off and pre-sorted 

commercial recycling programs.  The procedure described in Section VII.A was 

applied to the corresponding sets of county-specific cost-effective diversion 

strategies described in Section VI.3 (Case 3), where the waste flow information for 

these county-specific SWM strategies was given in Tables VI-8, VI-10, and VI-12 and 

the cost and environmental emissions were presented in Tables VI-9, VI-11, and VI-

13.  
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The statewide least-cost SWM strategies were generated for statewide diversion 

rates varying, in discrete increments, from 20% to 28%, which is close to the 

maximum possible level that would be obtained by summing the maximum diversion 

cases for each county.  Table VII-3 summarizes the county-specific and total cost for 

statewide SWM strategies at increasing diversion rates.   

In general, diversion in New Castle County is higher than that in Kent and 

Sussex Counties, at each diversion level (Figure VII-1).  Being a more urbanized and 

densely populated county, the average travel distances between the recycling 

facilities and the collection routes in New Castle County are lower.  Thus, it is more 

cost-effective to implement curbside recycling in New Castle County relative to Kent 

and Sussex Counties. Therefore, to achieve a specified statewide diversion target at 

minimum cost, including recycling in New Castle County is most cost-effective.   

Table VII-3 Total Cost and Greenhouse Gas Equivalents (GHE) for Statewide Solid 
Waste Management Strategies Utilizing Curbside Recyclinga 

DIVERSION GOALS, % Total Cost Total GHE 

Delaware New Castle Kent Sussex $/yr tons/yr 

20 20 20 20 95,846,157 40,788 

21 22 19 19 96,763,005 39,078 

22 23 20 20 97,836,205 37,978 

23 24 21 21 98,927,783 36,897 

24 25 22 22 100,099,175 35,488 

25 26 23 23 101,352,564 34,020 

26 27 24 24 102,605,952 32,495 

27 28.5 24 24 107,261,008 30,070 

28 28.8 26 27 115,545,820 29,710 

a: The SWM strategies include curbside recycling options and recyclables drop-off.  The mass flows for each 
county are given at each diversion level are given in Tables VI-9, VI-11, and VI-13.   

 
The trends in the diversion rates for Kent and Sussex counties in Figure VII-1 are 

not smooth.  This discreteness may be attributed to the increment in the diversion 

levels used in generating the sets of county-specific strategies.  In this study, an 
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increment of 1% was used. By reducing this increment, more county-specific cost-

effective diversion strategies could have been generated, and their combinations 

would have enabled the development of a more refined tradeoff curve between cost 

and statewide diversion.  Theoretically, when the increment of diversion rate 

approaches zero, the resultant tradeoff curve become continuous, and therefore 

smooth.  

VII.5 Statewide Case to evaluate inclusion of curbside 

recycling, yard waste composting, and mixed waste 

combustion in cost-effective SWM strategies  

A set of cost-effective SWM strategies to achieve different levels of statewide 

diversion was generated in which diversion is achieved by enabling curbside 

recycling, yard waste composting, and mixed waste combustion, in addition to the 

existing residential drop-off and pre-sorted commercial recycling programs.  The 

procedure described in Section VII. A was applied to the corresponding sets of 

county-specific cost-effective diversion strategies described in Section VI.6 (Case 6).  

The waste flow information for these county-specific SWM strategies was given in 

Tables VI-26, VI-28, and VI-30 and the cost and environmental emissions were 

presented in Tables VI-27, VI-29, and VI-31.  

The statewide least-cost SWM strategies were generated for statewide diversion 

rates varying, in discrete increments, from 20% to the maximum possible level of 

88.47%.  Table VII-4 summarizes the total cost for each statewide cost-effective 

diversion strategy, and the corresponding diversion levels in the three counties.  The 

corresponding GHE values are presented in Table VII-5. 
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Figure VII-2 presents changes in the utilization of MSW processing facilities 

with increasing levels of statewide diversion and Figure VII-3 presents the 

contribution of each county to statewide diversion at each diversion level.  As the 

diversion target is increased, the use of a mixed waste MRF and combustion facility 

increases, while the use of residential drop-off and pre-sorted commercial recycling 

remains nearly constant.  The yard waste composting option is only used as the 

statewide diversion target approaches its maximum.  To achieve the maximum 

diversion of 88.47%, utilization of combustion decreases as curbside recycling is 

added to increase the capture of recyclable materials.    

Table VII-4  Cost of County Contributions for Statewide Solid Waste Management 
Strategies Utilizing Curbside Recycling, Composting and Combustiona  

DIVERSION % Cost, $/yr 

Delaware 
New 

Castle Kent Sussex 
New 

Castle Kent Sussex TOTAL 
20 20 20 20 39,661,099 20,485,900 35,145,802 95,292,800 

25 25 25 25 40,855,242 20,778,283 35,524,785 97,158,309 

30b 35 20 20 43,245,513 20,485,900 35,145,802 98,877,214 

35 40 25 25 44,440,648 20,778,283 35,524,785 100,743,716 

40 45 30 30 45,635,784 21,070,666 35,903,768 102,610,217 

45 50 35 35 47,076,940 21,363,049 36,282,751 104,722,740 

50 55 40 40 48,586,134 21,683,004 36,661,735 106,930,872 

55 65 35 35 51,604,521 21,363,049 36,282,751 109,250,321 

60 70 40 40 53,113,714 21,683,004 36,661,735 111,458,452 

65 80 35 35 56,164,294 21,363,049 36,282,751 113,810,094 

70 85 40 40 57,755,137 21,683,004 36,661,735 116,099,876 

75 85 55 55 57,755,137 22,846,036 38,277,288 118,878,460 

80 85 70 70 57,755,137 24,110,202 39,903,625 121,768,964 

85 85 85 85 57,755,137 25,374,369 41,536,128 124,665,634 

87 87 87 87 59,616,234 25,772,936 41,951,672 127,340,842 

88 88.5 87 87 65,445,197 25,772,936 41,951,672 133,169,805 

88.47 88.73 87.9 88 82,277,934 49,943,359 59,644,844 191,866,138 
a: The SWM strategies include curbside recycling, yard waste composting, and combustion.  The mass flows for each 
county at each diversion level are given in Tables VI-26, VI-28, and VI-30.  . 
b: Statewide SWM strategy with 30% diversion is analyzed further in Section VII 
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Table VII-5  Greenhouse Gas Equivalents (GHE) Contributions for Statewide Solid 

Waste Management Strategies Utilizing Curbside Recycling, Composting and 
Combustiona,* 

DIVERSION % GHE [tons/yr] 

Delaware 
New 

Castle Kent Sussex 
New 

Castle Kent Sussex TOTAL 
20 20 20 20 22,789 6,046 8,758 37,593 

25 25 25 25 16,638 4,565 7,041 28,245 

30 35 20 20 4,239 6,046 8,758 19,043 

35 40 25 25 -1,960 4,565 7,041 9,647 

40 45 30 30 -8,159 3,085 5,325 251 

45 50 35 35 -12,172 1,605 3,609 -6,959 

50 55 40 40 -15,588 452 1,892 -13,244 

55 65 35 35 -22,421 1,605 3,609 -17,207 

60 70 40 40 -25,837 452 1,892 -23,492 

65 80 35 35 -32,753 1,605 3,609 -27,539 

70 85 40 40 -36,380 452 1,892 -34,036 

75 85 55 55 -36,380 -1,825 -1,006 -39,211 

80 85 70 70 -36,380 -4,072 -3,854 -44,306 

85 85 85 85 -36,380 -6,319 -6,746 -49,445 

87 87 87 87 -37,252 -4,793 -6,132 -48,177 

88 88.5 87 87 -2,940 -4,793 -6,132 -13,865 

88.47 88.73 87.9 88 -5,270 4,914 7,377 7,022 
a: The SWM strategies include curbside recycling, yard waste composting, and combustion in addition to the 
recyclables drop-off program.  The mass flows for each county at each diversion level are given in Tables VI-
26, VI-28, and VI-30. 
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Figure VII-2  Comparison of mass flows through unit operations for state-wide SWM 
strategies at different diversion levels (curbside recycling, composting, combustion 
enabled). Each series in the figure represents a statewide SWM strategy at specified 

statewide diversion rates (20%, 40%, etc.). The bars represent the fraction of the 
total mass that is routed through the unit operation listed on the x-axis. 

In general, diversion in New Castle County is higher in comparison to that in 

Kent and Sussex Counties.  Between 50 and 70% diversion, all increased diversion 

occurs in New Castle County while diversion in Kent and Sussex Counties is 

relatively constant (Fig. VII-3).  This is due to the location of the waste combustion 

facility in Northern New Castle County.   The explanations for the trends in the 

utilization of MSW processing facilities have been described in Section VI and are 

summarized as follows: 

• Combustion is utilized to the maximum extent possible based on the diversion 

constraint and the model objective to minimize cost.  
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• For Kent and Sussex Counties, diversion can be increased in a cost-effective 

manner by routing mixed waste through a mixed waste MRF prior to 

transporting the residuals to the combustion facility in New Castle County.   

• Yard waste composting results in more diversion than combustion due to the 

small ash content of grass, leaves and branches.  Thus, as diversion is 

maximized, yard waste composting is utilized. 

• Curbside collection of recyclables is utilized to maximize diversion because 

some recyclables are not combustible (e.g. glass, metal) or have a non-zero ash 

content.  The total system cost escalates substantially with the use of curbside 

recycling (Table VII-4 and Fig. VII-3). 
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Figure VII-3  Trade-off between cost and diversion rate for the Delaware.  Each point 
on the Total Cost series represents a least-cost combination of SWM strategies for 

New Castle, Kent and Sussex Counties.  These combinations include curbside 
recycling, yard waste composting, and combustion. 
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Figure VII-4 shows the trade-off between cost and statewide diversion rate, and 

the variation of GHE with statewide diversion rate.  Analogous trends in the 

variation of NOx with statewide diversion rate are shown in Figure VII-5. As the 

statewide diversion rate increases, cost increases and GHE and NOx emissions 

decrease monotonically until a statewide diversion rate of about 85%.  Thereafter, 

the cost and emissions increase concurrent with the addition of curbside recycling 

and composting.  At greater than 85% diversion, the use of combustion actually 

decreases as the use of curbside recycling and composting result in increased 

diversion.  Although more emissions offsets result from the increased level of 

recyclable material capture, these offsets do not fully compensate for the increases in 

emissions from the additional collection activities, thus resulting in an increase in 

the net emissions.  Similarly, when yard waste is diverted from combustion to 

composting, total system emissions increase as the offsets associated with electrical 

energy recovery are reduced.   
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Figure VII-4  Variation of cost and greenhouse gas equivalents with statewide 
diversion.  Diversion includes curbside recycling, composting and combustion.  
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Figure VII-5 Variation of cost and nitrogen oxides (NOx) with statewide diversion.  

Diversion includes curbside recycling, composting and combustion.  
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VII.6 Statewide Case to evaluate inclusion of curbside 

recycling, yard waste composting, and mixed waste 

combustion in GHE-minimizing SWM strategies  

A set of GHE-minimizing statewide SWM strategies at different cost targets was 

generated in which diversion was achieved by enabling curbside recycling, yard 

waste composting, and mixed waste combustion, in addition to the existing 

residential drop-off and pre-sorted commercial recycling programs.  The procedure 

described in Section VII. A was applied to the corresponding sets of county-specific 

GHE-minimizing SWM strategies described in Section VI. G (Case 7).  The waste 

flow information for these county-specific SWM strategies is given in Tables VI-32, 

VI-34, and VI-36 and the cost and environmental emissions were presented in 

Tables VI-33, VI-35, and VI-37.  

The statewide GHE-minimizing SWM strategies were generated for statewide 

cost limits that were varied in discrete increments of $5 million/yr.  Statewide costs 

ranged from $98.7 million/yr to the maximum of $145 million/yr.  Table VII-6 

summarizes the cost and GHE emissions for each statewide GHE-minimizing 

strategy, and the corresponding cost and GHE for the three county-specific SWM 

strategies.  The waste flows through the MSW facilities are summarized in Figure 

VII-6.   

The interpretation of the waste flows presented in Table VII-6 is similar to that 

presented for the county-specific analyses in Section VI. G.  As combustion is the 

most efficient process for reducing GHE emissions, its use increases as the cost 

constraint is relaxed.  Combustion utilization decreases slightly just prior to the 
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minimum GHE case as curbside collection of commingled recyclables is utilized.   

Interestingly, although yard waste composting was enabled, it is not utilized, even 

when GHE emissions are minimized.  This is because of the absence of offsets 

associated with compost production, and the fact that yard waste is combusted.  If 

the choice were between a landfill and composting, then the yard waste would have 

been composted as described in Section VI. H.  Changes in GHE emissions at 

increasing expenditure levels is illustrated in Figure VII-7.  The incremental 

reduction in GHE emissions beyond the $130 million/yr expenditure is minimal.   
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Table VII-6  Greenhouse Gas Equivalents (GHE) Contribution in Statewide Solid 
Waste Management Strategies Utilizing Curbside Recycling, Composting and 

Combustiona, *  

Cost, $Million/yr Greenhouse Gas Equivalents, tons/yr 
Delaware New Castle Kent Sussex New Castle Kent Sussex TOTAL 

98.6 39.7 21.3 37.6 12,024 7,696 12,565 32,284 
100 40 22 38 10,185 -1,381 -1,687 7,117 
105 45 22 38 -20,467 -1,381 -1,687 -23,535 
110 50 22 38 -34,462 -1,381 -1,687 -37,531 
115 55 22 38 -45,935 -1,381 -1,687 -49,004 
120 55 23 42 -45,935 -3,409 -9,450 -58,794 
125 60 23 42 -54,983 -3,409 -9,450 -67,841 
130 60 27 43 -54,983 -9,550 -11,278 -75,811 
135 70 27 43 -59,259 -9,550 -11,278 -80,087 
140 75 27 43 -59,467 -9,550 -11,278 -80,296 
145b 73.1 27.5 44.03 -59,467 -9,579 -11,354 -80,400 

a. The SWM strategies include curbside recycling, yard waste composting, and combustion in addition to recyclables 
drop-off. The overall model objective was to minimize GHE emissions.  The mass flows for each county at each 
diversion level are given in Tables VI-32, VI-34, and VI-36. 
b. The minimum GHE statewide SWM strategy 
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Mixed Waste MRF

Presorted MRF

Commingled MRF
Transfer

Composting

Combustion
Landfill

%
 o

f T
ot

al
 W

as
te

$98.6M/yr - Base
$100M/yr
$110M/yr
$120M/yr
$130M/yr
$140M/yr
$145M/yr-Least GHE

 
Figure VII-6  Comparison of mass flows through unit operations for statewide GHE-

minimizing SWM strategies at different budget constraints.  Curbside recycling, 
composting, and combustion were enabled.  Each series represents a statewide SWM 
strategy at specified statewide cost constraint.  The bars represent the fraction of the 

total mass that is routed through the unit operation listed on the x-axis 
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Figure VII-7  Trade-off between GHE emissions and total statewide cost.  Each point 
on the GHE series represents the least GHE combination of SWM strategies for New 
Castle, Kent and Sussex Counties.  These combinations include curbside recycling, 

yard waste composting, and combustion.    
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VII.7  Statewide maximum diversion strategy at least-cost 

with inclusion of curbside recycling, yard waste composting, 

and mixed waste combustion 

The statewide strategy that results in maximum diversion with inclusion of curbside 

recycling, yard waste composting, and mixed waste combustion was analyzed.  This 

statewide strategy corresponds to a total diversion of 88.47%.  The cost-effective 

88.47% statewide diversion strategy is constituted from the following county-specific 

SWM strategies: the cost-effective 88.73% diversion strategy for New Castle County, 

87.9% diversion strategy for Kent County, and 88% diversion strategy for Sussex 

County.  The percentage of mass flowing through SWM facilities for each county is 

presented in Figure VII-8.  The mass flows through unit operations, and resulting 

cost and LCI emissions of the strategies for New Castle, Kent, and Sussex Counties 

are summarized in Table VII-7.   

All of the strategies utilize the mixed waste MRF prior to utilization of the 

combustion facility.  Thus, the residuals from the mixed waste MRF are sent to 

combustion.  In addition, small amounts of curbside recycling (less than 5% of total 

mass, see figure VII-8) and yard waste composting (less than 10% of total mass, see 

figure VII-8) are utilized in the strategies.   
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Figure VII-8  Waste flows through the unit operations in the least-cost 88.47% 

statewide diversion strategy 
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Table VII-7  Least-cost Statewide Strategy with 88.47% diversion via recycling, 
combustion and composting * 

Mass Processed by Unit Operations, tons/yr 
Sector  Unit Process  New Castle Kent Sussex Total 

Residential 1  R-Yard waste  21,726 1,228 5,826 28,781 

Residential 1  R-Commingled/Crew  14,794 978 - 15,772 

Residential 1  R-Residuals  113,500 7,407 48,825 169,732 

Residential 1  R-Recyclable Drop-Off  - - 4,523 4,523 

Residential 2  R-Yard waste  2,420 4,900 n/a 7,320 

Residential 2  R-Commingled/Crew  1,058 1,361 n/a 2,419 

Residential 2  R-Commingled/MRF  590 - n/a 590 

Residential 2  R-Residuals  12,642 30,181 n/a 42,823 

Residential 2  R-Recyclable Drop-Off  - 1,909 n/a 1,909 

Multifamily 1  MF-Commingled  5,420 668 824 6,912 

Multifamily 1  MF-Residuals  37,837 4,662 5,751 48,250 

Commercial 1  C-Pre-Sorted  61,112 10,614 14,913 86,639 

Commercial 1  C-Residuals  114,973 19,970 28,057 162,999 

  Mixed Waste Transfer 12,642 7,407 n/a 20,049 

  Commingled Transfer 590 - n/a 590 

  Pre-Sorted Transfer  1,058 978 n/a 2,036 

  Mixed Waste MRF 278,952 62,220 82,633 423,805 

  Presorted MRF 76,964 14,862 19,436 111,262 

  Commingled MRF 6,010 668 824 7,501 

  Yard waste Compost  24,146 6,128 5,826 36,100 

  Combustion  254,701 56,500 74,798 386,000 

  Landfill  70 8 10 87 

  Ash-landfill  48,325 11,290 14,487 74,101 

 Cost and Environmental Emissions  
Parameter Units New Castle Kent Sussex Total 

Cost $/year 61,916,264 42,251,319 53,806,374 157,973,956 

Energy Consumption MBTU/year -2,315,936 -188,073 -200,998 -2,705,007 

Total Particulate Matter lbs Total PM/year -445,522 -263,234 -362,106 -1,070,861 

Nitrogen Oxides lbs NOx/year -582,796 278,993 372,578 68,775 

Sulfur Oxides lbs SOx/year -1,495,204 -193,708 -250,969 -1,939,881 

Carbon Monoxide lbs CO/year -2,045,159 151,444 525,000 -1,368,714 

Carbon Dioxide Biomass lbs CO2 Bio/year 229,747,046 47,198,309 61,791,646 338,737,001 

Carbon Dioxide Fossil lbs CO2 Fossil/year -35,484,148 36,665,124 54,850,121 56,031,097 

Greenhouse Equivalents tons GHE/year -5,270 4,914 7,377 7,022 

Methane lbs CH4/year -150,535 -29,807 -35,722 -216,063 

*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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VII.8 Discussion 

The analysis of the trends in mass flow that were described in Section VI with the 

presentation of the county specific results are applicable to the statewide scenarios 

so this analysis will not be repeated here.  The most significant outcome of the 

statewide analysis is that it illustrates the importance of having the flexibility to 

utilize different SWM strategies for each county.  When either the cost or GHE 

emissions were analyzed, the optimal strategy at the state level, either least cost or 

least GHE emissions, was a combination of three distinct county-specific strategies.  

This is in contrast to a decision to implement the same strategy in each county.  

While such a decision could have the appearance of efficiency, it would in fact be 

sub-optimal with respect to cost, diversion and GHE emissions in many cases as 

illustrated by the statewide strategies presented in this section.   

Implementation of different SWM strategies in each county may have the 

appearance of favoritism which leads to difficulty in implementation.  It is 

recognized that the model analysis does not take into account some issues that may 

be critical from the perspective of implementation.  To this end, Section VIII 

presents a technique in which the SWM-LCI model is used to identify alternatives 

that are maximally different from the optimal alternatives with respect to the model 

objective, either least-cost or minimum GHE emissions.   
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VIII Generating Alternative SWM Strategies and 

Uncertainty Analysis 

The objective of the analysis presented in this chapter is to further explore the 

statewide strategies developed in section VII.  Up to this point, only one optimal 

model result has been presented at each level of cost, diversion and/or emissions 

constraint.  Were this alternative to be unacceptable to a decision maker for 

whatever reason, the model user would be left without a useful solution.  In this 

chapter we illustrate a technique to provide the decision maker with additional 

alternatives that might avoid the unacceptable characteristic of the optimal 

alternative.  Finally, for one alternative, we illustrate a technique to evaluate 

uncertainty in the model results based on uncertainty in the value of inputs. 

VIII.1 Generating alternative statewide SWM strategies  

Description 

Building upon the statewide SWM strategies described in section VII, alternative 

statewide SWM strategies were generated.  These alternatives were constructed to be 

maximally different from the unit operations utilized in the statewide optimal SWM 

strategies.  To maintain these alternatives to be efficient with respect to the SWM 

goals, such as minimize cost and GHE emissions, the alternative SWM strategies 

were constrained to be within an acceptable limit of each objective.  To create new 

SWM strategies that provide meaningful alternatives for consideration in decision 

making, the alternative SWM strategies were generated by promoting the inclusion 

of MSW unit operations that were not included in the original optimal alternative.  
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Since the SWM alternatives with maximally different sets of MSW units operations 

(and therefore different waste flows) are expected to perform differently with respect 

to objectives that are not explicitly included in the original model, decision makers 

would have a highly diverse set of choices to help identify a SWM strategy that 

performs well with respect to not only the modeled objectives, but also unmodeled 

objectives.  For example, the most cost-effective diversion strategy may be the best 

considering only cost and diversion.  However, an alternative that is only marginally 

more expensive but uses a highly different set of MSW processes to achieve the same 

diversion rate may be more attractive as a result of favorable preferences for the 

alternative MSW processes based on practical and institutional considerations.   A 

systematic procedure, modeling to generate alternative (MGA) (Brill et al., 1990), 

was implemented to generate efficient, but maximally different, alternative statewide 

SWM strategies.  While this procedure could be used to generate alternatives for any 

of the statewide SWM strategies described in section VII, the demonstration of this 

method was carried out, as described below, for a statewide cost-effective diversion 

strategy. 

Similar to the manner in which the statewide SWM strategies were generated 

based on sets of county-specific SWM strategies (as described in section VII), the 

alternatives generation procedure was also conducted in two steps.  This procedure 

is described, as an example, in the context of generating alternatives to a statewide 

cost-effective SWM strategy that meets a specific statewide diversion target (e.g., 

30%). First, a cost target (e.g., 10% more than the lowest cost for the 30% statewide 

diversion strategy) for the MGA analysis is specified while the statewide diversion 

target remains at 30%.  Then, a set of county-specific alternative SWM strategies is 
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generated for each county. For a county, a set of alternatives is generated by relaxing 

the cost by 10% of the cost corresponding to the county-specific SWM strategy that 

was included in the statewide cost-effective 30% diversion strategy. Then these sets 

of county-specific alternatives are combined to generate a set of statewide 

alternatives. 

Results 

The results of work to identify alternatives to the least-cost statewide strategy based 

on 30% diversion are described here.  Case 6, in which curbside recycling, 

composting and combustion are enabled, was used to illustrate the MGA procedure.  

The cost-effective 30% statewide diversion strategy is constituted from the following 

county-specific SWM strategies: the cost-effective 35% diversion strategy for New 

Castle County; the cost-effective 20% diversion strategy for Kent County; and the 

cost-effective 20% diversion strategy for Sussex County.  The corresponding waste 

flows, by each county, through the MSW unit operations are shown in Figure VIII-1.  

Tables VIII-1, VIII-2, and VIII-3 summarize the waste flows through unit operations 

and the corresponding cost and environmental emissions in New Castle, Kent, and 

Sussex Counties, respectively.  The SWM strategy for New Castle County includes 

combustion as well as residential recyclables drop-off, whereas for the strategies for 

Kent and Sussex Counties include a combination of mixed waste MRF and 

combustion.   
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Figure VIII-1  Waste flows through the unit operations in the least-cost 30% 

statewide diversion strategy   

Two alternative strategies for each county were generated to achieve the same 

county-specific diversion rate (i.e., 35% for New Castle County and 20% for Kent and 

Sussex counties) with a 10% relaxation in the cost.  The resulting alternative 

strategies for New Castle, Kent and Sussex Counties are summarized in Tables VIII-

1, VIII-2 and VIII-3, respectively.  As the results in these tables indicate, the 

alternatives use different combinations of unit operations, including different 

processes (e.g., curbside commingled recycling and composting) and different waste 

flows than those used in the least-cost strategy.     
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Table VIII-1  Least-cost strategy and two alternative strategies with 35% diversion 
via recycling, combustion and composting in New Castle County * 

Mass Processed by Unit Operations, tons/yr 

Sector   Unit Process  
Least-Cost 
[NCC-LC] 

Alternative 1 
[NCC-Alt 1] 

Alternative 2 
[NCC-Alt 2] 

 Residential 1   R-Yard waste  - - 10,076 
 Residential 1   R-Mixed Waste  - 150,019 - 
 Residential 1   R-Residuals  139,150 - 129,074 
 Residential 1   R-Recyclable Drop-Off  10,870 - 10,870 
 Residential 2   R-Yard waste  - - 2,420 
 Residential 2   R-Mixed Waste  - 16,710 - 
 Residential 2   R-Residuals  15,499 - 13,019 
 Residential 2   R-Recyclable Drop-Off  1,211 - 1,271 
 Multifamily 1   MF-Recyclable Drop-Off  3,982 - - 
 Multifamily 1   MF-Mixed Waste  - 43,257 - 
 Multifamily 1   MF-Commingled  - - 5,745 
 Multifamily 1   MF-Residuals  39,275 - 37,513 
 Commercial 1   C-Pre-Sorted  61,528 - - 
 Commercial 1   C-Mixed Waste  - 176,085 176,085 
 Commercial 1   C-Residuals  114,556 - - 
  Mixed Waste Transfer  15,499 - - 
  Pre-Sorted Transfer - - 5,829 
  Mixed Waste MRF - 16,710 75,244 
  Presorted MRF 77,590 - 12,141 
  Commingled MRF - - 5,745 
  Yard waste Compost  - - 12,496 
  Combustion  65,702 176,000 100,840 
  Landfill  242,779 208,270 238,130 
  Ash-landfill  8,598 41,478 13,471 

Cost and Environmental Emissions 

Parameter Units 
Least-Cost 
[NCC-LC] 

Alternative 1 
[NCC-Alt 1] 

Alternative 2 
[NCC-Alt 2] 

Cost $/year 43,245,513 48,000,000 48,000,000 
Energy Consumption MBTU/year -1,593,086 -1,425,895 -1,440,749 
Total Particulate Matter lbs Total PM/year -399,792 -241,624 -337,671 
Nitrogen Oxides lbs NOx/year -672,981 -277,274 -427,139 
Sulfur Oxides lbs SOx/year -1,858,623 -1,450,650 -1,739,592 
Carbon Monoxide lbs CO/year -209,399 488,749 861,113 
Carbon Dioxide Biomass lbs CO2 Bio/year 387,853,256 468,399,924 451,779,427 
Carbon Dioxide Fossil lbs CO2 Fossil/year -118,463,068 -132,520,436 -184,206,179 
Greenhouse Equivalents tons GHE-C/year 4,092 11,045 -2,936 
Methane lbs CH4 /year 7,069,999 10,167,311 7,747,090 
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Table VIII-2  Least-cost strategy and two alternative strategies with 20% diversion 
via recycling, combustion and composting in Kent County * 

Mass Processed by Unit Operations, tons/yr 

 Sector   Unit Process  
Least-Cost 

[KC-LC] 
Alternative 1 

[KC-Alt 1] 
Alternative 2 

[KC-Alt 2] 
 Residential 1   R-Yard waste  - - 619 

 Residential 1   R-Mixed Waste  - 9,614 - 

 Residential 1   R-Residuals  8,895 - 8,240 

 Residential 1   R-Recyclable Drop-Off  719 - 755 

 Residential 2   R-Mixed Waste  - 38,351 - 

 Residential 2   R-Residuals  35,484 - 36,994 

 Residential 2   R-Recyclable Drop-Off  2,867 - 1,357 

 Multifamily 1   MF-Recyclable Drop-Off  491 - - 

 Multifamily 1   MF-Mixed Waste  - 5,330 - 

 Multifamily 1   MF-Commingled  - - 755 

 Multifamily 1   MF-Residuals  4,839 - 4,575 

 Commercial 1   C-Pre-Sorted  - 120 10,690 

 Commercial 1   C-Mixed Waste  30,584 - - 

 Commercial 1   C-Residuals  - 30,464 19,894 

  Mixed Waste Transfer 8,895 5,330 19,894 

  Pre-Sorted Transfer 719 - 1,357 

  Mixed Waste MRF 30,584 6,557 8,421 

  Presorted MRF 4,076 120 12,802 

  Commingled MRF - - 755 

  Yard waste Compost  - - 619 

  Combustion  6,715 21,338 2,028 

  Landfill  66,268 62,257 66,851 

  Ash-landfill  860 5,178 265 

Cost and Environmental Emissions 

Parameter Units 
Least-Cost 

[KC-LC] 
Alternative 1 

[KC-Alt 1] 
Alternative 2 

[KC-Alt 2] 

Cost $/year 20,485,900 22,500,000 22,500,000 

Energy Consumption MBTU/year -107,335 -77,845 -103,730 

Total Particulate Matter lbs Total PM/year -168,635 -17,673 -217,047 

Nitrogen Oxides lbs NOx/year 81,596 123,794 98,239 

Sulfur Oxides lbs SOx/year -257,152 -192,221 -223,843 

Carbon Monoxide lbs CO/year 315,742 252,869 258,555 

Carbon Dioxide Biomass lbs CO2 Bio/year 80,899,780 84,309,231 67,009,911 

Carbon Dioxide Fossil lbs CO2 Fossil/year -1,820,263 -5,463,190 9,412,875 

Greenhouse Equivalents tons GHE-C/year 6,046 6,705 7,159 

Methane lbs CH4 /year 2,197,813 2,601,548 2,051,850 
*  Negative values represent emissions avoided due to recycling and/or energy recovery. 
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Table VIII-3  Least-cost strategy and two alternative strategies with 20% diversion 
via recycling, combustion and composting in Sussex County  

Mass Processed by Unit Operations, tons/yr 

 Sector   Unit Process  
Least-Cost 
[SC-LC] 

Alternative 1 
[SC-Alt 1] 

Alternative 2 
[SC-Alt 2 

 Residential 1   R-Yard waste  - - 740 

 Residential 1   R-Mixed Waste  - 59,174 53,378 

 Residential 1   R-Residuals  54,750 - 5,029 

 Residential 1   R-Recyclable Drop-Off  4,424 - 26 

 Multifamily 1   MF-Recyclable Drop-Off  605 - - 

 Multifamily 1   MF-Mixed Waste  - 6,575 - 

 Multifamily 1   MF-Commingled  - - 931 

 Multifamily 1   MF-Residuals  5,970 - 5,644 

 Commercial 1   C-Pre-Sorted  - - 7,749 

 Commercial 1   C-Mixed Waste  42,970 - 20,072 

 Commercial 1   C-Residuals  - 42,970 15,149 

  Mixed Waste MRF 18,502 65,749 - 

  Presorted MRF 5,029 - 7,774 

  Commingled MRF - - 931 

  Combustion  14,377 27,980 15,149 

  Landfill  85,187 80,422 84,874 

  Ash-landfill  1,842 6,787 2,199 

Cost and Environmental Emissions 

Parameter Units 
Least-Cost 
[S-LC] 

Alternative 1 
[S-Alt 1] 

Alternative 2 
[S-Alt 2] 

Cost $/year 35,145,802 38,700,000 38,700,000 

Energy Consumption MBTU/year -23,341 -1,974 -22,892 

Total Particulate Matter 
lbs Total 
PM/year -116,069 3,078 -142,163 

Nitrogen Oxides lbs NOx/year 204,033 261,497 218,167 

Sulfur Oxides lbs SOx/year -302,722 -183,879 -262,355 

Carbon Monoxide lbs CO/year 796,193 430,387 297,783 

Carbon Dioxide Biomass lbs CO2 Bio/year 109,926,775 111,463,922 102,512,714 

Carbon Dioxide Fossil 
lbs CO2 
Fossil/year -923,498 7,923,068 3,961,344 

Greenhouse Equivalents tons GHE-C/year 8,758 10,952 9,336 

Methane lbs CH4 /year 3,102,274 3,447,302 3,071,455 

*  Negative values represent emissions avoided due to recycling and/or energy recovery. 

 

The statewide alternative SWM strategies were then constructed by considering 

the discrete combinations (a total of 33 in this example) of these county-specific 

alternative SWM strategies.  One of the alternative statewide SWM strategies, for 

example, is the combination of Alternative 2 for New Castle County [NCC-Alt 2], 
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Alternative 1 for Kent County [KC-Alt 1] and least-cost strategy for Sussex County 

[SC-LC]; this alternative achieves the statewide 30% diversion target at a total cost 

that is less than 10% more than the least cost.  The waste flows of this alternative 

statewide SWM strategy are shown in Figure VIII-2.  Compared to the cost-effective 

30% statewide diversion strategy, this alternative includes multi-family curbside 

recycling and yard waste composting, two new processes, for New Castle County, and 

different utilization rates of the mixed waste MRF and combustion facilities in Kent 

and Sussex Counties. With respect to GHE emissions, the resultant alternative 

statewide strategy performs significantly differently than the cost-effective 30% 

statewide diversion strategy.  The total GHE decreases from 18,900 tons/yr (cost-

effective 30% statewide strategy) to 12,620 tons/yr (alternative statewide strategy 

[NCC-Alt 2 + KC-Alt 1 + SC-LC]).   
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Figure VIII-2  Waste flows through the unit operations in alternative 30% statewide 

diversion strategy [NCC-Alt 2 + KC-Alt 1 + SC-LC]  
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Similarly, another alternative statewide strategy constituted by the combination 

NCC-Alt 1, KC-Alt 1, and SC-Alt 1 is also considered.  This alternative also achieves a 

statewide 30% diversion target at a total cost within 10% of the least cost.  The waste 

flows of this alternative statewide SWM strategy are shown in Figure VIII-3.  

Compared to the cost-effective 30% statewide diversion strategy, this alternative 

utilizes some composting.  In all county-specific strategies, recyclables drop-off 

option is no longer utilized.  Along with a cost increase, GHE emissions increase 

from 18,900 ton/yr (cost-effective 30% statewide strategy) to 28,700 tons/yr 

(alternative statewide strategy [NCC-Alt 1 + KC-Alt 1 + SC-Alt 1]).  Similarly, the 

other 24 combinations would show different utilization of unit operations and 

differences in the resultant total cost and emissions.   

Although only two alternatives are discussed here to demonstrate the alternative 

generation procedure and its value, all other alternatives for the cost-effective 30% 

statewide diversion strategy could be analyzed.  Further, the same procedure could 

be extended to other cost-minimizing statewide SWM strategies as well as GHE-

minimizing statewide SWM strategies that were discussed in Section VII.  Such an 

alternative strategy exploration study would most appropriately and effectively be 

utilized when DSWA identifies a small set of statewide SWM strategies for more 

detailed consideration during the decision-making process.    
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Figure VIII-3  Waste flows through the unit operations in alternative 30% statewide 

diversion strategy [NCC-Alt 1 + KC-Alt 1 + SC-Alt 1]  

VIII.2 Analysis of uncertainty in cost and emissions for 

statewide SWM strategies 

Description 

For a given statewide SWM strategy, an analysis was conducted to estimate 

uncertainty in the cost and emissions associated with that SWM strategy when the 

inputs to the MSW unit process models are not known with certainty.  In contrast to 

earlier analyses, SWM strategies are not optimized by the model in consideration of 

uncertainty, but rather uncertainty is characterized for a specified SWM strategy.  

This analysis is conducted for a SWM strategy, defined by the unit processes and 

waste flows through them, by propagating the input uncertainty through each 

process model to estimate the uncertainty in the model outputs (i.e., the cost and 
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environmental emissions).  Propagation of uncertainty is carried out using Monte 

Carlo simulations via a Latin Hypercube Sampling (LHS) procedure, which is 

integrated into the SWM-LCI model (Kaplan et al., 2004).  Figure VIII-4 shows in a 

flow chart the overall set-up of this procedure in the SWM-LCI model. 

First, an analysis was conducted to identify key uncertain and variable input 

parameters.  The analysis was largely subjective and based on cumulative experience 

with model output.  Expert judgment and available data were then used to define the 

appropriate data distribution or probability density function (PDF) for selected 

model inputs.  The input parameters considered as uncertain and their 

corresponding PDFs are listed in Appendix B.  To estimate uncertainty in model 

output, a random sample is drawn, using LHS, from the PDF for each parameter.  A 

combination of these random values for all parameters constitutes a realization of 

input values.  A set of such realizations were generated by repeated random sampling 

(Fig. VIII-4).   
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Figure VIII-4  Methodology to calculate output cumulative distribution for a solid 

waste management strategy 

For each input realization, the cost and LCI emissions rates for each MSW unit 

process is estimated.  By multiplying these coefficients with the waste flows through 

the MSW unit processes and then aggregating the products, the corresponding total 

cost and total LCI emissions for that input realization is computed.  This is repeated 

to generate a set of estimates, i.e., output realizations.  This set of cost and emissions 

values are sorted to construct for each output parameter (e.g., cost, NOx emissions, 

GHE, etc.) a cumulative distribution function (CDF) (Figure VIII-5).   

To apply this analysis to a statewide SWM strategy, the uncertainty propagation 

was first conducted for each of the county-specific SWM strategies that constituted 

the statewide strategy.  For each input realization, a corresponding output 

realization of cost and emissions for the counties were generated. Then these values 
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were aggregated to obtain an output realization for the state.  Through repeated 

sampling, a set of output realizations for the statewide SWM strategy was generated, 

and the corresponding CDFs were constructed (Figure VIII-6).  These CDFs were 

then analyzed to assess the robustness of the statewide SWM strategy in terms of 

cost and environmental emissions, and to determine the expected values of cost and 

environmental emissions (the expected value is the value at a probability of 50%). 

To study the relative impact of each uncertain input parameter on an output (i.e. 

to quantify which input parameter contributes most to the uncertainty in a model 

output), a statistical correlation analysis was conducted.   This analysis is conducted 

by estimating the correlation coefficients, which are inherently global measures of 

uncertainty importance.  These coefficients are obtained by averaging the effect of 

one input parameter over the joint probability distribution function for all other 

input parameters (Morgan and Henrion, 1990).  The magnitude of the correlation 

coefficient is used to indicate the extent to which the uncertainty of a parameter 

affects model predictions.   
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Figure VIII-5  Uncertainty propagation procedure for each county   

 
Figure VIII-6  Procedure to combine county-specific realizations to attain state-wide 

cumulative distribution functions  
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Results 

The uncertainty propagation and correlation analysis procedure described above was 

applied to the same 30% statewide diversion strategy as was used for the alternatives 

generation procedure described previously.   This strategy consists of (1) cost-

effective 35% diversion strategy for New Castle County, (2) cost-effective 20% 

diversion strategy for Kent County, and (3) cost-effective 20% diversion strategy for 

Sussex County.  For purposes of illustrating of the applicability and value of this 

procedure, the analysis was further conducted for the statewide base case (20% 

diversion described in section VII.C) and the statewide alternative [NCC-Alt 1 + KC-

Alt 1 + SC-Alt 1] with statewide diversion of 30%.   

The results presented here are based on 50 realizations of random samples 

(obtained using the LHS procedure) of the input parameters listed in Appendix B.   

For each realization, the cost and GHE estimates associated with the base case SWM 

strategy, the cost-effective 30% statewide diversion strategy, and alternative [NCC-

Alt 1 + KC-Alt 1 + SC-Alt 1] for the 30% statewide diversion case were computed and 

the corresponding output CDFs were generated.   

For the New Castle County strategy, the resultant cost and GHE CDFs are shown 

in Figures VIII-7 and VIII-8, respectively.  From the CDF for the total annual cost of 

the base scenario (Figure VIII-7) for New Castle County, the range for cost is 

estimated to be between $32.6M and $47.4M.  The expected (mean) cost of the base 

case SWM strategy is $39M, with a 38% (100% - 62% = 38%) likelihood of exceeding 

the deterministic cost estimate of $39.7M.  Similarly, the annual cost for the cost-

effective 35% diversion strategy is estimated to vary between $35.6M and $48.6M.  

The expected (mean) cost of this SWM strategy is $41.7M, with a 36% (100% - 64% = 
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36%) likelihood of exceeding the deterministic cost estimate of $43.2M. Similarly, 

the annual cost for the alternative is estimated to vary between $37.8M and $54.8M.  

The expected (mean) cost of this alternative strategy is $45.8M, with a 19% (100% - 

81% = 19%) likelihood of exceeding the deterministic cost estimate of $48M.   

From the CDF for the net annual GHE of the base scenario for New Castle 

County (Figure VIII-8), the range for GHE is estimated to be between 17,280 tons 

and 23,610 tons.  The expected (mean) GHE of the base case SWM strategy is 20,760 

tons, with a 3% (100% - 97% = 3%) likelihood of exceeding the deterministic 

estimate of 22,850 tons.  Similarly, the annual GHE for the cost-effective 35% 

diversion strategy is estimated to vary between -494 thousands tons and 5,490 tons.  

The expected (mean) GHE of this SWM strategy is 2,460 tons, with an 18% (100% - 

82% = 18%) likelihood of exceeding the deterministic estimate of 4,090 tons.  The 

annual GHE for the alternative strategy is estimated to vary between 5,170 tons and 

11,440 tons.  The expected (mean) GHE of this alternative strategy is 8,280 tons, 

with a 3% (100% - 97% = 3%) likelihood of exceeding the deterministic estimate of 

11,050 tons.   
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Figure VIII-7  Cumulative distribution functions for the annual cost of the base case, 
least-cost 35% diversion, and alternative 1 for New Castle County  
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FigureVIII-8  Cumulative distribution functions for annual emissions GHE of the 
base case, least-cost 35% diversion, and alternative 1 for New Castle County 
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Similarly, the uncertainty propagation was conducted for Kent and Sussex 

Counties.  Again, the results presented here are based on 50 realizations of random 

samples (obtained using the LHS procedure) of the input parameters listed in 

Appendix II.  For each realization, the cost and GHE estimates associated with the 

base case SWM strategy, the cost-effective 20% statewide diversion strategy, and the 

alternative strategy for the 20% statewide diversion case were computed and the 

corresponding output CDFs were generated.  For Kent County, the resulting CDFs 

for cost and GHE are shown in Figures VIII-9 and VIII-10, respectively.  For Sussex 

County, the resulting CDFs for cost and GHE are shown in Figures VIII-11 and VIII-

12, respectively.  The scale on the x-axis is not the same in either the cost or GHE 

CDFs for the three counties.  Thus, differences in robustness should not be inferred 

from differences in the shape of each curve.   
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Figure VIII-9  Cumulative distribution functions for the annual cost of the base 
case, least-cost 20% diversion, and alternative 1 for Kent County
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Figure VIII-10  Cumulative distribution functions for annual GHE emissions of the 
base case, least-cost 20% diversion, and alternative 1 for Kent County 
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Figure VIII-11  Cumulative distribution functions for the annual cost of the base case, 
least-cost 20% diversion, and alternative 1 for Sussex County 
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Figure VIII-12  Cumulative distribution functions for annual GHE emissions of the 
base case, least-cost 20% diversion, and alternative 1 for Sussex County 

Based on these county-specific analyses, the corresponding statewide SWM 

strategies were studied to estimate the uncertainty in cost and GHE for the base case 

SWM strategy, the cost-effective 30% statewide diversion strategy, and the 

alternative [NCC-Alt 1 + KC-Alt 1 + SC-Alt 1] for the 30% statewide diversion case. 

The resulting CDFs for cost and GHE are shown in Figures VIII-13 and VIII-14, 

respectively.   

From the CDF for the total annual cost of the statewide base scenario (Figure 

VIII-13), the range for cost is estimated to be between $75M and $105.6M.  The 

expected (mean) cost of the base case SWM strategy is $88.7M, with a 5% (100% - 

95% = 5%) likelihood of exceeding the deterministic cost estimate of $98M.  

Similarly, the annual cost for the cost-effective 30% statewide diversion strategy is 

estimated to vary between $74.4M and $102.7M.  The expected (mean) cost of this 

SWM strategy is $88.3M, with a 5% (100% - 95% = 5%) likelihood of exceeding the 
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deterministic cost estimate of $98.9M.  The annual cost for the alternative strategy is 

estimated to vary between $81.8M and $113.8M.  The expected (mean) cost of this 

alternative strategy is $97M, with a 2% (100% - 98% = 2%) likelihood of exceeding 

the deterministic cost estimate of $109.2M.   
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Figure VIII-13  Cumulative distribution functions for the annual cost of the base case 
strategy, least-cost 30% statewide diversion strategy, and statewide alternative 

strategy [NCC-Alt 1 + KC-Alt 1 + SC-Alt 1]  
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Figure VIII-14  Cumulative distribution functions for annual GHE emissions of the 
base case strategy, least-cost 30% statewide diversion strategy, and statewide 

alternative strategy [NCC-Alt 1 + KC-Alt 1 + SC-Alt 1] 

From the CDF for the net annual GHE of the statewide base scenario (Figure 

VIII-14), the range for GHE is estimated to be between 34,030 tons and 41,460 tons.  

The expected (mean) GHE of the base case SWM strategy is 38,720 tons, with a 0% 

likelihood of exceeding the deterministic estimate of 43,110 tons.  Similarly, the 

annual GHE for the cost-effective 30% statewide diversion strategy is estimated to 

vary between 10,640 tons and 18,590 tons.  The expected (mean) annual GHE of this 

SWM strategy is 14,480 ton, with a 0% likelihood of exceeding the deterministic 

estimate of 18,900 tons.  The annual GHE for the alternative strategy is estimated to 

vary between 18,950 tons and 26,580 tons.  The expected (mean) annual GHE of this 

alternative strategy is 23,650 tons, with a 0% likelihood of exceeding the 

deterministic estimate of 28,700 tons. 
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Correlation analysis 

For illustrative purposes, a statistical correlation analysis was conducted to 

determine the correlation coefficients for each county-specific SWM strategy 

corresponding to the cost effective 30% statewide diversion strategy.  Table VIII-4 

tabulates a subset of the most strongly/weakly correlated uncertain input parameters 

to the model outputs: cost, energy consumption and GHE.  For example, “loading 

time at one service stop” in the commercial mixed waste collection operation is the 

most positively correlated parameter for cost in the cost-effective 35% diversion 

strategy for New Castle County.  This means that variation in the loading time at 

each service stop affects the overall cost of the strategy more than any of the other 

uncertain input parameters considered in this study.  Similarly, “compacted waste 

density in landfill” is the most negatively correlated parameter for cost in the cost-

effective 20% diversion strategy for Sussex County.  The sign of the correlation 

coefficient indicates the direction of a trend.  For example, the negative sign 

associated with the coefficient for “compacted waste density in landfill” indicates 

that as that input parameter value increases, the cost of the SWM strategy decreases, 

which is intuitively verifiable. Similarly, the “CO2-fossil emissions savings from 

remanufacturing of aluminum” is the most (positively) correlated uncertain input 

parameter for GHE in the cost-effective 35% diversion strategy for New Castle 

County.  Information obtained from the results in Table VIII-4 can be used to 

evaluate the benefits of improving the estimates of uncertain input parameters to 

attain model predictions with a higher degree of certainty.   

Although only a few cases were discussed here to demonstrate the uncertainty 

propagation procedure and its value, the same procedure could be extended to other 
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cost-minimizing and GHE-minimizing statewide SWM strategies that were discussed 

in Section VII.  Such an uncertainty analysis study to assess the robustness of a SWM 

strategy would most appropriately and effectively be utilized when DSWA identifies 

a small set of statewide SWM strategies for more detailed consideration during the 

decision-making process.    

Table VIII-4  Correlation Factors for Uncertain Input Parameters that are Strongly 
Correlated to Cost, Energy Consumption and GHE Emissions  

 New Castle Kent Sussex 
Commercial Residual 

Collection-Loading time at 
one service stop 

Methane Emissions Savings 
from Remanufacturing of 

Phone Books 

Compacted Waste 
Density in the 

Landfill 

Cost 

0.745 -0.866 a -0.956 

Heat rate in Combustion 
Facility 

Methane Emissions Savings 
from Remanufacturing of 

Phone Books 

Compacted Waste 
Density in the 

Landfill 

Energy 
Consumption 

0.855 -0.855 -0.932 
CO2-fossil Emissions Savings 

from Remanufacturing of 
Aluminum 

Market value of green glass 
in Mixed Waste MRF  

Compacted Waste 
Density in the 

Landfill 

Greenhouse 
Gas 
Equivalents 

-0.603 -0.643 -0.747 

a. negative correlation indicates a reverse relation between the input parameter and the output.  In Kent County as methane 
emission savings from phone books decrease, the cost of strategies is expected to increase.   

 

IX Concluding Remarks 

We have demonstrated in this report the application of the SWM-LCI model to a 

comprehensive solid waste management case study for the State of Delaware.  As this 

model was originally structured for studying a single municipality, a new procedure 

was developed in which the model was first utilized to develop county-specific 

strategies, which were then systematically combined to construct optimal statewide 

SWM strategies.  The SWM scenarios explored in this study considered cost-effective 

strategies to achieve both diversion objectives and limits on environmental 

emissions.  To achieve higher levels of diversion, new waste management options, 
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e.g., a mixed waste MRF, yard waste composting, curbside recycling and combustion 

with energy recovery, were incorporated in addition to the currently used residential 

drop-off and commercial pre-sorted recycling options.  The alternatives generation 

utility available within the SWM-LCI model was used to explore alternative SWM 

strategies that use maximally different unit operations and waste flows to achieve 

approximately the same performance with respect to specific cost and environmental 

goals.  Here again, a new approach was developed to apply this utility as it was 

originally developed for a single municipality.  Similarly, the uncertainty analysis 

utility available within the SWM-LCI model was applied to characterize uncertainty 

in the estimates for the cost and emissions for a SWM strategy.   

The results from the model analyses yielded several interesting, and sometimes 

counterintuitive, observations.  While detailed analyses and discussions have been 

provided in each of the preceding sections, some overall observations are 

summarized here.  Comparing the strategies for a specific instance (e.g., cost-

effective diversion using curbside recycling), the unit operations and waste flows for 

New Castle County are different from those selected for Kent and Sussex Counties.  

These differences can be attributed to two major factors.  First, the difference in 

population density between the more urban New Castle County and Kent and Sussex 

Counties affects the cost-effectiveness of collection processes.  Second, the relative 

travel distances to waste processing facilities are different, thus affecting the cost-

effective choices for process options differently in New Castle County versus Kent 

and Sussex Counties.  Although the locations of hypothetical new facilities were 

chosen using the best possible judgment and in consultation with DSWA, the effect 

of alternative facility locations on the overall SWM strategies should be investigated 
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further if a SWM strategy involving a new facility were to be considered.  Such 

investigations could be conducted with slight modifications to the model inputs and 

additional sets of model runs to identify new SWM strategies.     

An approximately similar level of statewide diversion as the current practice 

(19%) could be achieved at a slightly lower total cost by enabling additional 

dedicated recycling programs.  An overall examination of the statewide SWM 

strategies indicates that to achieve a specific set of statewide SWM goals, the optimal 

waste treatment and flow choices vary by county.  Further, to achieve a target 

statewide diversion rate, the optimal strategy prescribes different diversion rates for 

each county such that they collectively meet the statewide goal.  These differences 

arise due to the variations in the cost-effectiveness of each waste processing option 

within each county.  While using different SWM strategies by county may be cost-

effective, it may lead to practical and social limitations when implementing the plan.  

To explore SWM alternatives in which the same set of unit operations was utilized 

throughout the state, the SWM-LCI model could be updated and run again to assess 

the potential cost increases and other changes if a uniform strategy were to be 

implemented statewide.  By the structure of the SWM-LCI model, the allocation of 

waste treatment choices and waste flows may also vary within a residential sector 

and across sectors within a county.  This may again cause practical and social issues 

at the time of implementation. The effects of making the strategy uniform (e.g., all 

single-family homes must be served by the same set of options) can be also assessed 

using the SWM-LCI model. 

The manner in which combustion is utilized by the SWM-LCI model serves as an 

example of the implementation of a non-uniform SWM strategy across the state.  In 
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County Specific Case 6, combustion was enabled, and the objective was to minimize 

cost subject to a series of increasing diversion constraints.  As combustion is more 

expensive than landfill disposal, the model selects combustion for just enough of the 

total mass flow to meet, in a cost-effective manner, the user-imposed landfill 

diversion constraint.  The practical implication of this is that in all three counties, 

only a fraction of the total waste stream would be routed to a combustion facility, 

with much of the balance disposed of in a landfill.  For example, to achieve 50% 

statewide diversion, the optimal strategy indicates diversion levels of 55, 40 and 40% 

in New Castle, Kent and Sussex Counties, respectively (Table VII-4).  A potential 

interpretation or implication of this result is that if combustion is to be utilized, it 

may have to be utilized uniformly statewide.  If combustion is utilized uniformly 

across the state, then diversion of about 87% would be realized, GHE emissions 

would decrease from -13,244 to -48,177 tons/yr, and the cost would increase from 

107 to 127 million dollars annually.   

The alternatives generation approach was applied primarily as a demonstration 

of the method and its potential value in exploring the degree of flexibility present in 

choosing a SWM strategy.  This demonstration was conducted for an instance of the 

statewide cost-effective strategy to meet a target diversion rate.  Overall, the diversity 

in waste processing options selected in the alternative SWM strategies indicates the 

high degree of flexibility present in selecting a specific strategy.  These alternatives 

not only used an array of different waste processing options and waste flows, but also 

performed about the same with respect to cost and diversion.  While these 

alternatives are presented to demonstrate the use of the approach to explore the 

solution space, they illustrate the value in examining meaningful alternatives during 
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the decision-making process.  In contrast, if no meaningfully different SWM strategy 

were to be identified within a cost target, then discussions about considering other 

waste treatment options and waste flows would be largely hypothetical unless more 

money were to be spent.  On the other hand, if several good alternative strategies are 

available, then a good compromise strategy could be constructed by combining the 

desirable features of the SWM alternatives.  In future work, the model could be 

modified to require selection of the desirable features of a SWM strategy in the 

optimal strategy so to further examine good compromise solutions. This approach is 

likely to be valuable during the different stages of deliberations during the decision-

making process that DSWA would undergo as a new statewide SWM plan is 

formulated.  

Finally, the uncertainty analysis method was also applied as a demonstration.  A 

specific instance of the statewide SWM strategy and associated alternatives were 

analyzed using this procedure to compare the characteristics of the uncertainty in 

the estimates for cost and environmental emissions.  While the analyses were 

conducted assuming uncertainty in a certain set of model input parameters, these 

parameters represent those that in general have the most impact on the model 

outputs.  The ranges in the cost and emissions estimates, while not large, show how 

much confidence one should place in the anticipated performance when selecting a 

SWM strategy.  In addition, the likelihood of meeting the predicted performance is 

also identified to help assess the future performance of a strategy.  The results from 

the correlation analysis provide insights into the uncertain parameters that 

contribute the most (or least) to the uncertainty in model predictions.  In this 

demonstration, uncertainty analysis was performed on a set of alternative strategies, 
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and their robustness in performance was compared. As the alternatives used 

different treatment options and waste flows, the degree of uncertainty of each was 

different among alternate SWM strategies.  This approach in general will also be 

valuable during evaluation and comparison of SWM alternatives during the decision-

making process.   

This report has demonstrated the use of a planning tool to describe the wide 

array of alternatives that could be utilized for solid waste management in the State of 

Delaware.  The report quantifies the tradeoffs among cost, diversion level, and 

environmental performance, and shows how differing SWM strategies in each of 

Delaware’s counties can lead to an optimal statewide solution.  Ultimately, decisions 

must still be made as to the direction of future solid waste management.  For 

example, should combustion be considered?  Is a mixed waste MRF acceptable?  Is it 

politically feasible to vary SWM alternatives by county, or even within a residential 

area of one county?  We hope that the information provided in this report is helpful 

in understanding the quantifiable consequences.  As decisions are made that 

constrain the array of alternatives to be considered, a more narrow set of SWM 

alternatives should be selected for more detailed engineering analysis before a final 

alternative is implemented.     
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Chapter 5 

Solid Waste Management 

Decisions for the State of 

Delaware 

I Introduction 

Both the cost and environmental implications of solid waste management (SWM) are 

important societal issues.  The cost of SWM is borne by the public, either directly 

through use fees, or indirectly through tax dollars that are required to support SWM 

operations.  Thus, there is a responsibility on the part of policymakers and others 

responsible for SWM to implement programs that are cost-effective and represent an 

appropriate use of public funds.  SWM also has environmental impacts resulting 

from waste collection, separation, treatment processes such as composting and 

combustion, and disposal in landfills.  When waste is recycled for beneficial reuse or 

burned with energy recovery, some emissions can be avoided.  Thus, efficient SWM 

programs should also be designed in consideration of both environmental emissions 

and energy utilization. 

Multiple criteria decision making (MCDM) methods have been designed to guide 

decision makers (DMs) in federal and state agencies towards the identification of 

optimal strategies for planning and management problems.  Given the large number 
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of issues to be considered in many decision making processes, optimal strategies 

represent, by necessity, a tradeoff amongst multiple competing objectives.  

Ultimately, the goal of these methods is to explore alternatives and to incorporate 

the DM’s preferences into the search process.  Thus, the resultant strategy will reflect 

and satisfy both the quantitative and the qualitative objectives of the DM.  As part of 

the decision making process, the preferences of the DM can be either explicitly or 

implicitly defined via utility functions or comparative evaluations of the solutions.   

Recently, there have been a number of reports of the application of MCDM 

methods to real applications.  Powell (1996) evaluated a variety of alternatives for 

SWM on the basis of cost, resource utilization and environmental impact criteria.  A 

set of weights were assigned to the criteria, and a comparison matrix was formed by 

pair-wise comparisons of alternatives.  The preferences of the different interest 

groups were represented by assigning extreme weights to the criterion of great 

interest to a specified group.  The “best” management alternative could then be 

identified based on the assigned weights.  Among the MCDM methods, ELECTRE 

methods (Roy, 1973) have been commonly used in selecting SWM options.  

Hokkanen and Salminen (1996) utilized ELECTRE III in selecting a SWM strategy in 

Finland.  Multiple DMs were asked to complete surveys which in turn helped 

analysts to determine relative importance of each criterion and to find an aggregated 

preference structure of the DMs.  This preference structure was then utilized to 

evaluate alternative management options.  Similarly, Karagiannidis and 

Moussiopoulos (1997) demonstrated a full implementation of ELECTRE III to 

identify a SWM strategy for Greater Athens Area in Greece.   
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There are many local issues that must be considered in the identification of a 

SWM plan, thus global solutions often do not apply to every community.  In fact, 

accounting for the spatial and geographical properties of the communities was 

pointed out by MacDonald (1997) who described a geographical information system 

based decision support tool for evaluating alternatives.  Evaluations were conducted 

by utilizing the Analytical Hierarchy Process (Saaty, 1980) embedded in the decision 

support tool.   

Like most public sector planning and management problems, SWM planning 

problem is a multiobjective problem.  The Delaware Solid Waste Authority (DSWA) 

is required to evaluate its waste management programs and to prepare a long term 

SWM plan every ten years.  The DSWA is interested in both cost and environmental 

criteria such as energy consumption, emissions and waste diversion from landfills.  

In addition to quantitative conflicting objectives, there are likely to be qualitative 

objectives such as political feasibility, social acceptance and equity considerations 

that would influence SWM plan selection.  Furthermore, the decisions may include 

an array of technology options.  In this chapter, application of the interactive MCDM 

method described in Chapter 2 is applied to the array of alternatives considered for 

SWM in Delaware.   

II The Problem 

The DSWA is responsible for the management of all municipal solid waste (MSW) 

generated in Delaware.  The implementation of SWM programs requires years of 

planning.  A decision to implement a curbside recycling program may require the 

purchase of new collection vehicles and construction of a plant to separate 
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recyclables and prepare them for market.  Similarly, the siting and construction of 

either a new landfill or a waste-to-energy (WTE) combustion plant requires years for 

siting, permitting, design and construction.  Thus, the planning process is vital.  In 

fact, the DSWA is required to evaluate its waste management programs and to 

prepare a long-term plan every ten years.  The work presented here was intended to 

assist the DSWA with the planning process.   

The State has three counties, each with unique demographics.  While New Castle 

County has two cities with more urban population densities, Sussex and Kent 

Counties are more rural.  With a total population of 800,000 people, the State’s 

population generates 123,000 tons of MSW annually.     

SWM strategies for the State of Delaware were identified using the mathematical 

programming-based solid waste management-life cycle inventory (SWM-LCI) model 

developed by NCSU (Harrison et al. 2001; Kaplan et al. 2004; Solano et al. 2002a; 

Solano et al. 2002b).  As the SWM-LCI model could not accommodate a facility 

location problem, the locations for hypothetical new facilities were assumed 

throughout the decision making process.  For example, the SWM strategies 

generated in Chapters 3 and 4 were based on a set of assumed facility locations.  

Additional new locations would require modifications to the current set of SWM 

strategies to reflect the changes.  Thus, different new locations of facilities will result 

in a different range of cost and environmental emissions.  For this analysis, the DM 

accepted the assumed locations of the hypothetical new facilities.   

Chapter 3 described the data collection and modeling approach for the case 

study.  For each county in the State of Delaware, sets of optimal SWM strategies that 

include combinations of different management options were generated.  One set of 
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strategies included minimization of cost at varying levels of diversion.  Another set of 

strategies included minimization of greenhouse gas equivalent (GHE) emissions at 

varying levels of cost.  In addition to cost and GHE, the corresponding energy 

consumption and other environmental emissions including CO, CO2, Total PM, NOx, 

SOx and CH4 were reported for each SWM strategy.  The waste mass flows through 

unit operations and the trends in cost and environmental emissions were presented 

in Chapter 3.   

Chapter 4 described the procedure for generating optimal state-wide SWM 

strategies from the individual county strategies.  The sets of SWM strategies 

developed for each county were combined to attain least cost and least emission 

statewide strategies.  Again, these statewide strategies were analyzed based on trends 

in waste flows through the unit operations, and cost and environmental 

performance.  In addition, the statewide analysis was extended to analyze alternative 

SWM strategies.  Alternative strategies that utilize an array of maximally different 

unit operations but perform similar to the cost and emission values of the least-cost 

and least-GHE SWM strategies were generated using the modeling-to-generate 

alternatives (MGA) technique (Brill et al., 1982).   

II.1  Decision Making Bodies in the State of Delaware 

Recently, the results described in Chapters 3 and 4 were submitted to the DSWA as a 

technical report.  Ultimately, the DSWA will refer to the report for comparison of 

different management options for their statewide plan.  Concurrent with the case 

study, a technology evaluation group was formed within the State of Delaware.  This 

group was appointed by Secretary of the Department of Natural Resources at the 



 

 240

direction of the governor.  The members are a group of disinterested persons who 

cannot be equipment specialists, environmental consultants or any employee of the 

DSWA.  This group was charged to identify four distinct alternative MSW treatment 

technology options to be implemented in Delaware.  Technical feasibility and the 

time required for implementation were two key criteria of the technology evaluation 

group.  Any changes to the existing SWM plan would be formulated based on these 

options.   

While the technology group was independent of the DSWA, the DSWA is 

governed by a seven member board.  Here too, the members are appointed by the 

governor.  The board is composed of three sub-committees, (1) technical facilities 

management, (2) administrative affairs, and (3) citizen affairs committee.  Each 

committee includes three board members who are appointed by the board chair.  

The board will analyze the recommendations of the technology evaluation along with 

the report submitted by NCSU.   

The committees within the board will meet weekly to evaluate and to select a 

technology option.  All the committee meetings were open to the public.   

III Methodology 

The interactive MCDM methodology described in Chapter 2 was developed to help 

the DMs converge to the best compromise solution.  First, the objective region of the 

SWM system in State of Delaware was investigated.  During the modeling of the 

SWM system for the State of Delaware, each county was modeled separately.  The 

SWM strategies for each county were then combined to attain state-wide SWM 

strategies.  In Chapter 4, the variation of cost and environmental emissions with 
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diversion were demonstrated and analyzed for sets of SWM strategies.  These curves 

do not necessarily represent the exact Pareto front region of the SWM system for 

Delaware due to the fact that state-wide strategies for the State of Delaware are 

obtained by combining least-cost or least-GHE SWM strategies generated for each 

county.  However, examining the curves presented in Chapter 4 would still provide 

the DM an appropriate overall understanding of the noninferior tradeoff (e.g., how 

much more a strategy would cost if an extra percent of waste is diverted).   

Starting with an examination of the tradeoff curves and SWM strategies 

presented in Chapter 4, additional optimum strategies were generated, and the 

preferred objective ranges were identified by a DM used to evaluate the MCDM.  The 

goal of this examination was to find a region on which to focus in the objective space 

and to closely explore the corresponding decision space.  Using preferences obtained 

from the DM, we narrowed down the objective space through the desired ranges for 

diversion, cost, and emissions objectives.  Once the DM agreed on a smaller region in 

the objective space, both Pareto front and near Pareto front solutions were generated 

and analyzed.  A set of maximally different alternative strategies was generated using 

the MGA method.  These alternative solutions were generated such that they 

perform relatively well with respect to the objective values corresponding to the 

previously identified regions in the objective space.  The MGA solutions that 

constitute maximally different design choices were expected to perform differently 

with respect to unmodeled objectives and to facilitate choices that would consider 

unmodeled objectives as well.   

As a result of meetings with the DM, additional analyses were conducted, 

additional sets of alternatives were shown to the DM, and a preference model was 
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built as the DM analyzed the new alternatives on the basis of their criteria.  At each 

iteration, the DM identified preferable alternatives.  The machine learning 

algorithms embedded within the MCDM methodology were used to identify hidden 

trends and patterns among the values of decision variables, the values of the 

objectives, and the preference information.  The process resulted in decision rules of 

the type: ‘if unit operation A is selected in county X, then the strategy is not 

preferred.’  Next, the DM gives a feedback on the applicability of the decision rules, 

and the decision rules were verified and refined as necessary.  Using the verified 

decision rules, constraints were added to the model to push the solution to align with 

the DM’s preferences, and new alternative SWM strategies were generated via the 

MGA method.   

Our initial focus was to obtain preference information at the unit process level.  

The iterations for unit process level preference information continued until the DM 

was satisfied with the decision rule list for the unit operations.  Similarly, in the next 

level of the iterations, waste items and their mass flows that are captured in each 

unit operation were examined.  This iteration scheme continued until the DM was 

satisfied with decision rule list for the mass flows.  By the end of these iterations, the 

DM was to converge to the best compromise SWM strategy.  Results of the process 

by which the DM expressed preferences and the decision rules were developed are 

presented in the following section.   
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IV Results 

IV.1  Hypothetical Decision Maker and His Initial 

Preferences 

Our initial plan was to attend the DSWA board meetings.  The goal was to observe 

the meetings and utilize the MCDM method while the board was evaluating 

alternatives.  However due to the pace at which the board was to make decisions, we 

could not implement the procedure with the DSWA board.  Instead, a SWM expert 

was asked to act as the DM for Delaware.  Our solid waste expert is the chief of the 

Solid Waste Section of the Division of Waste Management in NC Department of 

Environment and Natural Resources.  It was expected that his decisions would 

reflect those of a typical policy maker.  The results presented here reflect one expert’s 

individual preferences and not those of the NC Solid Waste Division.   

Interactions with the DM began by summarizing the results described in 

Chapters 3 and 4.and identifying major trends in mass flows, GHE emissions, cost 

and landfill diversion.  Differences in the utilization of the facilities in urban and 

rural counties were emphasized.  Hypothetical new SWM strategies were compared 

to current practice in the State of Delaware.  The current practice is referred to as the 

“Base Case” throughout this chapter.  The waste flows through the unit operations in 

the base case are shown in Figure IV-1, and the corresponding cost and 

environmental emissions are presented in Table IV-1.   
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Table IV-1  Cost and Emissions of Base Case (Current Practice) in Delaware 

Criteria Units New Castle Kent Sussex Delaware 
Cost $/yr 3.97E+07 2.14E+07 3.69E+07 9.80E+07 
Energy Consumption MBTU/yr -9.92E+05 -7.24E+04 -2.83E+02 -1.06E+06 
Total Particulate Matter lbs/yr -2.88E+05 -2.08E+05 -2.72E+05 -7.68E+05 
Nitrogen Oxides lbs/yr -3.78E+05 1.11E+05 2.74E+05 6.44E+03 
Sulfur Oxides lbs/yr -1.28E+06 -2.16E+05 -2.40E+05 -1.73E+06 
Carbon Monoxide lbs/yr -1.50E+05 2.73E+05 6.18E+05 7.42E+05 
Carbon Dioxide Biomass lbs/yr 3.21E+08 6.77E+07 8.87E+07 4.77E+08 
Carbon Dioxide Fossil lbs/yr -2.81E+07 1.27E+07 3.59E+07 2.05E+07 
Greenhouse Equivalents lbs/yr 2.29E+04 7.70E+03 1.26E+04 4.31E+04 
Methane lbs/yr 9.32E+06 2.08E+06 2.68E+06 1.41E+07 
Diversion % 20 18 19 20 

 

The DM’s first priority was the landfill space, followed by the cost and 

environmental performance, and the DM was interested in a state-wide diversion 

goal of 40%.   To achieve the desired diversion goal, the DM would like to ban the 

disposal of yard waste in the landfills.  In addition, the DM would like to implement 

a curbside recycling program in the major cities throughout the state.  The DM 

agreed to include curbside recycling, yard waste composting and waste-to-energy 

options in the analysis.  Although, a waste-to-energy facility is highly controversial, 

the DM believed that siting a waste-to-energy facility would be marginally more 

challenging than siting a landfill as both facilities are equally controversial and 

obnoxious.   

IV.2  Analysis of Pareto Front and near Pareto Front 

Strategies 

Based on the initial preferences of the DM described in Section IV-1, SWM strategies 

were generated to satisfy the 40% state-wide diversion goal via utilization of curbside 

recycling, yard waste composting, and waste-to-energy.  To achieve 40% state-wide 

diversion, the least-cost state-wide diversion strategy includes diversion of 45%, 
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30%, 30% from New Castle, Kent and Sussex Counties, respectively (Table VII.6 in 

Chapter 4).  Table IV-2 describes the Pareto front solutions generated for Iteration I.  

In addition to Pareto front solutions, near Pareto front solutions were generated by 

the MGA feature of the SWM-LCI model.   

Table IV-2  Description of the SWM Strategies Presented in Iteration I 

Case 

Objective 
Function: 
Minimize 

Yard Waste 
Ban in 

Landfills 
Handling of the 

Yard Waste 
Curbside 
Recycling 

Yard Waste 
Composting 

Waste-to-
Energy 

1 Cost NO Unrestricted Enabled Enabled Enabled 
2 Cost YES Composted Enabled Enabled Enabled 
3 Cost YES Combusted Enabled Disabled Enabled 
4 GHE NO Unrestricted Enabled Enabled Enabled 
5 GHE YES Composted Enabled Enabled Enabled 

 

The waste flows through the unit operations in the cases described in Table IV-2 

are shown in Figure IV-1.  The waste flows through the unit operations of the near 

noninferior MGA strategies are shown in Figure IV-2.  These strategies were 

compared to the base case.  The percentage change in cost and emissions of these 

cases from the base case are summarized in Table 4.3.   
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Case 2:  Least Cost Solution with a ban on Yard Waste 
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Case 3:  Least Cost Solution with a ban on Yard Waste 
Disposal and Composting
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Case 4:  Least GHE Solution with no Restrictions on Yard 
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Case 5:  Least GHE Solution with a ban on Yard Waste 
Disposal
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Figure IV-1  Waste Flows through the Unit Operations in Pareto front Strategies 

Presented in Iteration I 
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Case 1 - Alternative

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Mixed  W aste MRF

Pre-sor te d MR F

Comming led MR F
Transfer

Yard  Waste Composting

Co mbust ion
Landfill

Div ers ion

%
 o

f T
ot

al
 W

as
te

New Castle - Alt 1

Kent - Alt 1

Sussex -Alt 1

 

Case 3 - Alternative
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Figure IV-2  Waste Flows through the Unit Operations in Near Pareto Front MGA 
Strategies Presented in Iteration I 

 

Table IV-3  Percent Change in Cost and Emissions in the Strategies Presented in 
Iteration I from the Base Casea 

Cases 
Criteria Units Delaware 1 1 – Alt. 2 3 3 - Alt. 4 5 

Cost $/yr 9.80E+07 1% 21% 36% 8% 27% 41% 74% 
Energy 
Consumption 

MBTU/yr 
-1.06E+06 -136% -117% -113% -195% -188% -392% -341% 

Total Particulate 
Matter 

lbs/yr 
-7.68E+05 -22% -32% -19% -42% 16% -37% -23% 

Nitrogen Oxides lbs/yr 6.44E+03 -11672% -4350% -968% -12248% -7922% -19347% -11125% 
Sulfur Oxides lbs/yr -1.73E+06 -75% -59% -41% -86% -84% -181% -160% 
Carbon Monoxide lbs/yr 7.42E+05 -24% 89% -10% -62% -54% -48% 6% 
Carbon Dioxide 
Biomass 

lbs/yr 
4.77E+08 33% 34% 40% 54% 60% 103% 97% 

Carbon Dioxide 
Fossil 

lbs/yr 
2.05E+07 -1088% -1056% -414% -1157% -1226% -2809% -2382% 

Greenhouse 
Equivalents 

lbs/yr 
4.31E+04 -99% -102% -43% -93% -100% -286% -258% 

Methane lbs/yr 1.41E+07 -31% -36% -17% -19% -22% -112% -111% 
Diversion % 20 100% 98% 125% 98% 98% 108% 323% 
a.  A negative number indicates a decrease from the base case.   

 

The analysis of these cases revealed that a state-wide ban of the disposal of the 

yard waste in landfills was an ineffective strategy in terms of both cost and 

environmental performance.  The separate collection and composting of yard waste 
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in rural areas resulted in an increase in total PM, NOx, and GHE emissions in Kent 

and Sussex Counties (Table IV-4).  Thus, the overall emission savings decreased.   

Table IV-4  Percent Change in Cost and Emissions in Case 2 in Iteration I from Base 
Case 

Criteria  Units New Castle Kent Sussex Delaware 
Cost $/yr 18% 58% 42% 36% 
Energy Consumption MBTU/yr -113% -82% -7671% -113% 
Total Particulate Matter lbs/yr -70% 9% 14% -19% 
Nitrogen Oxides lbs/yr -75% 72% 52% -968% 
Sulfur Oxides lbs/yr -53% -8% -8% -41% 
Carbon Monoxide lbs/yr -206% 29% 25% -10% 
Carbon Dioxide Biomass lbs/yr 40% 39% 39% 40% 
Carbon Dioxide Fossil lbs/yr -314% 1% 11% -414% 
Greenhouse Equivalents lbs/yr -87% 5% 9% -43% 
Methane lbs/yr -30% 6% 7% -17% 
Diversion % 125% 67% 58% 98% 

 

The DM’s preferences then changed in consideration of the resultant cost and 

emissions of the strategies presented in Iteration I.  Specifically, he decided to focus 

more on the environmental performance of various strategies and to remove the ban 

on the disposal of the yard waste in landfills.  In addition, the DM found the 

strategies to be overly costly.  For the next iteration, the DM’s first priority was 

environmental performance.  As an environmental performance indicator, energy 

consumption and greenhouse gases were considered.  The second priority was the 

cost.  The DM decided to consider alternatives with a cost of 10% to 15% more than 

the base case.  As a state expert, the DM believed that a cost increase of 10% is 

justifiable; however, more than 15% would not be accepted by the citizens.  Finally 

the last priority was the landfill space.  In addition, the analysis of the cases in 

Iteration I convinced the DM that the differences in population density should play a 

vital role in the selection of a SWM plan for a state.   
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Based on these explicitly stated preferences, new strategies were generated.  

Least-GHE and least- energy consumption state-wide SWM strategies were 

generated to have a cost between $110 million to $115 million annually.  This range 

satisfies the 10% to 15% increase from the cost of the current SWM practice which 

was about $98.5 million/yr.  SWM strategies were generated at varying levels of 

GHE and energy consumption values.  A description of the cases considered for 

Iteration II is given in Table IV-5.  In addition, for selected Pareto front strategies, 

near Pareto front MGA solutions were generated.   

Table IV-5  Description of the SWM Strategies Presented in Iteration II 

Case 
Objective Function: 

Minimize 
State-wide Cost, 

$million/yr 
Curbside 
Recycling 

Yard Waste 
Composting 

Waste-to-
Energy 

1 Cost 98.5 Enabled Enabled Enabled 
2 Energy Consumption 110 Enabled Enabled Enabled 
3 GHE 110 Enabled Enabled Enabled 
4 Energy Consumption 115 Enabled Enabled Enabled 
5 GHE 115 Enabled Enabled Enabled 

 

The least-GHE state-wide strategies at $110 million/yr are constituted from the 

following county-specific SWM strategies: the least-GHE strategy at $50 million/yr 

for New Castle County, the least-GHE strategy at $22 million/yr for Kent County, 

and the least-GHE strategy at $38 million/yr for Sussex County.  Similarly, the least-

GHE state-wide strategies at $115 million/yr are constituted from the following 

county-specific SWM strategies: the least-GHE strategy at $55 million/yr for New 

Castle County, the least-GHE strategy at $22 million/yr for Kent County, and the 

least-GHE strategy at $38 million/yr for Sussex County.  The state-wide SWM 

strategies that minimize energy consumption at $110 million/yr and $115 million/yr 

were generated as well.  The corresponding waste flows through the unit operations 

utilized in each county of these state-wide strategies are shown in Figure IV-3.  The 
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corresponding cost and environmental emissions of these strategies were compared 

with the base case in Table IV-6. 
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Least-Energy Consumption at $115 Million/yr
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Least-GHE at $115 Million/yr
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Figure IV-3  Waste Flows through Unit Operations for the Pareto front Strategies 

(Iteration II) 
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Table IV-6  Percentage Change in Cost and Emissions of the State-wide Strategies 
(Iteration II) from the Base Case 

Cases 
Criteria Units Delaware 1 2 3 4 5 

Cost $/yr 9.80E+07 1% 12% 12% 17% 17% 
Energy Consumption MBTU/yr -1.06E+06 -136% -310% -246% -357% -286% 
Total Particulate Matter lbs/yr -7.68E+05 -22% -77% -9% -87% -16% 
Nitrogen Oxides lbs/yr 6.44E+03 -11,672% -20,044% -12,133% -22,644% -14,522% 
Sulfur Oxides lbs/yr -1.73E+06 -75% -142% -117% -164% -138% 
Carbon Monoxide lbs/yr 7.42E+05 -24% -98% 192% -104% 201% 
Carbon Dioxide Biomass lbs/yr 4.77E+08 33% 62% 71% 74% 84% 
Carbon Dioxide Fossil lbs/yr 2.05E+07 -1,088% -1,589% -2,204% -1,727% -2,334% 
Greenhouse Equivalents lbs/yr 4.31E+04 -99% -169% -204% -195% -230% 
Methane lbs/yr 1.41E+07 -31% -70% -66% -89% -84% 
Diversion % 20 98% 213% 183% 267% 236% 
Preferred   No Yes Yes No No 

 

The strategies in Iteration II resulted in increased emission savings.  The 

diversion from the landfill at least doubled, and energy savings were, on average, 

three times greater than the base case.   

Furthermore, the cases developed in Iteration II were expanded to include 

Pareto front solutions between least-GHE and least-energy consumption strategies 

while keeping the cost of each county-wide strategy constant.  Figure IV-4 presents 

the tradeoff between GHE and energy consumption for each county.  For New Castle 

County, two isocost curves were generated: one isocost curve presents the tradeoff 

between GHE and energy consumption at $50 million/yr, whereas the other 

presents the tradeoff between GHE and energy consumption at $55 million/yr.  The 

tradeoff between GHE and energy consumption for Kent and Sussex Counties were 

generated at a cost of $22 million/yr and $38 million/yr, respectively.  The DM 

analyzed the details (waste flows and cost and emission values) of each point on the 

tradeoff curve.  Table IV-7 summarizes the waste flows through unit operations in 

strategies that form the tradeoff between GHE and energy consumption at $50 

million/yr for New Castle County.  Table IV-8 summarizes the corresponding cost 
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and emissions for these strategies.  In addition to Pareto front strategies, MGA 

solutions were generated by relaxing the energy consumption level by 23%.  The 

details of these solutions are also presented in Tables IV-7 and IV-8, and the DM 

expressed preferences for specific strategies.     
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Figure IV-4  Tradeoff between Energy Consumption and GHE at Iteration II 

 

Similarly, Tables IV-9, IV-11, and IV-13 summarize the waste flows through unit 

operations in strategies that form the tradeoff between GHE and energy 

consumption at $55 million/yr for New Castle County, at $22 million/yr for Kent 

County, and at $38 million/yr for Sussex County, respectively.  Tables IV-10, IV-12 
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and IV-14 summarize the corresponding cost and environmental emissions for these 

strategies.  The tradeoff between energy and GHE provided us counter-intuitive 

results.  One would expect simultaneous increase or decrease in both criteria.  

However, there is a critical balance between which items that are recycled and items 

are combusted to recover energy.  In the least-energy consumption strategy, 

commercial pre-sorted recycling was not utilized, instead all MSW collected in the 

commercial sector was sent to the waste-to-energy facility.  This resulted in an 

increase in the amount of waste processed in the waste-to-energy facility and an 

increase in energy savings.  However, since this strategy diverts some recyclables to 

waste-to-energy, the corresponding remanufacturing savings disappeared with a 

subsequent increase in GHE emissions.  In contrast, in the least-GHE case, the 

amount of MSW sent to the waste-to-energy facility decreased, and more items with 

high GHE emission offsets were recovered.   

Furthermore, for each county, additional MGA solutions were generated and 

presented in their corresponding table.  Each Pareto front and near Pareto front 

strategy was analyzed, and the DM stated whether he preferred the strategy or not.  

The information was then used to form the last row in each of Tables IV-7 – IV-14.   

The preference information gathered for each county was processed separately.  

Initially, the analysis considered the patterns and trends between facilities utilized in 

the solutions that are either preferred or not.  Association rule mining algorithms 

were utilized for this purpose.   

Association rule mining algorithms generate decision rules by dividing the data 

into subsets and predicting the presence of a certain subset of the attributes based on 

the presence of other subsets of the attributes.  An association rule is in the form of 
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“if X, then Y”, where X and Y are exclusive statements, i.e., ∅=∩ YX .  Some of the 

association rule mining algorithms include Apriori (Agrawal et al., 1993 a&b; 

Agrawal and Srikant, 1994), PredictiveApriori (Scheffer, 2001), and Tertius (Flach, 

2001).  These algorithms are embedded in a data-mining tool, WEKA (Witten and 

Frank, 2005), that is utilized in the illustrative example below.   

These algorithms generated decision rules in an “if …, then …” structure.  The 

resultant decision rules for New Castle and Kent Counties are summarized in Tables 

IV-15 and IV-16.  From Table IV-15, the decision rule #3 reads “if the strategy costs 

$50 million/yr and utilizes a mixed waste transfer station and no commercial pre-

sorted recycling, then the DM prefers the strategy.”  The DM was making broad 

decisions based on the major programs such as recycling, composting and 

combustion.  The use of a mixed waste transfer was not a major decision.  So rule #3 

was verified with the DM.  The DM decided to eliminate the commercial recycling 

program completely, as he viewed commercial pre-sorted recycling as a minor 

program.  He stated that the elimination of this program did not affect the emission 

savings, thus there was no need to keep it.  As for the mixed waste transfer station, 

the DM was indifferent on its use.  As a result, in subsequent iterations, commercial 

recycling was eliminated, and the use of a mixed waste transfer station was left 

unconstrained.  Similarly, decision rule #5 stated that “if the strategy costs $50 

million/yr and utilizes a pre-sorted transfer station and no commercial pre-sorted 

recycling, then the DM prefers the strategy.”  Again, the use of a pre-sorted transfer 

station was left unconstrained in the consecutive iterations.  The full list of the 

decision rules are presented in Appendix C.  The most realistic and verified decision 

rules are summarized in the tables; these rules were verified by the DM. 
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In addition, the cost and emission values of preferred strategies were analyzed 

using clustering analysis.  Clustering is the partitioning of a data set into smaller 

subsets so that each cluster has more common traits.  One of the clustering 

algorithms, Expectation Minimization (EM), embedded in WEKA was utilized.  

Tables IV-17, IV-18 and IV-19 summarize the clusters formed for New Castle, Kent 

and Sussex Counties, respectively.  Each cluster was analyzed, and the DM selected a 

preferred cluster.  The DM preferred the strategies in Cluster 1 for New Castle 

County, which has a mean energy consumption value of -2.9 TBTU/yr, and a mean 

GHE value of -36,000 tons/yr (Table IV-17).  Similarly, the Cluster “1” was preferred 

for Kent and Sussex Counties.   
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Table IV-7  Waste Flows (tons/yr) Through Unit Operations of Least-GHE and Least–Energy Consumption Strategies at 
$50million/yr in Iteration II for New Castle County 

Min GHE at varying Energy Consumption Levels 

Sector Unit Process* 
Least 
GHE 

-2.8 
TBTU/yr 

-2.9 
TBTU/yr 

-3.0 
TBTU/yr 

-3.1 
TBTU/yr 

-3.2 
TBTU/yr 

Least 
Energy Alt 1 Alt 2 Alt 3 Alt 4 

Collection  R1-Yard waste   -    -    -    -    -    -    -    -    -    -    8,381 

Collection  R2-Yard waste   -    -    -    -    -    -    -    -    -    3,559  3,559 

Collection  R1-Mixed Waste   -    -    -    -    -    -    -    150,019  -    -    -   

Collection  R2-Mixed Waste   -    -    -    -    -    -    -    16,710  -    -    -   

Collection  R1-Commingled/MRF   -    -    -    -    -    -    -    -    -    12,624  -   

Collection  R2-Commingled/MRF        -    -    1,837  -    1,863 

Collection  R1-Residuals   138,894  138,895  138,900  138,951  139,003  139,066  140,608  -    140,608  137,395  130,223 

Collection  R2-Residuals   15,713  15,713  15,713  15,713  15,713  15,662  15,662  -    14,873  11,880  11,288 

Collection  R1-Recyclable Drop-Off   11,126  11,124  11,119  11,068  11,017  10,953  9,412  -    9,412  -    11,415 

Collection  R2-Recyclable Drop-Off   997  997  997  997  997  1,048  1,048  -    -    1,271  -   

Collection  MF1-Recyclable Drop-Off   3,279  3,279  3,448  3,448  3,448  3,448  3,448  -    -    4,182  -   

Collection  MF1-Mixed Waste         -    43,257  -    -    -   

Collection  MF1-Commingled         -    -    5,983  -    6,043 

Collection  MF1-Residuals   39,979  39,979  39,809  39,809  39,809  39,809  39,809  -    37,274  39,076  37,214 

Collection  C1-Pre-Sorted   -    -    -    -    -    19,244  59,262  -    59,294  61,297  59,262 

Collection  C1-Mixed Waste   176,085  176,085  176,085  176,085  176,085  118,904  -    176,085  -    -    -   

Collection  C1-Residuals   -    -    -    -    -    37,936  116,823  -    116,791  114,788 116,823 

Transfer  Mixed Waste   15,713  15,713  15,713  15,713  15,713  15,662  15,662  -    -    -    -   

Transfer  Commingled         -    -    1,837  -    6,043 

Transfer  Pre-Sorted    997  997  997  997  997  1,048  1,048  -    -    6,540  63,752 

MRF  Mixed Waste   178,024  194,587  239,109  287,224  335,339  313,441  196,078  264,180  1,595  101,895  82,496 

MRF  Presorted   15,401  15,400  15,564  15,513  15,462  34,694  73,170  -    68,706  66,750  70,677 

MRF  Commingled         -    -    7,820  12,624  7,906 

Treatment Yard waste Compost         -    -    -    3,559  11,940 

Treatment Combustion  243,250  241,113  234,358  226,863  219,369  209,087  198,195  190,783  170,803  94,538  116,823 

Disposal Landfill   111,096  111,031  107,299  104,080  100,860  97,602  96,631  146,225  138,662  198,918  171,101 

Disposal Ash-landfill   39,012  38,399  37,589  36,613  35,637  34,518  33,483  32,136  38,693  13,652  15,239 

 Preferred Yes Yes Yes Yes Yes No No No No No No 

*: R1: Residential Sector 1; R2: Residential Sector 2; MF1: Multi-family Sector 1; Commercial Sector 1 



 

 257 

Table IV-8  Cost and Environmental Emissions of Least-GHE and Least-Energy Consumption Strategies at $50 million/yr 
in Iteration II for New Castle County 

 

Min GHE at  varying Energy Consumption Levels 

Parameter Units Least GHE 
-2.8 

TBTU/yr 
-2.9 

TBTU/yr 
-3.0 

TBTU/yr 
-3.1 

TBTU/yr 
-3.2 

TBTU/yr 
Least 

Energy Alt 1 Alt 2 Alt 3 Alt 4 

Cost $/yr 5.00E+07 5.00E+07 5.00E+07 5.00E+07 5.00E+07 5.00E+07 5.00E+07 5.00E+07 5.00E+07 5.00E+07 5.00E+07 

Energy 
Consumption MBTU/yr -2.78E+06 -2.80E+06 -2.90E+06 -3.00E+06 -3.10E+06 -3.20E+06 -3.26E+06 -2.50E+06 -2.50E+06 -2.50E+06 -2.50E+06 

Total 
Particulate 
Matter lbs/yr -5.78E+05 -5.85E+05 -6.03E+05 -6.22E+05 -6.41E+05 -6.60E+05 -6.82E+05 -4.69E+05 -4.96E+05 -4.91E+05 -5.40E+05 
Nitrogen 
Oxides lbs/yr -8.50E+05 -8.60E+05 -9.38E+05 -1.02E+06 -1.10E+06 -1.17E+06 -1.20E+06 -9.60E+05 -7.95E+05 -9.21E+05 -9.00E+05 

Sulfur Oxides lbs/yr -2.71E+06 -2.72E+06 -2.79E+06 -2.86E+06 -2.92E+06 -2.97E+06 -2.98E+06 -2.42E+06 -2.24E+06 -2.30E+06 -2.44E+06 
Carbon 
Monoxide lbs/yr 1.06E+06 1.02E+06 6.94E+05 3.59E+05 2.38E+04 -3.36E+05 -5.71E+05 -9.62E+05 -4.24E+05 -1.52E+06 -4.55E+05 
Carbon 
Dioxide 
Biomass lbs/yr 5.66E+08 5.66E+08 5.65E+08 5.63E+08 5.61E+08 5.47E+08 5.22E+08 5.18E+08 4.58E+08 4.32E+08 4.60E+08 
Carbon 
Dioxide Fossil lbs/yr -3.35E+08 -3.35E+08 -3.20E+08 -3.06E+08 -2.91E+08 -2.67E+08 -2.41E+08 -2.35E+08 -1.03E+08 -1.68E+08 -1.98E+08 
Greenhouse 
Equivalents lbs/yr -3.88E+04 -3.87E+04 -3.70E+04 -3.52E+04 -3.33E+04 -3.03E+04 -2.65E+04 -1.97E+04 -2.79E+03 -6.95E+03 -1.32E+04 

Methane lbs/yr 2.41E+06 2.41E+06 2.33E+06 2.27E+06 2.20E+06 2.13E+06 2.23E+06 4.33E+06 3.93E+06 5.58E+06 4.85E+06 

Diversion  % 61.6 61.8 62.9 63.9 65.0 66.1 66.7 54.3 54.7 44.2 48.8 

Preferred Yes Yes Yes Yes Yes No No No No No No 
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Table IV-9  Waste Flows (tons/yr) Through Unit Operations of Least-GHE and –Energy Consumption Strategies at $55 
million/yr in Iteration II for New Castle County 

Min Energy Consumption at varying GHE levels 

Sector  Unit Process* 
Least 

Energy 
-38,000 
tons/yr 

-40,000 
tons/yr 

-44,000 
tons/yr 

-48,000 
tons/yr 

Least 
GHE 

Collection R1-Mixed Waste   -    -    -    -    -    -   

Collection R2-Mixed Waste   -    -    -    -    -    -   

Collection R1-Residuals   140,608   140,352   140,329   140,267   140,155   140,533  

Collection R2-Residuals   15,662   15,662   15,662   15,713   15,713   15,713  

Collection R1-Recyclable Drop-Off   9,412   9,668   9,690   9,753   9,865   9,487  

Collection R2-Recyclable Drop-Off   1,048   1,048   1,048   997   997   997  

Collection MF1-Recyclable Drop-Off   3,448   3,448   3,448   3,448   3,448   3,279  

Collection MF1-Mixed Waste   -    -    -    -    -    -   

Collection MF1-Commingled   -    -    -    -    -    -   

Collection MF1-Residuals   39,809   39,809   39,809   39,809   39,809   39,979  

Collection C1-Pre-Sorted   59,262   57,514   34,736   -    -    -   

Collection C1-Mixed Waste   -    5,193   72,874   176,085   176,085   176,085  

Collection C1-Residuals   116,823   113,377   68,474   -    -    -   

Transfer  Mixed Waste   15,662   15,662   15,662   15,713   15,713   15,713  

Transfer  Pre-Sorted    1,048   1,048   1,048   997   997   997  

MRF  Mixed Waste   196,078   201,015   268,674   347,093   241,673   85,928  

MRF  Presorted   73,170   71,679   48,923   14,198   14,310   13,762  

MRF  Commingled   -    -    -    -    -    -   

Treatment Combustion   277,849   278,328   284,510   297,716   314,137   336,984  

Disposal Landfill   16,365   16,215   17,641   21,427   28,482   27,459  

Disposal Ash-landfill   49,622   49,669   50,254   51,630   53,768   59,402  

Preferred  No No No No No No 

*: R1: Residential Sector 1; R2: Residential Sector 2; MF1: Multi-family Sector 1; Commercial Sector 1 
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Table IV-10  Cost and Environmental Emissions of Least-GHE and -Energy Consumption Strategies at $55 million/yr in 
Iteration II for New Castle County 

Min Energy Consumption at varying GHE levels 

Parameter Units Least Energy 
-38,000 
tons/yr 

-40,000 
tons/yr 

-44,000 
tons/yr 

-48,000 
tons/yr Least GHE 

Cost $/yr 5.50E+07 5.50E+07 5.50E+07 5.50E+07 5.50E+07 5.50E+07 

Energy Consumption MBTU/yr -3.75E+06 -3.75E+06 -3.72E+06 -3.62E+06 -3.40E+06 -3.21E+06 

Total Particulate Matter lbs/yr -7.65E+05 -7.64E+05 -7.52E+05 -7.25E+05 -6.83E+05 -6.30E+05 

Nitrogen Oxides lbs/yr -1.37E+06 -1.37E+06 -1.35E+06 -1.28E+06 -1.11E+06 -1.00E+06 

Sulfur Oxides lbs/yr -3.37E+06 -3.37E+06 -3.37E+06 -3.33E+06 -3.18E+06 -3.08E+06 

Carbon Monoxide lbs/yr -6.18E+05 -6.08E+05 -4.73E+05 -9.40E+04 6.40E+05 1.13E+06 

Carbon Dioxide Biomass lbs/yr 5.81E+08 5.82E+08 5.97E+08 6.22E+08 6.26E+08 6.30E+08 

Carbon Dioxide Fossil lbs/yr -2.70E+08 -2.71E+08 -2.86E+08 -3.16E+08 -3.49E+08 -3.62E+08 

Greenhouse Equivalents lbs/yr -3.78E+04 -3.80E+04 -4.00E+04 -4.40E+04 -4.80E+04 -5.00E+04 

Methane lbs/yr -3.63E+05 -3.84E+05 -3.67E+05 -3.04E+05 -1.61E+05 -2.35E+05 

Diversion  % 83.5 83.5 82.9 81.6 79.3 78.4 

Preferred  No No No No No No 
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Table IV-11  Waste Flows (tons/yr) Through Unit Operations of Least-GHE and –Energy Consumption Strategies at $22 
million/yr in Iteration II for Kent County 

Min GHE at varying Energy 
Consumption Levels 

Sector  Unit Process* 
Least 
GHE 

-425,000 
MBTU/yr 

-450,000 
MBTU/yr 

-475,000 
MBTU/yr 

Least 
Energy Alt.1 Alt.2 Alt.3 

Collection R1-Mixed Waste   -    -    -    -    -    9,614   -    -   

Collection R2-Mixed Waste   -    -    -    -    -    28,273   -    -   

Collection R1-Residuals   8,859   8,859   8,873   8,925   8,992   -    8,992   8,859  

Collection R2-Residuals   35,340   35,340   35,340   35,340   35,868   9,425   35,868   35,868  

Collection R1-Recyclable Drop-Off   755   755   741   689   622   -    622   755  

Collection R1-Recyclable Drop-Off   3,011   3,011   3,011   3,011   2,483   652   2,483   2,483  

Collection MF1-Recyclable Drop-Off   494   307   166   166   404   -    -    425  

Collection MF1-Mixed Waste   -    -    -    -    -    5,330   -    -   

Collection MF1-Commingled   -    -    -    -    -    -    570   -   

Collection MF1-Residuals   4,835   5,023   5,163   5,163   4,926   -    4,760   4,905  

Collection C1-Pre-Sorted   -    -    -    -    10,293   -    10,604   10,301  

Collection C1-Mixed Waste   30,584   30,584   30,584   30,584   -    30,584   -    -   

Collection C1-Residuals   -    -    -    -    20,291   -    19,981   20,283  

Transfer  Mixed Waste   8,859   8,859   8,873   8,925   8,992   9,614   9,720   19,902  

Transfer  Pre-Sorted    755   755   741   689   622   -    622   1,016  

MRF  Mixed Waste   79,619   79,806   79,960   80,013   70,076   83,226   51,410   50,013  

MRF  Presorted   4,260   4,072   3,919   3,866   13,802   652   13,709   13,963  

MRF  Commingled   -    -    -    -    -    -    570   -   

Treatment Combustion  `  30,437   31,317   32,150   24,237   28,307   23,779   22,914  

Disposal Landfill   44,248   41,818   39,338   36,743   39,468   42,156   41,239   42,515  

Disposal Ash-landfill   3,631   4,094   4,534   4,901   3,713   4,019   3,872   3,313  

Preferred  Yes Yes Yes Yes No No No No 

*: R1: Residential Sector 1; R2: Residential Sector 2; MF1: Multi-family Sector 1; Commercial Sector 1 
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Table IV-12  Cost and Environmental Emissions of Least-GHE and -Energy Consumption Strategies at $22 million/yr in 
Iteration II for Kent County 

Min GHE at varying Energy 
Consumption Levels 

Cost/LCI Parameter Units Least GHE 
-425,000 
MBTU/yr 

-450,000 
MBTU/yr 

-475,000 
MBTU/yr Least Energy Alt.1 Alt.2 Alt.3 

Cost $/yr 2.20E+07 2.20E+07 2.20E+07 2.20E+07 2.20E+07 2.20E+07 2.20E+07 2.20E+07 

Energy Consumption MBTU/yr -4.00E+05 -4.25E+05 -4.50E+05 -4.75E+05 -4.91E+05 -4.50E+05 -4.50E+05 -4.50E+05 

Total Particulate Matter lbs/yr -1.19E+05 -1.58E+05 -1.97E+05 -2.39E+05 -3.33E+05 -2.37E+05 -3.10E+05 -2.94E+05 

Nitrogen Oxides lbs/yr 5.71E+02 -1.79E+04 -3.66E+04 -5.60E+04 -6.90E+04 -6.22E+04 -4.80E+04 -4.19E+04 

Sulfur Oxides lbs/yr -4.48E+05 -4.67E+05 -4.86E+05 -5.05E+05 -5.04E+05 -4.68E+05 -4.68E+05 -4.77E+05 

Carbon Monoxide lbs/yr 4.01E+05 3.44E+05 2.85E+05 2.23E+05 9.13E+04 -2.38E+04 1.21E+05 1.57E+05 

Carbon Dioxide Biomass lbs/yr 1.03E+08 1.04E+08 1.05E+08 1.06E+08 9.75E+07 1.03E+08 9.50E+07 9.58E+07 

Carbon Dioxide Fossil lbs/yr -4.39E+07 -4.16E+07 -3.92E+07 -3.68E+07 -2.47E+07 -3.67E+07 -2.00E+07 -2.52E+07 

Green House Equivalents lbs/yr -2.53E+03 -2.45E+03 -2.35E+03 -2.23E+03 -1.94E+02 -1.58E+03 6.78E+02 -3.62E-01 

Methane (CH4) lbs/yr 1.21E+06 1.13E+06 1.05E+06 9.70E+05 1.11E+06 1.19E+06 1.19E+06 1.20E+06 

Diversion % 43.0 45.4 47.9 50.6 48.7 45.1 46.5 45.6 

Preferred Yes Yes Yes Yes No No No No 
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Table IV-13  Waste Flows (tons/yr) Through Unit Operations of Least-GHE and –Energy Consumption Strategies at $38 
million/yr in Iteration II for Sussex County 

Min GHE at varying Energy 
Consumption Levels 

Sector Unit Process* 
Least Energy 
Consumption 

-600,000 
MBTU/yr 

-550,000 
MBTU/yr Least GHE Alt.1 

Collection R1-Mixed Waste   -    14,523   9,072   9,595   52,519  

Collection R1-Residuals   55,343   41,145   46,168   45,687   6,133  

Collection R1-Recyclable Drop-Off   3,831   3,506   3,934   3,893   523  

Collection MF1-Recyclable Drop-Off   524   498   498   636   -   

Collection MF1-Mixed Waste   -    -    -    -    6,575  

Collection MF1-Residuals   6,051   6,077   6,077   5,939   -   

Collection C1-Pre-Sorted   -    -    -    -    -   

Collection C1-Mixed Waste   42,970   42,970   42,970   42,970   42,970  

Collection C1-Residuals   -    -    -    -    -   

MRF  Mixed Waste   104,364   104,715   104,287   104,190   102,064  

MRF  Presorted   4,355   4,004   4,432   4,528   523  

Treatment Combustion   55,324   53,024   51,872   50,276   46,739  

Disposal Landfill   33,792   37,236   41,781   46,576   52,218  

Disposal Ash-landfill   9,090   8,505   7,852   6,933   6,501  

Preferred Yes No No No No 
*: R1: Residential Sector 1; MF1: Multi-family Sector 1; Commercial Sector 1 
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Table IV-14  Cost and Environmental Emissions of Least-GHE and -Energy Consumption Strategies at $38 million/yr in 
Iteration II for Sussex County 

Min GHE at varying Energy 
Consumption Levels 

Cost/LCI Parameter Units 
Least Energy 
Consumption 

-600,000 
MBTU/yr 

-550,000 
MBTU/yr 

Least 
GHE Alt.1 

Cost $/yr 3.80E+07 3.80E+07 3.80E+07 3.80E+07 3.80E+07 

Energy Consumption MBTU/yr -6.24E+05 -6.00E+05 -5.50E+05 -5.00E+05 -4.81E+05 

Total Particulate Matter lbs/yr -3.41E+05 -3.01E+05 -2.19E+05 -1.42E+05 -1.38E+05 

Nitrogen Oxides lbs/yr -1.59E+04 -2.25E+03 3.85E+04 7.45E+04 5.75E+04 

Sulfur Oxides lbs/yr -7.12E+05 -6.80E+05 -6.46E+05 -6.09E+05 -5.69E+05 

Carbon Monoxide lbs/yr 4.97E+05 4.18E+05 5.93E+05 7.02E+05 2.92E+05 

Carbon Dioxide Biomass lbs/yr 1.51E+08 1.48E+08 1.46E+08 1.44E+08 1.40E+08 

Carbon Dioxide Fossil lbs/yr -3.86E+07 -4.21E+07 -4.64E+07 -5.13E+07 -5.31E+07 

Green House Equivalents lbs/yr -2.85E+03 -3.09E+03 -3.31E+03 -3.52E+03 -3.15E+03 

Methane (CH4) lbs/yr 8.43E+05 9.24E+05 1.05E+06 1.21E+06 1.43E+06 

Diversion % 60.9 58.2 54.6 51.0 46.2 

Preferred  Yes No No No No 

 

 



 

 264 

Table IV-15  Summary of the Decision Rules Generated for New Castle County 

# a b CONDITION  DECISION 

3 0.8370 0 
Cost = $50M/yr and C-Presorted = 0 and 
Mixed-TR  = 1 ==> Preferred = YES 

4 0.8370 0 
Cost = $50M/yr and C-Presorted = 0 and 
Pre-TR  = 1 ==> Preferred = YES 

5 0.8370 0 
Cost = $50M/yr and C-Presorted = 0 and 
Pre-MRF  = 1 ==> Preferred = YES 

6 0.8370 0 
Cost ≠ $55M/yr and C-Presorted = 0 and 
Mixed-TR  = 1 ==> Preferred = YES 

7 0.8370 0 
Cost ≠ $55M/yr and C-Presorted  = 0 and 
Pre-TR  = 1 ==> Preferred = YES 

8 0.8370 0 
Cost ≠ $55M/yr and C-Presorted = 0 and 
Pre-MRF  = 1 ==> Preferred = YES 

9 0.7612 0.0588 Cost = $50M/yr and C-Presorted = 0 ==> Preferred = YES 
10 0.7612 0.0588 Cost ≠ $55M/yr and C-Presorted = 0 ==> Preferred = YES 

13 0.7555 0.1176 
R-Curb = 0 and Pre-MRF = 1 and 
Preferred = NO ==> Cost = $55M/yr 

26 0.7367 0 
Comm-TR = 0 and Pre-MRF = 1 and 
Comp = 0 ==> Mixed-TR = 1 

56 0.6161 0 Comm-MRF = 0 ==> R-Curb = 0 
57 0.6161 0 MF-Curb = 0 and Comp = 0 ==> R-Curb = 0 
a. confirmation value; b. frequency of counter-instances 

 

 

Table IV-16  Summary of the Decision Rules Generated for Kent County 

# a b CONDITION  DECISION 
1 1 0 C-Presorted = 0 and Pre-TR = 1 ==> Preferred = YES 
3 0.7606 0.125 C-Presorted = 0 ==> Preferred = YES 
4 0.5266 0.25 MF-Curb = 0 and Pre-TR = 1 ==> Preferred = YES 
5 0.5266 0.25 Pre-TR = 1 and Comm-MRF = 0 ==> Preferred = YES 
6 0.4941 0 MF-Curb = 0 ==> Comm-MRF = 0 
10 0.3333 0 Preferred = YES ==> MF-Curb = 0 
12 0.3333 0 Preferred = YES ==> Comm-MRF = 0 
16 0.2791 0.375 Preferred = NO ==> Pre-TR = 0 
17 0.2791 0.375 Comm-MRF = 0 ==> Preferred = YES 
a. confirmation value; b. frequency of counter-instances 
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Table IV-17  Cost and Emission Values of Clusters formed from Strategies for 
New Castle County (EM Algorithm) 

Cluster Centroid: 

  
Cost,  
$/yr 

Energy, 
MBTU/yr 

PM,  
lbs/yr 

NOX, 
lbs/yr 

SOX, 
lbs/yr 

GHE, 
tons/yr 

Mean/Mode: 5.50E+07 -3.58E+06 -7.20E+05 -1.25E+06 -3.28E+06 -4.30E+04 Cluster 0 
Std. Dev. 2.46E+06 2.03E+05 4.90E+04 1.40E+05 1.14E+05 4.76E+03 

Mean/Mode: 5.00E+07 -2.92E+06 -6.06E+05 -9.55E+05 -2.80E+06 -3.65E+04 Cluster 1 
Std. Dev. 2.46E+06 1.24E+05 2.39E+04 9.58E+04 8.45E+04 2.20E+03 

Mean/Mode: 5.00E+07 -2.74E+06 -5.55E+05 -9.89E+05 -2.55E+06 -1.64E+04 Cluster 2 
Std. Dev. 2.46E+06 3.42E+05 8.37E+04 1.45E+05 3.02E+05 9.88E+03 

Clustered Instances:     
 

 # of items 
Prior 
Probability   

 
  

Cluster 0 6 35%      

Cluster 1 5 29%      

Cluster 2 6 35%      

   

Table IV-18  Cost and Emission Values of Clusters formed from Strategies for 
Kent County (EM Algorithm) 

Cluster Centroid: 

  
Energy, 

MBTU/yr 
PM,  

lbs/yr 
NOX, 

lbs/yr 
SOX, 

lbs/yr 
GHE, 

tons/yr 

Mean/Mode: -4.61E+05 -2.68E+05 -5.23E+04 -4.85E+05 -9.47E+02 Cluster 0 
Std. Dev. 1.63E+04 4.76E+04 1.13E+04 1.53E+04 1.16E+03 

Mean/Mode: -4.13E+05 -1.38E+05 -8.65E+03 -4.58E+05 -2.49E+03 Cluster 1 
Std. Dev. 1.24E+04 1.92E+04 9.22E+03 9.24E+03 4.40E+01 

Clustered Instances:    
 

 # of items 
Prior 
Probability  

 
  

Cluster 0 6 75%     

Cluster 1 2 25%     
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Table IV-19  Cost and Emission Values of Clusters formed from Strategies for 
Sussex County (EM Algorithm) 

Cluster Centroid: 

  
Energy, 

MBTU/yr 
PM,  

lbs/yr 
NOX, 

lbs/yr 
SOX, 

lbs/yr 
GHE, 

tons/yr 

Mean/Mode: -5.10E+05 -1.66E+05 5.68E+04 -6.08E+05 -3.33E+03 Cluster 0 
Std. Dev. 2.91E+04 3.72E+04 1.47E+04 3.17E+04 1.50E+02 

Mean/Mode: -6.12E+05 -3.21E+05 -9.09E+03 -6.96E+05 -2.97E+03 Cluster 1 
Std. Dev. 1.19E+04 1.99E+04 6.84E+03 1.57E+04 1.20E+02 

Clustered Instances:    
 

 # of items 
Prior 
Probability  

 
  

Cluster 0 3 60%     

Cluster 1 2 40%     

 

The following constraints were added to the SWM system to generate 

strategies for Iteration III.  The constraints were structured based on the decision 

rules and the information from the clustering analysis.  In the model for New 

Castle County, pre-sorted recycling in the commercial sector and curbside 

recycling in residential sector were disabled.  In the model for Kent County, pre-

sorted recycling in the commercial sector and curbside recycling in multifamily 

sector were disabled.  In the model for Sussex County, pre-sorted recycling in 

commercial sector and curbside recycling in the residential and multifamily 

sector were disabled.  Table IV-20 describes the cases presented Iteration III.  

Table IV-20  Description of Cases Presented in Iteration III 

New Castle County 
Criteria 1 2 3 4 

Kent 
County 

Sussex 
County 

Cost, $Million/yr ≤50 MIN ≤50 ≤50 ≤22 ≤38 
Energy Consumption, 
TBTU/yr ≤ -2.9 ≤-2.9 ≤-2.9 ≤-2.9 

≤-
0.4125 ≤-0.611 

Total PM, thousands 
lbs/yr ≤-600 ≤-600 MIN MIN MIN MIN 
GHE, thousands 
tons/yr MIN Unrestricted ≤-30 ≤-36.5 ≤-2.48 ≤-3 
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In the first case for New Castle County, the strategy minimizes GHE 

emissions, while cost, energy consumption and total PM emissions were 

constrained to be less than or equal to $50Million/yr, -2.9TBTU/yr, and -

600,000 lbs/yr, respectively.  The constraints on the cost and emissions reflect 

the average values of Cluster 1 for New Castle County (see Table IV-17).  Cluster 1 

represented the average cost and emission values of the preferred strategies in 

the Iteration II.  Similarly, SWM strategies were generated for Kent and Sussex 

Counties, however, only one strategy for each county could be generated as no 

other distinct alternatives satisfying the clustering information existed.  Table IV-

21 summarizes the waste flows through the unit operations in these strategies, 

and Table IV-22 summarizes the corresponding cost and emission levels.  The 

major differences in the New Castle County strategies were (1) the utilization of a 

transfer station for pre-sorted recyclables in cases 1, 3 and 4, (2) the increased 

utilization of the mixed waste MRF in cases 2 and 3, and finally (3) the decreased 

utilization of the combustion in case 2 with respect to cases 1, 3, and 4.  In 

addition, the corresponding emission values are different.   
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Table IV-21  Waste Flows (tons/yr) through Unit Operations in Strategies 
(Iteration III) 

New Castle 

Sector  Unit Process* 1 2 3 4 Kent Sussex 

Collection R1-Residuals  138,900   140,608   140,608  138,900   8,859   37,470  
Collection R2-Residuals  15,713   15,662   15,662   15,713   35,340   
Collection R1-Mixed Waste       18,511  

Collection 
R1-Recyclable 
Drop-Off  11,119   9,412   9,412   11,120   755   3,193  

Collection 
R2-Recyclable 
Drop-Off  997   1,048   1,048   997   3,011   

Collection 
MF1-Recyclable 
Drop-Off  3,448   3,448   3,448   3,279   380   539  

Collection MF1-Residuals  39,809   39,809   39,809   39,979   4,950   6,036  
Collection C1-Mixed Waste  176,085   176,085   176,085   176,085   30,584   42,970  
Transfer Mixed Waste  15,713   15,662   15,662   15,713   8,859   

Transfer Pre-Sorted  997   -    1,048   997   755   
MRF Mixed Waste  239,109   372,163   372,163  250,779   79,733   104,987  
MRF Presorted  15,564   13,908   13,908   15,395   4,146   3,731  
Treatment Combustion  234,358   170,280   211,354  231,608   30,089   53,364  
Disposal Landfill  107,299   144,738   101,946   107,307   42,766   35,452  
Disposal Ash-landfill  37,589   26,016   34,135   36,965   3,913   8,693  
*: R1: Residential Sector 1; MF1: Multi-family Sector 1; Commercial Sector 1 

 

Table IV-22  Cost and Environmental Emissions of Strategies (Iteration III) 

New Castle 

Criteria Units 1 2 3 4 Kent  Sussex 

Cost $/yr 5.00E+07 4.72E+07 5.00E+07 5.00E+07 2.20E+07 3.80E+07 
Energy 
Consumption MBTU/yr -2.90E+06 -2.90E+06 -3.16E+06 -2.92E+06 -4.15E+05 -6.20E+05 
Total Particulate 
Matter lbs/yr -6.03E+05 -6.04E+05 -6.57E+05 -6.09E+05 -1.43E+05 -3.36E+05 

Nitrogen Oxides lbs/yr -9.38E+05 -1.06E+06 -1.15E+06 -9.55E+05 -1.07E+04 -2.03E+04 

Sulfur Oxides lbs/yr -2.79E+06 -2.76E+06 -2.97E+06 -2.80E+06 -4.60E+05 -6.93E+05 

Carbon Monoxide lbs/yr 6.94E+05 -1.93E+05 -2.19E+05 6.16E+05 3.66E+05 3.27E+05 
Carbon Dioxide 
Biomass lbs/yr 5.65E+08 5.30E+08 5.60E+08 5.64E+08 1.04E+08 1.48E+08 
Carbon Dioxide 
Fossil lbs/yr -3.20E+08 -2.65E+08 -2.80E+08 -3.17E+08 -4.25E+07 -4.05E+07 
Green House 
Equivalents lbs/yr -3.70E+04 -2.55E+04 -3.15E+04 -3.65E+04 -2.48E+03 -3.00E+03 

Methane  lbs/yr 2.33E+06 3.72E+06 2.36E+06 2.34E+06 1.16E+06 8.79E+05 

Diversion  % 62.9 56.0 65.1 63.0 44.5 59.7 

 

The next step in the decision making analysis was to obtain preferences on 

the manner in which individual waste items are processed through the unit 
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operations.  A mixed waste MRF was used extensively in the strategies generated 

in Iteration III.  The mass of each recyclable recovered in each sector for the 

alternatives described in Table IV-20 is given in Tables IV-23 – IV-25.  The major 

reason for consideration of the recovery of recyclables at each sector was the need 

for decisions concerning the specific items to include in residential and multi-

family recycling programs.  Although, the items recycled through the mixed waste 

MRF are not dictated by any program, we still include the analysis of the itemized 

waste flows through the mixed waste MRF.  Table IV-23 summarizes the waste 

items collected in the commercial sector and then recovered at the mixed waste 

MRF.  Tables IV-24 and IV-25 summarize the waste items collected in the 

multifamily sector and recovered at the mixed waste and the pre-sorted MRFs, 

respectively.  Tables IV-26 and IV-27 summarize the waste items collected in the 

residential sector and then recovered in the mixed waste and the pre-sorted 

MRFs, respectively.  Although, major recyclables were recovered in both mixed 

waste and pre-sorted MRFs, the types of waste items that were being recycled 

were not distinct across the strategies analyzed.  Thus, we decided to conclude 

the iterations; however it was still necessary to select a SWM plan for New Castle 

County from among the four alternatives.   
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Table IV-23  Waste Items (tons/yr) Recycled in Mixed Waste MRF in 
Commercial Sector (Iteration III)  

 New Castle   
 1 2 3 4 Kent Sussex 

Total Mass Processed 44687 176085 176085 56188 30584 42970 
Total Mass Recycled 10009 39441 39587 12632 2046 9625 
Old Newsprint 489 1926 1926 615 335 470 
Old Corrugated Cardboard 8692 34248 34248 10928 1144 8358 
PET 45 179 179 57 31 44 
Ferrous Cans 177 699 699 223 121 171 
Aluminum Cans 178 703 703 224 122 172 
Glass - Clear 312 1228 1228 392 213 300 
Glass - Brown 116 458 458 146 80 112 
Glass - Green 0 0 147 47 0 0 

Table IV-24  Waste Items (tons/yr) Recycled in Mixed Waste MRF in Multi-
Family Sector (Iteration III) 

 New Castle   
 1 2 3 4 Kent Sussex 

Total Mass Processed 39809 39809 39809 39979 4950 6036 
Total Mass Recycled 4664 4648 4779 4872 632 719 
Old Newsprint 1393 1393 1393 1393 217 212 
Old Corrugated Cardboard 761 761 761 854 105 126 
3rd Class Mail 0 0 0 0 0 0 
HDPE - Translucent 111 111 111 111 14 17 
HDPE - Pigmented 263 263 263 263 32 40 
PET 115 115 115 115 14 17 
Ferrous Cans 506 506 506 506 62 77 
Aluminum Cans 106 106 106 106 13 16 
Aluminum - Other #1 85 85 85 85 10 13 
Glass - Clear 965 965 965 965 119 147 
Glass - Brown 360 344 360 360 44 55 
Glass - Green 0 0 115 115 0 0 

Table IV-25  Waste Items (tons/yr) Recycled in Pre-sorted MRF in Multi-Family 
Sector (Iteration III) 

 New Castle   
 1 2 3 4 Kent Sussex 

Total Mass Processed 3448 3448 3448 3279 380 539 
Total Mass Recycled 3448 3448 3448 3279 380 539 
Old Newsprint 1928 1928 1928 1928 155 293 
Old Corrugated Cardboard 170 170 170 0 0 8 
3rd Class Mail 0 0 0 0 59 33 
HDPE - Translucent 94 94 94 94 12 14 
HDPE - Pigmented 24 24 24 24 3 4 
PET 82 82 82 82 10 13 
Ferrous Cans 111 111 111 111 14 17 
Aluminum Cans 233 233 233 233 29 35 
Aluminum - Other #1 3 3 3 3 0 0 
Glass - Clear 539 539 539 539 66 82 
Glass - Brown 201 201 201 201 25 31 
Glass - Green 64 64 64 64 8 10 
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Table IV-26  Waste Items (tons/yr) Recycled in Mixed Waste MRF in Residential 
Sector (Iteration III) 

 New Castle   
 1 2 3 4 Kent Sussex 

Total Mass Processed 154613 156269 156269 154613 44199 55981 
Total Mass Recycled 14176 13056 14497 14258 4200 5828 
Old Newsprint 4227 4227 4227 4227 1255 1916 
Old Corrugated Cardboard 2337 2309 2309 2337 685 878 
3rd Class Mail 0 0 0 0 0 0 
HDPE - Translucent 336 336 336 336 100 141 
HDPE - Pigmented 796 796 796 796 236 296 
PET 349 349 349 349 104 144 
Ferrous Cans 1534 1534 1534 1534 455 583 
Aluminum Cans 323 323 323 323 96 163 
Aluminum - Other #1 257 257 257 257 76 95 
Glass - Clear 2926 2926 2926 2926 869 1174 
Glass - Brown 1092 0 1092 1092 324 438 
Glass - Green 0 0 349 81 0 0 

Table IV-27  Waste Items (tons/yr) Recycled in Pre-sorted MRF in Residential 
Sector (Iteration III) 

 New Castle   
 1 2 3 4 Kent Sussex 

Total Mass Processed 12116 10460 10460 12116 3766 3193 
Total Mass Recycled 12116 10460 10460 12116 3766 3193 
Old Newsprint 5848 5848 5848 5848 1736 1472 
Old Corrugated Cardboard 463 515 515 463 153 129 
3rd Class Mail 1708 0 0 1708 661 560 
HDPE - Translucent 284 284 284 284 84 71 
HDPE - Pigmented 73 73 73 73 22 18 
PET 250 250 250 250 74 63 
Ferrous Cans 337 337 337 337 100 85 
Aluminum Cans 707 707 707 707 210 178 
Aluminum - Other #1 10 10 10 10 3 2 
Glass - Clear 1634 1634 1634 1634 485 411 
Glass - Brown 610 610 610 610 181 153 
Glass - Green 195 195 195 195 58 49 

 

The DM once again looked at the cost, environmental emissions and 

diversion values of the New Castle County strategies, and decided to select the 

alternative with the least energy consumption and the highest diversion level.  

Table IV-28 summarizes the waste flows through the unit operations in the best 

compromise strategy as selected by the DM, and Table IV-29 summarizes the 

corresponding cost and emissions values.   
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Table IV-28  Waste Flows (tons/yr) through Unit Operations of the Best 
Compromise Strategy 

Sector  Unit Process* 
New 

Castle Kent Sussex 
Collection R1-Residuals 140,608   8,859   37,470  
Collection R2-Residuals 15,662   35,340   
Collection R1-Mixed Waste    18,511  

Collection 
R1-Recyclable Drop-
Off 9,412   755   3,193  

Collection 
R2-Recyclable 
Drop-Off 1,048   3,011   

Collection 
MF1-Recyclable 
Drop-Off 3,448   380   539  

Collection MF1-Residuals 39,809   4,950   6,036  
Collection C1-Mixed Waste 176,085   30,584   42,970  
Transfer Mixed Waste 15,662   8,859   
Transfer Pre-Sorted 1,048   755   
MRF Mixed Waste 372,163   79,733  104,987  
MRF Presorted 13,908   4,146   3,731  
Treatment Combustion 211,354   30,089   53,364  
Disposal Landfill 101,946   42,766   35,452  
Disposal Ash-landfill 34,135   3,913   8,693  
*: R1: Residential Sector 1; MF1: Multi-family Sector 1; Commercial Sector 1 
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Table IV-29  Cost and Environmental Emissions of Best Compromise Strategy 

Criteria Units New Castle Kent Sussex Delaware 

Cost $/yr 5.00E+07 2.20E+07 3.80E+07 1.10E+08 
Energy 
Consumption MBTU/yr -3.16E+06 -4.15E+05 -6.20E+05 -4.20E+06 
Total Particulate 
Matter lbs/yr -6.57E+05 -1.43E+05 -3.36E+05 -1.14E+06 

Nitrogen Oxides lbs/yr -1.15E+06 -1.07E+04 -2.03E+04 -1.18E+06 

Sulfur Oxides lbs/yr -2.97E+06 -4.60E+05 -6.93E+05 -4.12E+06 

Carbon Monoxide lbs/yr -2.19E+05 3.66E+05 3.27E+05 4.73E+05 
Carbon Dioxide 
Biomass lbs/yr 5.60E+08 1.04E+08 1.48E+08 8.13E+08 
Carbon Dioxide 
Fossil lbs/yr -2.80E+08 -4.25E+07 -4.05E+07 -3.63E+08 
Green House 
Equivalents lbs/yr -3.15E+04 -2.48E+03 -3.00E+03 -3.70E+04 

Methane  lbs/yr 2.36E+06 1.16E+06 8.79E+05 4.39E+06 

Diversion % 65.1 44.5 59.7 60.7 

 

As a summary, the best compromise state-wide SWM strategy diverts a total 

of 60.7%.  To achieve a 60.7% state-wide diversion, the best compromise state-

wide diversion strategy diverts 65.1%, 44.5%, 59.7% from New Castle, Kent and 

Sussex Counties, respectively.  In the state-wide strategy, recyclables are 

recovered through drop-off programs and a mixed waste MRF.  The materials 

that are not recovered in the mixed waste MRF are sent to a combustion facility.   

V Discussion 

The evaluation of SWM strategies using the MCDM procedure led to multiple 

observations as summarized in this section.   

At the first meeting with the DM, the DM was asked whether he would prefer 

a uniform strategy throughout the state.  The DM was aware of the fact that there 

are many difficulties in applying global solutions to local circumstances.  For 

example, the cost and environmental performance of a strategy with curbside 
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recycling in a rural area may not be as effective as a similar program in an 

urbanized area.  With these considerations in mind, the DM decided to consider 

SWM strategies generated for each county without the uniformity restriction.  As 

a result, the selected strategies for each county differed from each other.  If the 

decision making procedure were to be conducted by DMs from DSWA, the 

outcomes might have been different.  For example, recommending different 

SWM strategies in each county could result in strong opposition as interest 

groups from each county would likely expect the same SWM options as those 

used in the other counties.   

When challenged with the assertion that an uneven SWM strategy across 

counties might be problematic, the DM stated that the DSWA might move 

towards an equitable strategy in which resources would be divided in an 

equitable manner across each county.   

The machine learning algorithms, more specifically the data mining 

algorithms embedded in the MCDM method, were useful during elicitation of the 

implicit preference information.  The hidden patterns and the trends among the 

solutions were discovered via association rule mining algorithms.  The 

preferences of the DM were represented in the decision rules identified by these 

algorithms.  The decision rules that relate the use of certain facilities to the 

selection information were screened and presented to the DM, who verified that 

these rules were representative of his preferences.  The clustering algorithms 

were able to successfully identify regions of the Pareto Front that constrained a 

solution matching the DM’s preferences.   
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In Iteration II, the selected and verified decision rules suggested the 

elimination of commercial pre-sorted recycling, and the use of drop-off programs 

only for recycling in the residential and multifamily sectors.  The DM was 

satisfied with these outcomes, as he preferred to eliminate minor programs when 

their cost and environmental performance were not adding much value to the 

overall SWM strategy.  Similarly, the MGA alternatives generated in Iteration II 

resulted in the utilization of curbside recycling options.  The DM again ruled out 

curbside recycling as no environmental savings were observed while the cost 

significantly increased.     

The DM did not want to eliminate, however, all recycling programs at once.  

When we analyzed an alternative with no recycling program at all, the DM 

decided to leave out this solution.  Although he would like to eliminate minor 

programs, the DM thought that eliminating all recycling programs, including 

drop-off, in favor of waste-to-energy, might lack public support.  Given the 

citizens’ attitudes towards recycling, any option with no recycling was considered 

by the DM to be extreme.   

During the decision making process, the preferences and the views of the DM 

on  recycling, yard waste composting and waste-to-energy changed significantly.  

The analysis of the Pareto front region demonstrated that implementation of 

curbside recycling and yard waste composting were not necessarily the best way 

to achieve emission savings and increase diversion.  In Iteration I, Case 1, a cost-

effective strategy utilized combustion and pre-sorted recycling to achieve a 40% 

state-wide diversion.  This strategy resulted in a 99% reduction in GHE emissions 

with only a 1% increase in cost from the base case.  In Case 2, another cost-
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effective strategy included a ban on the disposal of yard waste in landfills, which 

resulted in only a 43% reduction in GHE emissions with a 36% increase in cost 

relative to the base case.   

V.1  Debriefing the DM 

After the decision making process was completed, the DM was debriefed to 

evaluate the utilization of the MCDM method.  (The questions asked during the 

debriefing are listed in Appendix E.)  This section describes the insights gained 

from this debriefing.   

During the first couple of meetings, the DM mostly focused in the decision 

space.  He suggested starting the decision making process from a strategy that he 

already had in mind.  The DM did not pay attention to cost and emissions of 

waste management program choices, i.e. objective space wasanalyzed later.  In 

subsequent iterations, as the DM captured the relationship between the objective 

and decision space, we focused more on cost and emissions.  In conclusion, the 

DM indicated that he was surprised to see significant changes in cost and 

emissions among the different management programs.   

In a typical decision making environment, the use of decision support tools is 

limited by the education of the DM, the analyst, and indirectly the education of 

the community.  Thus, the final decision would be acceptable to the community.  

The DM emphasized that decision making in the solid waste area in the U.S. is 

not centralized.  Although the utilization of decision support tools would be much 

easier and efficient in a centralized decision making environment, decisions 

proposed by a centralized unit are in generally less trusted and accepted.  Thus, 
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while the application of such quantitative decision making methods are 

beneficial, they would face practical challenges when applying to cases with many 

decision makers.   

The DM found his understanding of and confidence in the method improve 

after each iteration of the decision making process.  This was aided by (1) his 

increased understanding of the SWM system and the SWM-LCI model, and (2) 

an improved understanding of the relationships between mass flows, costs and 

emissions.  For example, when a waste management unit operation is included or 

excluded from the system, the DM was able to understand the changes in cost 

and emissions.   

During the initial iterations, the mass flows were presented in bar charts and 

graphs, and the cost and emissions were presented as the percent changes from 

the base case.  As iterations progressed, and the DM became increasingly familiar 

with the system, he was more comfortable working with tables of numbers.   

V.2  Extending the Method to Group Decision Making 

Although the demonstration of the method was conducted only with a single 

decision maker in this study, the new MCDM procedure could be extended to 

multiple decision makers.  Iteratively interacting with multiple DMs to elicit and 

capture the collective preference information poses many practical challenges.  A 

plausible approach to implement the MCDM method is to let the analyst interact 

with a technical point-person, who has expertise in the problem domain being 

studied.  This technical point-person would be the liaison to the group of DMs.  

The role of this point-person would be to filter the information generated by the 
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analyst to present to the group of DMs, as well as to assimilate and represent the 

groups’ collective preference about the alternatives being presented. 

VI Conclusion 

The MCDM methodology developed and described in Chapter 2 was used to 

select a SWM strategy for the State of Delaware through the evaluation of 

multiple different SWM alternatives.  The head of the Solid Waste Section of the 

Division of Waste Management in the NC Department of Environment and 

Natural Resources acted as a surrogate DM for the State of Delaware.  The DM 

was involved in evaluating different SWM strategies while considering 

quantitative representations of conflicting objectives such as cost, environmental 

performance and landfill diversion.  Initial preferences of the DM were 

incorporated into the SWM-LCI model to begin the iteration process.  The 

selected recyclables and waste collection programs and waste processing facilities 

were evaluated by the DM at each iteration.  The preferences and views of the DM 

on waste management programs and the best ways to achieve landfill diversion 

evolved during the iterative process, progressively changing the Pareto front 

region that was analyzed.  Fortunately, the method was flexible to accommodate 

the changes in preferences.   

The MGA feature enabled the analysis of distinct alternatives while keeping 

the values of the quantitative objectives within an acceptable range.  

Furthermore, the explicit preferences of the DM were captured via machine 

learning algorithms.  The decision rules generated were used to further constrain 

the model.  The cost and the emission values of the preferred solutions and the 
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undesired solutions were grouped statistically to determine the corresponding 

mean cost and emission values.  The clustering analysis was helpful in identifying 

preferred regions on the Pareto front.   

The application of the MCDM methodology was successfully demonstrated in 

identifying a solid waste management plan based on a real case study for the 

State of Delaware, while considering multiple quantitative and qualitative 

criteria.  The DM was able to converge to the best compromise solution in 

approximately six hours over four iterations.  The DM was satisfied with the 

procedure used to evaluate the alternatives.  The DM commented positively about 

the value of this approach and suggested that decision makers would benefit from 

such structured methods when evaluating alternatives with multiple objectives as 

illustrated by this study.  While, the process may take longer in an actual decision 

making application, the methods demonstrated in this study suggest that the 

MCDM approach can help decision makers reach the best compromise solution 

efficiently.     
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Chapter 6 

Conclusions 

This dissertation research focused on the development of a multiple criteria 

decision making (MCDM) method and the utilization of that method for 

identifying the best compromise strategy for a public sector planning problem.   

A public sector planning and management case study was conducted for the 

Delaware Solid Waste Authority (DSWA), which manages all the municipal solid 

waste for the State of Delaware.  The complex, multi-county solid waste 

management system for the whole state was modeled and represented in the 

SWM-LCI model.  Chapters 3 and 4 described this case study.  Alternative SWM 

strategies generated for the State of Delaware included many combinations of 

different waste management processes that were utilized at varying levels to meet 

an array of cost and environmental goals (such as waste diversion from landfills 

and energy consumption).  This study also generated the noninferior tradeoff 

relationships among the many competing objectives, for example, cost versus 

GHE emissions.   

At the conclusion of this case study, many alternatives were presented to the 

DSWA.  The strategies were analyzed for trends in cost, environmental 

performance, and waste flows through selected waste management processes.  

While detailed observations and findings are described in Chapters 3 and 4, the 

key findings of the case study are summarized below.   
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• The optimum SWM strategies for urban areas were different than the 

optimum SWM strategies for rural areas.   

• A uniform SWM strategy throughout the state showed an overall 

ineffectiveness with respect to both cost and environmental performance.  

Contrary to this observation, political and social considerations may lead to 

a uniform SWM strategy being implemented in all three counties.   

• Many counter-intuitive insights were observed based on the analysis of the 

many SWM strategies.  For example, the use of combustion as a means of 

treating the waste provided a more cost-effective and environmentally 

effective way to divert waste from landfills than the use of curbside 

recycling.   

DSWA is planning to utilize the results and findings from this case study in 

an elaborate decision making process through which a new SWM strategy for the 

state will be identified.  This will include the participation of board members and 

DSWA personnel, as well as numerous stakeholder groups that are invited to 

participate in public meetings.  We demonstrated, through an illustrative study 

involving a single decision maker, the application of the new MCDM method to 

identify the best compromise solution for the State of Delaware.   

Chapter 2 describes the new MCDM method in which we investigated 

contemporary methodologies for eliciting the preferences of a decision maker 

(DM).  Machine learning methods, more specifically data mining procedures, 

were utilized to identify a set of decision rules that collectively represents the 

implicit preferences of a DM based on the preferences assigned to an array of 

potential solutions explored.  The new interactive MCDM method integrates 
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these data mining methods along with techniques for multiobjective optimization 

and Modeling-to-Generate Alternatives (MGA) (Brill et al., 1982) to assist a DM 

converge to the best compromise solution after considering multiple decision 

criteria.   

Chapter 5 presents the results from an application of the MCDM method in 

which a single DM participated in a decision making process to identify a best 

compromise solution for the Delaware SWM case study.  The key findings from 

the MCDM methodological investigations reported in Chapters 2 and 5 are 

summarized below.   

• During the decision making process, the preferences and views of the DM 

on cost and environmental implications of waste management practices 

and the best ways to achieve waste diversion from landfills transformed 

significantly as the DM was exposed to increasing numbers of SWM 

alternatives.  The MCDM method presented in this dissertation was 

sufficiently flexible to accommodate adaptively the changes in the DM’s 

preferences.   

• The rules extracted and identified by the data mining algorithms were 

verified by the DM to represent appropriately his implicit preferences.  For 

instance, the DM’s implicit preference to not allow the use of commercial 

pre-sorted recycling option in the SWM strategy was captured via one of 

the decision rules.   

• The decision rules helped to efficiently organize the DM’s preferences and 

incorporate in subsequent generations of SWM alternatives by specifying 
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appropriate sets of constraints within the SWM-LCI model during the 

MCDM process.   

• The clustering analysis, which was performed on the cost and emission 

values of the preferred strategies, was found to be useful in defining the 

DM’s most-preferred regions in the objective space.   

• The study demonstrated that the method successfully converged to the best 

compromise solution that was acceptable to the DM.  This best 

compromise solution and the rules that were generated to represent the 

preferences of the decision maker were confirmed to be reflective of the 

personal preferences of the DM.   

Using the MCDM method developed in this research, the best compromise 

strategy was identified within four iterations.  The application yielded promising 

results, and the DM indicated that the experience was pleasant and useful.  The 

DM also indicated interest in using this approach for other environmental 

management decision making problems, and suggested that he would encourage 

others to utilize this MCDM approach.  The data mining algorithms used in this 

procedure were successful in the context of generating decision rules for the solid 

waste management planning problem used for this study.  Of course, depending 

on the problem context, the person playing the role of the decision maker, and 

the details of the case study, different data mining algorithms may be required 

and could be tested.  Thus, the preference elicitation component of the MCDM 

procedure must be tailored to fit the problem and the circumstances associated 

with the decision making process.   
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The research conducted in this dissertation can be extended in many 

different directions.  One direction would be to reinforce the theory of the new 

MCDM method by testing different machine learning algorithms.  Based on the 

single illustration presented in this study, it is not appropriate to claim that this 

method is applicable to every problem; however, it showed great potential for 

application in many environmental planning and management problems.  Thus, 

further research to evaluate the applicability of this method to other 

environmental management and decision making problems is warranted.  While 

such applications would provide the necessary empirical findings to fine tune the 

MCDM method, development of a completely generic method would be a 

demanding and intricate process.  Instead of allocating time and resources to 

developing the best generic method, the resources should be diverted to focus 

more on the development and improvement of methods to fit existing problems 

for which decision support models already exist.  Finally, work could be done to 

implement and test the new MCDM method when DSWA goes through their 

decision making process to identify the Delaware State SWM plan for the next 

decade. 
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APPENDIX A 

Computer Outputs from WEKA for Chapter 2 
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data 1OCT is used.  the strategies with mixed waste MRF and commingled MRF are 
selected as preferred. 
 
=== Run information === 
 
Scheme:       weka.associations.Tertius -K 10 -F 0.0 -C 0.0 -N 1.0 -L 4 -G 0 -c 0 -I 0 -p -P 0 
Relation:     data 1OCT-weka.filters.unsupervised.attribute.NumericToBinary-
weka.filters.unsupervised.attribute.RemoveUseless-M99.0 
Instances:    13 
Attributes:   7 
              Mixed-TR_binarized 
              Comm-TR_binarized 
              Presorted-TR_binarized 
              Mixed-MRF_binarized 
              Comm-MRF_binarized 
              Compost_binarized 
              Preferred 
=== Associator model (full training set) === 
 
 
Tertius 
======= 
 
 1. /* 0.994092 0.000000 */ Mixed-MRF_binarized = 0 ==> Preferred = NO 
 2. /* 0.994092 0.000000 */ Preferred = NO ==> Mixed-MRF_binarized = 0 
 3. /* 0.665845 0.000000 */ Comm-TR_binarized = 0 and Compost_binarized = 0 ==>Comm-
MRF_binarized = 0 
 4. /* 0.547619 0.076923 */ Mixed-MRF_binarized = 1 ==> Presorted-TR_binarized = 0 or Comm-
MRF_binarized = 1 
 5. /* 0.547619 0.076923 */ Preferred = YES ==> Presorted-TR_binarized = 0 or Comm-MRF_binarized = 
1 
 6. /* 0.544415 0.000000 */ Mixed-MRF_binarized = 0 ==> Comm-MRF_binarized = 0 
 7. /* 0.544415 0.000000 */ Preferred = NO ==> Comm-MRF_binarized = 0 
 8. /* 0.524946 0.076923 */ Comm-TR_binarized = 0 and Presorted-TR_binarized = 1 ==> 
Compost_binarized = 1 or Preferred = NO 
 9. /* 0.524946 0.076923 */ Comm-TR_binarized = 0 and Presorted-TR_binarized = 1 ==> Mixed-
MRF_binarized = 0 or Compost_binarized=1 
10. /* 0.524415 0.000000 */ Comm-MRF_binarized = 0 ==> Comm-TR_binarized = 0 
11. /* 0.516001 0.230769 */ Mixed-TR_binarized = 0 ==> Mixed-MRF_binarized = 1 or 
Compost_binarized = 1 
12. /* 0.516001 0.230769 */ Mixed-TR_binarized = 0 ==> Compost_binarized = 1 or Preferred = YES 
13. /* 0.516001 0.230769 */ Comm-MRF_binarized = 0 ==> Preferred = NO 
14. /* 0.516001 0.230769 */ Comm-MRF_binarized = 0 ==> Mixed-MRF_binarized = 0 
15. /* 0.484466 0.000000 */ Mixed-MRF_binarized = 1 ==> Mixed-TR_binarized = 0 
16. /* 0.484466 0.000000 */ Preferred = YES ==> Mixed-TR_binarized = 0 
17. /* 0.479854 0.076923 */ Comm-TR_binarized = 0 ==> Comm-MRF_binarized = 0 
18. /* 0.464327 0.307692 */ Mixed-TR_binarized = 0 ==> Mixed-MRF_binarized = 1 
19. /* 0.464327 0.307692 */ Mixed-TR_binarized = 0 ==> Preferred = YES 
 
Number of hypotheses considered: 3752 
Number of hypotheses explored: 2010 
Time: 00 min 00 s 210 ms 
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data 1OCT is used.  the strategies with mixed waste MRF and commingled MRF are 
selected as preferred. 
 
=== Run information === 
 
Scheme:       weka.associations.PredictiveApriori -N 15 
Relation:     data 1OCT-weka.filters.unsupervised.attribute.NumericToBinary-
weka.filters.unsupervised.attribute.RemoveUseless-M99.0 
Instances:    13 
Attributes:   7 
              Mixed-TR_binarized 
              Comm-TR_binarized 
              Presorted-TR_binarized 
              Mixed-MRF_binarized 
              Comm-MRF_binarized 
              Compost_binarized 
              Preferred 
=== Associator model (full training set) === 
 
 
PredictiveApriori 
=================== 
 
 
Best rules found: 
 
 1. Comm-MRF_binarized=0 10 ==> Comm-TR_binarized=0 10    acc:(0.99178) 
 2. Comm-TR_binarized=0 Compost_binarized=0 9 ==> Comm-MRF_binarized=0 9   acc:(0.9906) 
 3. Mixed-MRF_binarized=0 7 ==> Comm-TR_binarized=0 Comm-MRF_binarized=0 7  acc:(0.9862) 
 4. Mixed-MRF_binarized=0 7 ==> Comm-TR_binarized=0 Preferred=NO 7    acc:(0.9862) 
 5. Preferred=NO 7 ==> Comm-TR_binarized=0 Mixed-MRF_binarized=0 7    acc:(0.9862) 
 6. Preferred=NO 7 ==> Comm-TR_binarized=0 Comm-MRF_binarized=0 7    acc:(0.9862) 
 7. Comm-TR_binarized=0 Mixed-MRF_binarized=0 7 ==> Comm-MRF_binarized=0 Preferred=NO 7    
acc:(0.9862) 
 8. Comm-TR_binarized=0 Preferred=NO 7 ==> Mixed-MRF_binarized=0 Comm-MRF_binarized=0 7    
acc:(0.9862) 
 9. Mixed-MRF_binarized=1 6 ==> Mixed-TR_binarized=0 Preferred=YES 6    acc:(0.98204) 
10. Preferred=YES 6 ==> Mixed-TR_binarized=0 Mixed-MRF_binarized=1 6    acc:(0.98204) 
11. Mixed-MRF_binarized=0 Compost_binarized=0 6 ==> Comm-MRF_binarized=0 Preferred=NO 6    
acc:(0.98204) 
12. Presorted-TR_binarized=0 5 ==> Compost_binarized=0 5    acc:(0.97528) 
13. Mixed-TR_binarized=1 3 ==> Comm-TR_binarized=0 Mixed-MRF_binarized=0 3   acc:(0.94383) 
14. Mixed-TR_binarized=1 3 ==> Comm-TR_binarized=0 Comm-MRF_binarized=0 3  acc:(0.94383) 
15. Comm-TR_binarized=0 11 ==> Comm-MRF_binarized=0 10    acc:(0.89344) 
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data 1OCT is used.  the strategies with mixed waste MRF and commingled MRF are 
selected as preferred. 
 
=== Run information === 
 
Scheme:       weka.associations.Apriori -N 10 -T 0 -C 0.9 -D 0.05 -U 1.0 -M 0.1 -S -1.0 
Relation:     data 1OCT-weka.filters.unsupervised.attribute.NumericToBinary-
weka.filters.unsupervised.attribute.RemoveUseless-M99.0 
Instances:    13 
Attributes:   7 
              Mixed-TR_binarized 
              Comm-TR_binarized 
              Presorted-TR_binarized 
              Mixed-MRF_binarized 
              Comm-MRF_binarized 
              Compost_binarized 
              Preferred 
=== Associator model (full training set) === 
 
 
Apriori 
======= 
 
Minimum support: 0.55 (7 instances) 
Minimum metric <confidence>: 0.9 
Number of cycles performed: 9 
 
Generated sets of large itemsets: 
 
Size of set of large itemsets L(1): 7 
 
Size of set of large itemsets L(2): 12 
 
Size of set of large itemsets L(3): 6 
 
Size of set of large itemsets L(4): 1 
 
Best rules found: 
 
 1. Comm-MRF_binarized=0 10 ==> Comm-TR_binarized=0 10    conf:(1) 
 2. Comm-TR_binarized=0 Compost_binarized=0 9 ==> Comm-MRF_binarized=0 9    conf:(1) 
 3. Comm-MRF_binarized=0 Compost_binarized=0 9 ==> Comm-TR_binarized=0 9    conf:(1) 
 4. Mixed-MRF_binarized=0 7 ==> Comm-TR_binarized=0 Comm-MRF_binarized=0 Preferred=NO 7    
conf:(1) 
 5. Preferred=NO 7 ==> Comm-TR_binarized=0 Mixed-MRF_binarized=0 Comm-MRF_binarized=0 7    
conf:(1) 
 6. Comm-TR_binarized=0 Mixed-MRF_binarized=0 7 ==> Comm-MRF_binarized=0 Preferred=NO 7    
conf:(1) 
 7. Comm-TR_binarized=0 Preferred=NO 7 ==> Mixed-MRF_binarized=0 Comm-MRF_binarized=0 7    
conf:(1) 
 8. Mixed-MRF_binarized=0 Comm-MRF_binarized=0 7 ==> Comm-TR_binarized=0 Preferred=NO 7    
conf:(1) 
 9. Mixed-MRF_binarized=0 Preferred=NO 7 ==> Comm-TR_binarized=0 Comm-MRF_binarized=0 7    
conf:(1) 
10. Comm-MRF_binarized=0 Preferred=NO 7 ==> Comm-TR_binarized=0 Mixed-MRF_binarized=0 7    
conf:(1) 
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This is conducted on the finding relations among the emissions and the preferences. The runs from first 
iteration is utilized.   
 
=== Run information === 
 
Scheme:       weka.clusterers.SimpleKMeans -N 2 -S 10 
Relation:     data 29SEPT-weka.filters.unsupervised.attribute.Remove-R6-15 
Instances:    13 
Attributes:   6 
              Energy 
              GHE 
              PM 
              NOX 
              SOX 
              Preferred 
Test mode:    evaluate on training data 
 
=== Model and evaluation on training set === 
 
 
kMeans 
====== 
 
Number of iterations: 3 
Within cluster sum of squared errors: 5.289586600644098 
 
Cluster centroids: 
 
Cluster 0 
 Mean/Mode:  -1359215    2857.1429 -310710.5389 -470729.8077 -1625107.0649 YES 
 Std Devs:    128153.3738    6986.3813   24787.9369  123430.0817   69938.0441 N/A          
Cluster 1 
 Mean/Mode:  -1209002.5   -2201      -296299.5767 -403725.8227 -1623274.9627 NO 
 Std Devs:    111628.4838    3557.3032   22102.279    76159.8165   76817.4583 N/A          
 
Clustered Instances 
 
0       7 ( 54%) 
1       6 ( 46%) 
 



 

 296 

APPENDIX B 

The Statistical Properties of the Uncertain Parameters Considered in Chapter 4 
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Table B-1  Uncertain Input Parameters and Their Ranges for New Castle County Scenarios: Collection Model 

Input Parameter Units 
Data 

Distribution Min 
Mode 

(middle) Max Collection Operation Sector 

number of households at one service stop hh/stop triangular 1.00 1 2 Mixed Waste Collection All residential sectors 

loading time at one service stop min/stop triangular 3.00 5 12 Recyclables Collection Commercial 

loading time at one service stop min/stop triangular 2.00 5 7 Mixed Waste Collection Commercial 

loading time at one service stop min/stop triangular 0.20 0.3 0.5 Mixed Waste Collection All residential sectors 

travel time between transfer station and garage 
min/day-
vehicle triangular 5.00 15 20 

Mixed Waste and Yard Waste 
Collection Residential Sector 1 & 2 

travel time between route and transfer station  min/trip triangular 5.00 10 25 
Mixed Waste and Yard Waste 
Collection Residential Sector 2 

travel time between MRF(S2, S3) and garage a 
min/day-
vehicle triangular 5.00 15 20 

Mixed Waste, Recyclables and Yard 
Waste Collection Residential Sector 2 

travel time between route and MRF (S2, S3) a min/trip triangular 20.00 30 45 
Mixed Waste, Recyclables and Yard 
Waste Collection Residential Sector 2 

travel time between MRF(S1, S2, S3) and garage a 
min/day-
vehicle triangular 5.00 15 20 

Mixed Waste, Recyclables and Yard 
Waste Collection 

Residential Sector 1, Multi-Family, 
Commercial 

travel time between route and MRF (S1, S2, S3) a min/trip triangular 10.00 15 30 
Mixed Waste, Recyclables and Yard 
Waste Collection Residential Sector 1, Commercial 

travel time between route and MRF (S1, S2, S3) a min/trip triangular 10.00 15 25 
Mixed Waste and Recycables 
Collection Multi-Family 

travel time between landfill and garage 
min/day-
vehicle triangular 5.00 15 20 

Mixed Waste, Recyclables and Yard 
Waste Collection 

Residential Sector 1, Multi-Family, 
Commercial 

travel time between route and landfill min/trip triangular 10.00 10 30 Mixed Waste Collection Residential Sector 1, Commercial 

travel time between route and landfill min/trip triangular 10.00 10 25 
Mixed Waste and Recycables 
Collection Multi-Family 

travel time between combustion facility and 
garage 

min/day-
vehicle triangular 5.00 15 20 Mixed Waste Collection 

Residential Sector 1, Multi-Family, 
Commercial 

travel time between route and combustion facility min/trip triangular 10.00 10 30 Mixed Waste Collection Residential Sector 1, Commercial 

travel time between route and combustion facility min/trip triangular 10.00 10 25 
Mixed Waste and Recycables 
Collection Multi-Family 

fuel usage rate while travelling b 
miles/gallo

n triangular 5.00 5 9 Mixed Waste Collection Residential, Multi-Family, Commercial 

utilization factor 

Occupied 
yd3/usable 

yd3 triangular 0.75 0.8 0.9 Mixed Waste Collection Residential, Multi-Family, Commercial 

Density in the refuse truck 
lb/cubic 

yard triangular 650 800 950 Mixed Waste Collection Residential, Multi-Family, Commercial 

a: S1: Mixed Waste Material Recovery Facility (MRF); S2: Pre-sorted MRF; S3: Commingled MRF 
b: Department of Energy, Oak Ridge National Laboratory, Transportation Energy Data Book (ORNL-6973), Oak Ridge, TN, 2004. 
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Table B-2  Uncertain Input Parameters and Their Ranges for Kent County Scenarios: Collection Model 

Input Parameter Units 
Data 

Distribution Min 
Mode 

(middle) Max Collection Operation Sector 

number of households at one service stop hh/stop triangular 1 1 2 Mixed Waste Collection Residential Sector 1 and 2 

loading time at one service stop min/stop triangular 3 5 12 Recyclables Collection Commercial 

loading time at one service stop min/stop triangular 2 5 7 Mixed Waste Collection Commercial 
travel time between transfer station and 
garage min/day-vehicle triangular 10 15 20 

Mixed Waste, Recyclables and 
Yard Waste Collection Residential Sector 1 

travel time between route and transfer 
station  min/trip triangular 10 15 30 

Mixed Waste, Recyclables and 
Yard Waste Collection Residential Sector 1 

travel time between MRF(S1, S2, S3) and 
garage a min/day-vehicle triangular 10 15 20 

Mixed Waste, Recyclables and 
Yard Waste Collection Residential Sector 1 

travel time between route and MRF (S1, 
S2, S3) a min/trip triangular 30 40 50 

Mixed Waste, Recyclables and 
Yard Waste Collection Residential Sector 1 

travel time between MRF(S1, S2, S3) and 
garage a min/day-vehicle triangular 10 15 20 

Mixed Waste and Recycables 
Collection 

Residential Sector 2, 
Multi-Family, Commercial 

travel time between route and MRF (S1, 
S2, S3) a min/trip triangular 15 20 30 

Mixed Waste and Recycables 
Collection 

Residential Sector 2, 
Commercial 

travel time between route and MRF (S1, 
S2, S3) a min/trip triangular 15 20 25 

Mixed Waste and Recycables 
Collection Multi-Family 

travel time between landfill and garage min/day-vehicle triangular 5 5 10 
Mixed Waste and Yard Waste 
Collection 

Residential Sector 2, 
Multi-Family, Commercial 

travel time between route and landfill min/trip triangular 15 30 40 
Mixed Waste and Yard Waste 
Collection 

Residential Sector 2, 
Commercial 

travel time between combustion facility 
and garage min/day-vehicle triangular 10 15 20 

Mixed Waste and Yard Waste 
Collection 

Residential Sector 2, 
Multi-Family, Commercial 

travel time between route and combustion 
facility min/trip triangular 60 80 100 

Mixed Waste and Yard Waste 
Collection 

Residential Sector 2, 
Commercial 

travel time between route and combustion 
facility min/trip triangular 60 80 90 

Mixed Waste and Recycables 
Collection Multi-Family 

fuel usage rate while travelling b miles/gallon triangular 5 5 9 Mixed Waste Collection 
Residential Sector 1and 2, 
Multi-Family, Commercial 

travel time between pre-sorted MRF and 
garage c min/day-vehicle triangular 10 15 20 

Mixed Waste and Recycables 
Collection 

Residential Sector 1, 
Multi-Family, Commercial 

travel time between route and pre-sorted 
MRF c min/trip triangular 40 60 80 

Mixed Waste and Recycables 
Collection 

Residential Sector 1, 
Multi-Family, Commercial 

a: S1: Mixed Waste Material Recovery 
Facility (MRF); S2: Pre-sorted MRF; S3: 
Commingled MRF        
b: Department of Energy, Oak Ridge National Laboratory, Transportation Energy Data Book (ORNL-6973), Oak Ridge, TN, 2004. 
c: These values are only used to represent Kent County's current practice of using a MRF in New Castle County.     
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Table B-3  Uncertain Input Parameters and Their Ranges for Sussex County Scenarios: Collection Model 

Input Parameter Units 
Data 

Distribution Min 
Mode 

(middle) Max Collection Operation Sector 

number of households at one service stop hh/stop triangular  1 1 2 Mixed Waste Collection Residential Sector 1 

loading time at one service stop min/stop triangular  3 5 12 Recyclables Collection Commercial 

loading time at one service stop min/stop triangular  2 5 7 Mixed Waste Collection Commercial 

travel time between MRF(S1, S2, S3) and garage a 
min/day-
vehicle triangular  10 15 20 Mixed Waste and Recycables Collection 

Residential Sector 1, 
Multi-Family, Commercial 

travel time between route and MRF (S1, S2, S3) a min/trip triangular  20 30 60 Mixed Waste and Recycables Collection 
Residential Sector 1, 
Multi-Family, Commercial 

travel time between route and MRF (S1, S2, S3) a min/trip triangular  20 30 40 Mixed Waste and Recycables Collection Multi-Family 

travel time between landfill and garage 
min/day-
vehicle triangular  10 15 20 Mixed Waste and Yard Waste Collection 

Residential Sector 1, 
Multi-Family, Commercial 

travel time between route and landfill min/trip triangular  10 30 45 Mixed Waste and Yard Waste Collection 
Residential Sector 1, 
Multi-Family, Commercial 

travel time between route and landfill min/trip triangular  10 30 40 Mixed Waste and Recycables Collection Multi-Family 

travel time between combustion facility and garage 
min/day-
vehicle triangular  10 15 20 Mixed Waste and Yard Waste Collection 

Residential Sector 1, 
Multi-Family, Commercial 

travel time between route and combustion facility min/trip triangular  60 80 100 Mixed Waste and Yard Waste Collection 
Residential Sector 1, 
Commercial 

travel time between route and combustion facility min/trip triangular  60 80 90 Mixed Waste and Recycables Collection Multi-Family 

fuel usage rate while travelling b miles/gallon triangular  5 5 9 
Mixed Waste, Recyclables and Yard 
Waste Collection 

Residential Sector 1, 
Multi-Family, Commercial 

travel time between Pre-sorted MRF and garage c 
min/day-
vehicle triangular  10 15 20 Mixed Waste and Recycables Collection 

Residential Sector 1, 
Multi-Family, Commercial 

travel time between route and pre-sorted MRF c min/trip triangular  60 80 100 Mixed Waste and Recycables Collection 
Residential Sector 1, 
Commercial 

travel time between route and pre-sorted MRF c min/trip triangular  60 80 90 Mixed Waste and Recycables Collection Multi-Family 

a: S1: Mixed Waste Material Recovery Facility (MRF); S2: Pre-sorted MRF; S3: Commingled MRF  
b: Department of Energy, Oak Ridge National Laboratory, Transportation Energy Data Book (ORNL-6973), Oak Ridge, TN, 2004. 
c: These values are only used to represent Sussex County's current practice of using a MRF in New Castle County.   



 

 300 

 

TABLE B4  Uncertain Input Parameters and Their Ranges for Data Utilized in New Castle, Kent and Sussex Counties 

MRF and Recyclable Revenues   

Input Parameter Units Data Distribution Min Mode (middle) Max   

Baler's electricity usage kwh/ton triangle  10 12 14   

Picker Wage Rate $/hr triangle  6.00 8.21 12   

Bag opener Wage Rate $/hr triangle  6.00 8.21 12   

Driver Wage Rate $/hr triangle  10.00 14 18   

    Data Distribution Mean Uncertainty Range, ±% Standard Deviation*   

Utility Cost Rate $/ton recovered Normal 1.73 30% 0.26   

Market Prices by Item   

Old Newsprint $/ton Normal 18 20% 1.84   

Old Corr. Cardboard $/ton Normal 25 20% 2.55   

Office Paper $/ton Normal 80 20% 8.16   

Phone Books $/ton Normal 74 20% 7.55   

Books $/ton Normal 41 20% 4.18   

Old Magazines $/ton Normal 50 20% 5.10   

3rd Class Mail $/ton Normal 50 20% 5.10   

Mixed Paper $/ton Normal 74 20% 7.55   

HDPE - Translucent $/ton Normal 57 20% 5.82   

HDPE - Pigmented $/ton Normal 57 20% 5.82   

PET $/ton Normal 57 20% 5.82   

Mixed Plastic $/ton Normal 40 20% 4.08   

Ferrous Cans $/ton Normal 16 20% 1.63   

Ferrous Metal - Other $/ton Normal 16 20% 1.63   

Aluminum Cans $/ton Normal 927 20% 94.59   

Glass - Clear   $/ton Normal 20 20% 2.04   

Glass - Brown  $/ton Normal 10 20% 1.02   

Glass - Green  $/ton Normal 9 20% 0.92   

Mixed Glass  $/ton Normal 10 20% 1.02   
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TABLE B4  Uncertain Input Parameters and Their Ranges for Data Utilized in New Castle, Kent and Sussex Counties (con’td)   

Combustion   

Input Parameter Units Data Distribution Min Mode (middle) Max 
  

Heat rate BTU/kWh triangular dist 16000 18000 20000   

Electricity Revenue $/kwh triangular dist 0.0278 0.0278 0.06   

Unit WTE O&M Cost $/yr/(design tons/yr) normal 64 20% 6.55   

 

TABLE B-5  Uncertain Input Parameters and Their Ranges for Data Utilized in New Castle, Kent and Sussex Counties 
REMANUFACTURING 

Emissions Per Ton of Aluminum Ingot 

Atmospheric Emissionsa 
Virgin - Reman, 

lb/tonb Data Distribution Mean 
Uncertainty Range, 

±% Standard Deviationc 
Particulates (Total) 63.34 Normal 63.34 50% 16.16 
Nitrogen Oxides 62.77 Normal 62.77 50% 16.01 
Sulfur Oxides 181.97 Normal 181.97 30% 27.85 
Carbon Monoxide 108.58 Normal 108.58 50% 27.70 
CO2 (non biomass) 20529 Normal 20529.00 35% 3665.97 
Lead 0.000549 Normal 0.00 50% 0.00 
Methane 34.93 Normal 34.93 50% 8.91 

Emissions Per Ton of Steel 

Atmospheric Emissionsa 
Virgin - Reman, 

lb/tonb Data Distribution Mean 
Uncertainty Range, 

±% Standard Deviationc 
Particulates (Total) 11.9 Normal 11.90 50% 3.04 
Nitrogen Oxides 1.99 Normal 1.99 50% 0.51 
Sulfur Oxides 4.23 Normal 4.23 30% 0.65 
Carbon Monoxide 29.17 Normal 29.17 50% 7.44 
CO2 (non biomass) 2450 Normal 2450 35% 437.51 
Lead -0.001644 Normal 0.00 50% 0.00 
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Methane 2.04 Normal 2.04 50% 0.52 

Emissions Per Ton of Corrugated Containers 

Atmospheric Emissionsa 
Virgin - Reman, 

lb/tonb Data Distribution Mean 
Uncertainty Range, 

±% Standard Deviationc 
Particulates (Total) 2.51 Normal 2.51 50% 0.64 
Nitrogen Oxides 12.6 Normal 12.60 50% 3.21 
Sulfur Oxides 14.4 Normal 14.40 30% 2.20 
Carbon Monoxide 35.35 Normal 35.35 50% 9.02 
CO2 (non biomass) -243.2 Normal -243.20 35% -43.43 
Lead 0.002011 Normal 0.00 50% 0.00 
Methane -0.77 Normal -0.77 50% -0.20 

Emissions Per Ton of Newsprint 

Atmospheric Emissionsa 
Virgin - Reman, 

lb/tonb Data Distribution Mean 
Uncertainty Range, 

±% Standard Deviationc 
Particulates (Total) 2.99 Normal 2.99 50% 0.76 
Nitrogen Oxides 9.4687 Normal 9.47 50% 2.42 
Sulfur Oxides 19.919975 Normal 19.92 30% 3.05 
Carbon Monoxide 7.81 Normal 7.81 50% 1.99 
CO2 (non biomass) 2021 Normal 2021.00 35% 360.90 
Lead 0.000534 Normal 0.00 50% 0.00 
Methane 4.4 Normal 4.40 50% 1.12 

Emissions Per Ton of Glass 

Atmospheric Emissionsa 
Virgin - Reman, 

lb/tonb Data Distribution Mean 
Uncertainty Range, 

±% Standard Deviationc 
Particulates (Total) 7.09 Normal 7.09 50% 1.81 
Nitrogen Oxides 1.33 Normal 1.33 50% 0.34 
Sulfur Oxides 3.51 Normal 3.51 30% 0.54 
Carbon Monoxide 0.79 Normal 0.79 50% 0.20 
CO2 (non biomass) 711 Normal 711.00 35% 126.97 
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Lead 0.0000077 Normal 0.00 50% 0.00 
Methane 4.6 Normal 4.60 50% 1.17 

Emissions Per Ton of Office Paper  

Atmospheric Emissionsa 
Virgin - Reman, 

lb/tonb Data Distribution Mean 
Uncertainty Range, 

±% Standard Deviationc 
Particulates (Total) 7.53589129 Normal 7.54 50% 1.92 
Nitrogen Oxides 3.44328869 Normal 3.44 50% 0.88 
Sulfur Oxides -0.867830972 Normal -0.87 30% -0.13 
Carbon Monoxide -0.347 Normal -0.35 50% -0.09 
CO2 (non biomass) -885.1 Normal -885.10 35% -158.06 
Lead -1.17116E-06 Normal 0.00 50% 0.00 
Methane -1.028440704 Normal -1.03 50% -0.26 

Emissions Per Ton of Magazines/3rd Class Mail  

Atmospheric Emissionsa 
Virgin - Reman, 

lb/tonb Data Distribution Mean 
Uncertainty Range, 

±% Standard Deviationc 
Particulates (Total) -167.90 Normal 0.42 50% 0.11 
Nitrogen Oxides 0.31 Normal 0.31 50% 0.08 
Sulfur Oxides 0.80 Normal 0.80 30% 0.12 
Carbon Monoxide 0.02 Normal 0.02 50% 0.01 
CO2 (non biomass) 52.00 Normal 52.00 35% 9.29 
Lead 0.00 Normal 0.00 50% 0.00 
Methane 0.06 Normal 0.06 50% 0.02 

Emissions  Per Ton of Phonebooks 

Atmospheric Emissionsa 
Virgin - Reman, 

lb/tonb Data Distribution Mean 
Uncertainty Range, 

±% Standard Deviationc 
Particulates (Total) 7.12 Normal 7.12 50% 1.82 
Nitrogen Oxides 8.95 Normal 8.95 50% 2.28 
Sulfur Oxides 24.20 Normal 24.20 30% 3.70 
Carbon Monoxide 0.90 Normal 0.90 50% 0.23 
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CO2 (non biomass) 469.92 Normal 469.92 35% 83.92 
Lead 0.00 Normal 0.00 50% 0.00 
Methane 2.63 Normal 2.63 50% 0.67 

Emissions Per Ton of PET 

Atmospheric Emissionsa 
Virgin - Reman, 

lb/tonb Data Distribution Mean 
Uncertainty Range, 

±% Standard Deviationc 
Particulates (Total) 6.59 Normal 6.59 50% 1.68 
Nitrogen Oxides 36.11 Normal 36.11 50% 9.21 
Sulfur Oxides 46.84 Normal 46.84 30% 7.17 
Carbon Monoxide 32.35 Normal 32.35 50% 8.25 
CO2 (non biomass) 4142.80 Normal 4142.80 35% 739.80 
Lead 0.00 Normal 0.00 50% 0.00 
Methane 0.06 Normal 0.06 50% 0.01 

Emissions Per Ton of HDPE 

Atmospheric Emissionsa 
Virgin - Reman, 

lb/tonb Data Distribution Mean 
Uncertainty Range, 

±% Standard Deviationc 
Particulates (Total) 3.00 Normal 3.00 50% 0.76 
Nitrogen Oxides 19.74 Normal 15.60 50% 3.98 
Sulfur Oxides 8.72 Normal 8.72 30% 1.33 
Carbon Monoxide -2.38 Normal -2.38 50% -0.61 
CO2 (non biomass) 3263.00 Normal 3263.00 35% 582.69 
Lead 0.00 Normal 0.00 50% 0.00 
Methane -0.19 Normal -0.19 50% -0.05 
 
b: Data represent the offset, given as virgin emissions minus remanufacturing emissions.  
c: 95% confidence interval was assumed for calculating the normal distribution parameters.   
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APPENDIX C 

LP Formulation of the SWM-LCI model 
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The full description of the solid waste management-life cycle inventory model can be 
found in Solano et al. (2002a, b), Harrison et al. (2001) and Kaplan et al. (2004).  The 
structure of the model is described using a simple example shown in Fig. C1. The 
collection combinations (A1 and A2) and the waste flow alternatives (B11, B12, B21, 
and B22) for each collection combination are defined as follows: 
A1 – mixed waste collection (C1); 
A2 – commingled recyclables collection (C2) and residual mixed waste collection (C7); 
B11 – mixed waste to landfill (C1 à D1); 
B12 – mixed waste to combustion (C1 à T3 à D2); 
B21 – commingled recyclables to pre-sorted recyclables MRF (C2 à S2) and residual 
mixed waste to landfill (C7 à D1); 
B22 – commingled recyclables to pre-sorted recyclables MRF (C2 à S2) and residual 
mixed waste to combustion (C7 à T3 à D2). 
 
I Mass Balance  
 
Level 1 
 
A variable is defined to represent the portion of the total mass of waste generated that is 
handled by each collection combination. In Fig. C2, MWaste represents the total mass of 
waste generated in tons/year, and x(A1) and x(A2) represent the portions (in tons/year) of 
MWaste handled by collection combinations A1 and A2, respectively. The mass balance is 
then defined as: 
 
x(A1) + x(A2) = MWaste                                                   (Eq. 1)  
 
Level 2  
 
The mass entering a collection combination is then allocated to the different waste flow 
alternatives available for that collection combination.  This mass allocation is shown in 
Fig. C3 where x(A1) is allocated between waste flow alternatives B11 and B12 such that: 
 
x(A1) = x(A1, B11) + x(A1, B12)                 (Eq. 2) 
 
where x(A1, B11) is the mass portion of x(A1) handled by waste flow alternative B11 
and x(A1, B12) is the mass portion of x(A1) handled by waste flow alternative B12. 
Similarly x(A2) is allocated between waste flow alternatives B21 and B22 such that: 
 
x(A2) = x(A2, B21) + x(A2, B22)                 (Eq. 3) 
 
Level 3 
 
The mass allocated to a waste flow alternative is described in terms of mass portions 
associated with each waste item included in the waste stream.  In this example, we 
assume that ONP and FW are the only two waste components in the waste stream.  In 
Fig. C4, the waste handled by the waste flow alternative B11, i.e., x(A1, B11), is shown 
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as the sum of mass portions of waste items in the waste stream.  The mass balance for 
this case is then written as:  
 
x(A1, B11) = x(A1, B11, ONP) + x(A1, B11, FW)             (Eq.  4) 
 
where x(A1, B11, ONP) is the mass portion of waste item ONP handled by waste flow 
alternative B11 in collection combination A1, and x(A1, B11, FW) is the analogous mass 
portion of waste item FW.  Since each item is represented by a variable, different items 
may flow through different unit processes in the final solution.  
Similarly, the mass balances for the other waste flow alternatives are represented as: 
 
x(A1, B12) = x(A1, B12, ONP) + x(A1, B12, FW)              (Eq.  5) 
x(A2, B21) = x(A2, B21, ONP) + x(A2, B21, FW)              (Eq.  6) 
x(A2, B22) = x(A2, B22, ONP) + x(A2, B22, FW)              (Eq.  7) 
 
Level 4 
 
The mass of each waste item handled by a specific waste flow alternative is represented 
in terms of the mass portion of that item in each collection unit process used within that 
waste flow alternative.  For instance, x(A1, B11, ONP), the mass of ONP handled by 
waste flow alternative B11, is allocated among all the collection unit processes used in 
that alternative. In B11, the only collection unit process used is mixed waste collection 
(C1).  Therefore, x(A1, B11, ONP) will be fully allocated to this collection unit process, 
resulting Eq. 8: 
 
x(A1, B11, ONP) = x(A1, B11, ONP, C1)               (Eq.  8) 
 
where x(A1, B11, ONP, C1) is the mass portion of the waste item ONP handled by the 
collection unit process C1 within the waste flow alternative B11 in collection 
combination A1. Similarly, allocations of mass of all waste items in all other waste flow 
alternatives within collection combination A1 are represented by Eqs. 9-11: 
 
x(A1, B11, FW) = x(A1, B11, FW, C1)               (Eq.  9) 
x(A1, B12, ONP) = x(A1, B12, ONP, C1)             (Eq.  10) 
x(A1, B12, FW) = x(A1, B12, FW, C1)             (Eq.  11) 
         
The mass balances described by these equations for collection combination A1 are shown 
in Fig. C5. 
 
A similar set of equations exists for each collection combination.  In the example, the 
mass portions of each waste item handled by collection combination A2 are allocated 
among all the collection unit processes in that collection combination (i.e., C2 and C7). 
Consider the mass of ONP handled by waste flow alternative B21 within collection 
combination A2.  That mass of ONP can originate from both collection unit processes C2 
and C7.  In waste flow alternative B21, x(A2, B21, ONP, C2) represents the mass portion 
of ONP collected (as commingled recyclable) by collection unit operation C2 and x(A2, 
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B21, ONP, C7) represents the mass portion of ONP collected (as residual mixed waste) 
by collection unit process C7.  Then the mass balance for ONP handled by waste flow 
alternative B21 within collection combination A2 is represented by Eq. 12: 
 
x(A2, B21, ONP) = x(A2, B21, ONP, C2) + x(A2, B21, ONP, C7)          (Eq.  12) 
 
Similarly, mass balances can be written for all waste items allocated among all available 
collection unit processes in each waste flow alternative within collection combination A2.    
 
x(A2, B21, FW) = x(A2, B21, FW, C2) + x(A2, B21, FW, C7)          (Eq.  13) 
x(A2, B22, ONP) = x(A2, B22, ONP, C2) + x(A2, B22, ONP, C7)          (Eq.  14) 
x(A2, B22, FW) = x(A2, B22, FW, C2) + x(A2, B22, FW, C7)          (Eq.  15) 
 
 
These mass balances are subject to other model constraints that ensure that waste flow is 
consistent with technically feasible alternatives. For example, the mass allocation of ONP 
between C2 and C7 is constrained by household capture rates and participation factors.  
The capture rate is the fraction of each recyclable component that a participating 
household actually separates for collection (or drop off) as a recyclable, while the 
participation factor is the fraction of households that set out recyclables for each 
collection cycle.  
 
Level 5 
 
For each waste flow alternative, the mass portions entering the unit processes 
downstream of collection unit processes are described in terms of the mass collected by 
the corresponding collection unit process.  For instance, the mass of ONP entering the 
combustion facility in waste flow alternative B12 within collection combination A1 
(x(A1, B12, ONP, T3)) is equal to the mass of ONP collected by C1 corresponding to 
that waste flow alternative (x(A1, B12, ONP, C1)). Downstream of the combustion 
facility, the mass entering the ash landfill will be a function of the mass of all waste items 
entering the combustion facility. The mass remaining after combustion is calculated as a 
function of the entering mass, the extent of combustion, and a coefficient (Ψ) 
representing the item-specific ash content. The mass balances for collection combination 
A1 are illustrated in Fig. C6.  Similar mass balances exist for collection combination A2. 
 
II Mathematical Model Formulation 
 
The model formulation described in the previous section is represented by a set of linear 
equations, which form the basis for a linear programming (LP) model. These linear 
equations enforce feasible mass flows of waste through the MSW system. Additional 
equations are introduced to ensure that these feasible mass flows also meet other 
conditions, such as capacity restrictions at unit processes, minimum diversion 
requirements, and other waste management goals. All feasible alternatives are then 
evaluated using an objective function, which represents either cost or the LCI for one of 
the nine environmental parameters. For example, an objective function could represent 
the net cost or SOx emissions. The solution to the LP model then identifies the optimal 
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solution for the selected objective function.  For example, SOx emissions could be 
minimized.       
 
The approach used to construct the equations for the example problem in Section 3 can 
be extended to construct the LP model for a larger SWM system. The LP model for the 
example includes 40 constraint equations and 40 variables, while the LP model for a 
system that would include typical process options and waste items would have on the 
order of 10,000 constraints and that many decision variables.  
 
Objective Functions 
 
Two major types of objective functions are considered: minimization of cost and 
minimization of environmental emissions or energy consumption. 
 
Cost Objective 
The cost objective function is defined as follows. 
 
Net_Cost = ∑

∈Uu
uCost  - Revenue                                    (Eq.  16) 

  
 
where: 
Net_Cost is the net system cost ($/year); 
U is the set of unit processes: U = C ∪ S ∪ T ∪ D;  
C is the set of collection unit processes; in the example C = {C1, C2, C7};  
S is the set of separation unit processes; in the example S = {S2);  
T is the set of treatment unit processes; in the example T = {T3}; 
D is the set of disposal unit processes; in the example D = {D1, D2}; 
Costu is the total cost of unit process u ($/year); 
Revenue is from sales of recyclables ($/year) as described in Eq. 18. 
 
Each unit process cost is defined as: 
 
 Costu = ∑

∈Wk
ku,ku, yα  ∀ u∈U                            (Eq.  17) 

  
where: 
 αu,k is the cost coefficient for processing waste item k at unit process u ($/ton); 
 yu,k is the mass of waste item k processed by unit process u (tons/year); 

W is the set of waste items: W = WR ∪ WN, in which WR is the subset of 
recyclable waste items and WN in the subset of non-recyclable waste items. In the 
example: WR = {ONP}and WN = {FW}, representing old newsprint and food waste.   
 
Revenue is defined as: 
 
Revenue = ∑ ∑

∈ ∈WR Sk s
ks,ks,k yδλ                  (Eq.  18) 
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where:  
Revenue is the total revenue from the sale of recyclable materials ($/year); 
λk is the revenue coefficient for recyclable item k ($/ton); 
δs,k is the fraction of recyclable waste item k actually separated at the separation 

unit process s: 1 ≥ δs,k ≥ 0; 
ys,k is the mass of recyclable item k processed at separation unit process s 

(tons/year);  
S = {S2}, a MRF in the example. 

 
The revenue associated with energy recovery at a combustion facility or landfill is 
accounted for within the cost coefficient αu,k  in Eq. 17. 
 
Environmental Objective  
The LCI values of the nine environmental parameters (CO, CO2 (biomass derived), CO2 
(fossil fuel derived), NOx, SOx, PM, PM10, greenhouse gas equivalents, and energy 
consumption)  are calculated for each unit process by individual waste component.  The 
emissions are expressed in terms of mass generated per year when processing a ton of a 
waste item per year in a unit process, and energy consumption is estimated in terms of 
BTU consumed per year when processing a ton of a waste item per year in a unit process.  
Using these parameters, an environmental emissions (or energy consumption) objective 
function is defined as follows.  
 
LCI(p) = ∑

∈Uu
uLCI(p)                             (Eq.  19) 

  
where: 

U is the set of unit processes;  
LCI(p)u is energy consumption or the net environmental emissions of pollutant p 

at unit process U. 
 
 
LCI(p)u is defined as  
 
LCI(p)u = ∑

∈Wk
ku,ku, y(p)ξ  ∀ u∈U               (Eq.  20) 

  
where: 
 ξ(p)u,k is the energy consumption or the emission of pollutant p per ton of waste 
item k processed in unit process u; 
 yu,k is the mass of waste item k processed by unit process u (tons/year). 
 
While only one objective can be optimized at a time, the values of all environmental 
parameters and cost are obtained for each solution.  Furthermore, constraints can be 
added on these functions to support a multiobjective analysis.  
 
Constraints 
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Mass Flow Constraints 
 
The mass flow constraints are defined by the following set of equations. 
 
1) Mass flows in collection combinations 

Waste
Ai

i Mx =∑
∈

                           (Eq.  21) 

 
where: 

MWaste is the total mass of waste generated (tons/year); 
xi represents the mass handled by collection combination i (tons/year); 
A is the set of collection combinations; 

A= {A1, A2}; A1 = {C1} and A2 = {C2, C7} in the example. 
 
2) Mass flows in waste flow alternatives within each collection combination  
 

∑
∈

=
iBj

ji,i xx   ∀ i ∈ A                            (Eq.  22) 

 
where:  

Bi represents the set of waste flow alternatives that can be established within 
collection combination i;  
In the example: Bi = {BA1, BA2}; BA1 ={B11, B12} and BA2 = {B21, B22}; 

xi,j represents the mass handled by waste flow alternative j within collection 
combination i (tons/year). 
 
3) Mass flows for specific waste items 
 
       xi,j,k  =  βk  xi,j    ∀ i ∈ A, ∀ j ∈ Bi, ∀ k ∈ W                       (Eq.  23) 
   
 
where:  

           1.0β
Wk

k =∑
∈

  

xi,j,k represents the mass of waste item k flowing in waste flow alternative j within 
collection combination i (tons/year); 

βk is the percentage of waste stream composed of waste item k.  
 
4) Mass flows for each waste item collected by a collection unit process in a collection 
    combination 
 
i) If the collection combination includes only a mixed waste collection unit process, then 
the total portion of mass of each waste item is allocated to that collection unit process.  
 
xi,j,k,m = xi,j,k    ∀ i ∈ A, ∀ j ∈ Bi, ∀ k ∈ W                  (Eq.  24) 
 
where: 
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m is the only mixed waste collection unit process within collection combination i; 
xi,j,k,m is the mass of waste item k collected by collection unit process m and 

flowing through waste flow  alternative j within collection combination i (tons/year). 
 
ii) If the collection combination includes two complementary collection unit processes 
(e.g., a recyclables collection and residuals collections unit processes), then the portion of 
mass of each waste item collected through that collection combination is allocated 
between the two collection unit processes according to the following equations.   
 
xi,j,k,r = φk,r  xi,j,k                   ∀ i ∈ A, ∀ j ∈ Bi, ∀ k ∈ W                                       (Eq.  25) 

xi,j,k,m = xi,j,k  - xi,j,k,r           ∀ i ∈ A, ∀ j ∈ Bi, ∀ k ∈ W                                          (Eq.  26) 

 
where:  

r is either a recyclables collection unit process or a yardwaste collection unit 
process within collection combination i; 

m is the mixed waste collection unit process (for handling the residuals) within 
collection combination i; 

xi,j,k,r is the mass of waste item k collected by collection unit process r and flowing 
through waste flow alternative j within collection combination i (tons/year); 

xi,j,k,m is the mass of waste item k collected by collection unit process m and 
flowing through waste flow alternative j within collection combination i (tons/year); 

φk,r  the fraction of waste item k collected by collection unit process r, is defined 
as φk,r = 0 if k∈ WN and 0 ≤ φk,r ≤ 1 if k ∈ WR 
 
5) Mass flows of waste items processed by each unit process 
 
For each mixed waste collection unit process (i.e., u=m): 
 

∑ ∑
∈ ∈

=
Ai Bj

mk,j,i,ku,
i

xy  ∀ m ∈ C, ∀ k ∈ W               (Eq.  27) 

  
where:  
 yu,k is the mass of waste item k processed (tons/year) at unit process u; 
 C is the set of all available collection unit processes; for the example, C= {C1, 
C2, C7}. 
 
For each recyclable or yardwaste collection unit process (i.e., u=r): 
 

∑ ∑
∈ ∈

=
Ai Bj

rk,j,i,ku,
i

xy  ∀ r ∈ C, ∀ k ∈ W                (Eq.  28) 

  
where:  
 yu,k is the mass of waste item k processed (tons/year) at unit process u; 
 C is the set of all available collection unit processes; for the example, C= {C1, 
C2, C7}. 
 
For each separation, treatment or disposal unit process u: 
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∑ ∑ ∑∑ ∑ ∑
∈ ∈ ∈∈ ∈ ∈

+=
Ai Bj Cr

rk,j,i,
Ai Bj Cm

mk,j,i,ku,
ii

xxy  

 
          ∀ u ∈ (S ∪ T ∪ D), ∀ k ∈ W            (Eq.  29) 
  
where:  

yu,k is the mass of waste item k processed at unit process u (tons/year) where in 
this case u is a unit process in waste flow alternative Bi which contains collection unit 
process m and/or collection unit process r; 

S ∪ T ∪ D is the set of all unit processes except for collection unit processes; for 
the example, S ∪ T ∪ D = {S2, T3, D1, D2};  
 C is the set of all available collection unit processes; for the example, C= {C1, 
C2, C7}. 
 
Diversion constraint 
 
Constraints to require diversion of a minimum amount of waste from the landfill can be 
included. Mass diverted may include waste recovered as recyclable materials, waste 
combusted for energy recovery, and waste diverted for composting. In the example, the 
diversion rate is determined by the sum of the mass of recycled material at S2 and the 
mass sent to combustion (T3).  
 
( ∑∑

∈∈

+
Wk

kT3,
WRk

kS2,kS2, yyδ ) ≥ θdiversion MWaste                      (Eq.  30)  

 
where:  

θdiversion  is the specified target diversion rate: 0 ≤ θdiversion ≤ 1 
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 Figure C3 
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Figure C5
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Figure C6 
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APPENDIX D 

Computer Outputs from WEKA for Chapter 5 
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New Castle County 
=== Run information === 
 
Scheme:       weka.associations.Tertius -K 10 -F 0.0 -C 0.0 -N 1.0 -L 4 -G 3 -c 0 -H -I 0 -p -P 0 
Relation:     I2-NCC-DataFile-weka.filters.unsupervised.attribute.Remove-R1-
weka.filters.unsupervised.attribute.Remove-R3-9-weka.filters.unsupervised.attribute.NumericToBinary-
weka.filters.unsupervised.attribute.RemoveUseless-M99.0 
Instances:    17 
Attributes:   12 
              Cost=50_binarized 
              Cost=55_binarized 
              R-Curb_binarized 
              MF-Curb_binarized 
              C-Presorted_binarized 
              Mixed-TR_binarized 
              Comm-TR_binarized 
              Pre-TR_binarized 
              Pre-MRF_binarized 
              Comm-MRF_binarized 
              Comp_binarized 
              Preferred 
=== Associator model (full training set) === 
 
 
Tertius 
======= 
 
 1. /* 0.915285 0.000000 */ Cost=55_binarized = 1 ==> Cost=50_binarized = 0 
 2. /* 0.915285 0.000000 */ Cost=50_binarized = 0 ==> Cost=55_binarized = 1 
 3. /* 0.837037 0.000000 */ Cost=50_binarized = 1 and C-Presorted_binarized = 0 and Mixed-
TR_binarized = 1 ==> Preferred = YES 
 4. /* 0.837037 0.000000 */ Cost=50_binarized = 1 and C-Presorted_binarized = 0 and Pre-TR_binarized = 
1 ==> Preferred = YES 
 5. /* 0.837037 0.000000 */ Cost=50_binarized = 1 and C-Presorted_binarized = 0 and Pre-MRF_binarized 
= 1 ==> Preferred = YES 
 6. /* 0.837037 0.000000 */ Cost=55_binarized = 0 and C-Presorted_binarized = 0 and Mixed-
TR_binarized = 1 ==> Preferred = YES 
 7. /* 0.837037 0.000000 */ Cost=55_binarized = 0 and C-Presorted_binarized = 0 and Pre-TR_binarized = 
1 ==> Preferred = YES 
 8. /* 0.837037 0.000000 */ Cost=55_binarized = 0 and C-Presorted_binarized = 0 and Pre-MRF_binarized 
= 1 ==> Preferred = YES 
 9. /* 0.761248 0.058824 */ Cost=50_binarized = 1 and C-Presorted_binarized = 0 ==> Preferred = YES 
10. /* 0.761248 0.058824 */ Cost=55_binarized = 0 and C-Presorted_binarized = 0 ==> Preferred = YES 
11. /* 0.755518 0.117647 */ Mixed-TR_binarized = 1 and Preferred = NO ==> Cost=50_binarized = 0 
12. /* 0.755518 0.117647 */ R-Curb_binarized = 0 and Pre-TR_binarized = 1 and Preferred = NO ==> 
Cost=50_binarized = 0 
13. /* 0.755518 0.117647 */ R-Curb_binarized = 0 and Pre-MRF_binarized = 1 and Preferred = NO ==> 
Cost=50_binarized = 0 
14. /* 0.755518 0.117647 */ Pre-TR_binarized = 1 and Comm-MRF_binarized = 0 and Preferred = NO 
==> Cost=50_binarized = 0 
15. /* 0.755518 0.117647 */ Pre-TR_binarized = 1 and Comp_binarized = 0 and Preferred = NO ==> 
Cost=50_binarized = 0 
16. /* 0.755518 0.117647 */ Pre-MRF_binarized = 1 and Comm-MRF_binarized = 0 and Preferred = NO 
==> Cost=50_binarized = 0 
17. /* 0.755518 0.117647 */ Mixed-TR_binarized = 1 and Preferred = NO ==> Cost=55_binarized = 1 
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18. /* 0.755518 0.117647 */ R-Curb_binarized = 0 and Pre-TR_binarized = 1 and Preferred = NO ==> 
Cost=55_binarized = 1 
19. /* 0.755518 0.117647 */ R-Curb_binarized = 0 and Pre-MRF_binarized = 1 and Preferred = NO ==> 
Cost=55_binarized = 1 
20. /* 0.755518 0.117647 */ Pre-TR_binarized = 1 and Comm-MRF_binarized = 0 and Preferred = NO 
==> Cost=55_binarized = 1 
21. /* 0.755518 0.117647 */ Pre-TR_binarized = 1 and Comp_binarized = 0 and Preferred = NO ==> 
Cost=55_binarized = 1 
22. /* 0.755518 0.117647 */ Pre-MRF_binarized = 1 and Comm-MRF_binarized = 0 and Preferred = NO 
==> Cost=55_binarized = 1 
23. /* 0.736661 0.000000 */ R-Curb_binarized = 0 and Pre-TR_binarized = 1 ==> Mixed-TR_binarized = 
1 
24. /* 0.736661 0.000000 */ R-Curb_binarized = 0 and Pre-MRF_binarized = 1 ==> Mixed-TR_binarized 
= 1 
25. /* 0.736661 0.000000 */ MF-Curb_binarized = 0 and Pre-MRF_binarized = 1 and Comp_binarized = 0 
==> Mixed-TR_binarized = 1 
26. /* 0.736661 0.000000 */ Comm-TR_binarized = 0 and Pre-MRF_binarized = 1 and Comp_binarized = 
0 ==> Mixed-TR_binarized = 1 
27. /* 0.736661 0.000000 */ Pre-TR_binarized = 1 and Comm-MRF_binarized = 0 ==> Mixed-
TR_binarized = 1 
28. /* 0.736661 0.000000 */ Pre-TR_binarized = 1 and Comp_binarized = 0 ==> Mixed-TR_binarized = 1 
29. /* 0.736661 0.000000 */ Pre-MRF_binarized = 1 and Comm-MRF_binarized = 0 ==> Mixed-
TR_binarized = 1 
30. /* 0.684269 0.176471 */ Pre-MRF_binarized = 1 and Preferred = NO ==> C-Presorted_binarized = 1 
31. /* 0.684269 0.176471 */ R-Curb_binarized = 0 and Preferred = NO ==> Cost=50_binarized = 0 
32. /* 0.684269 0.176471 */ Comm-MRF_binarized = 0 and Preferred = NO ==> Cost=50_binarized = 0 
33. /* 0.684269 0.176471 */ MF-Curb_binarized = 0 and Pre-TR_binarized = 1 and Preferred = NO ==> 
Cost=50_binarized = 0 
34. /* 0.684269 0.176471 */ MF-Curb_binarized = 0 and Pre-MRF_binarized = 1 and Preferred = NO ==> 
Cost=50_binarized = 0 
35. /* 0.684269 0.176471 */ MF-Curb_binarized = 0 and Comp_binarized = 0 and Preferred = NO ==> 
Cost=50_binarized = 0 
36. /* 0.684269 0.176471 */ Comm-TR_binarized = 0 and Pre-TR_binarized = 1 and Preferred = NO ==> 
Cost=50_binarized = 0 
37. /* 0.684269 0.176471 */ Comm-TR_binarized = 0 and Pre-MRF_binarized = 1 and Preferred = NO 
==> Cost=50_binarized = 0 
38. /* 0.684269 0.176471 */ Comm-TR_binarized = 0 and Comp_binarized = 0 and Preferred = NO ==> 
Cost=50_binarized = 0 
39. /* 0.684269 0.176471 */ Pre-MRF_binarized = 1 and Comp_binarized = 0 and Preferred = NO ==> 
Cost=50_binarized = 0 
40. /* 0.684269 0.176471 */ R-Curb_binarized = 0 and Preferred = NO ==> Cost=55_binarized = 1 
41. /* 0.684269 0.176471 */ Comm-MRF_binarized = 0 and Preferred = NO ==> Cost=55_binarized = 1 
42. /* 0.684269 0.176471 */ MF-Curb_binarized = 0 and Pre-TR_binarized = 1 and Preferred = NO ==> 
Cost=55_binarized = 1 
43. /* 0.684269 0.176471 */ MF-Curb_binarized = 0 and Pre-MRF_binarized = 1 and Preferred = NO ==> 
Cost=55_binarized = 1 
44. /* 0.684269 0.176471 */ MF-Curb_binarized = 0 and Comp_binarized = 0 and Preferred = NO ==> 
Cost=55_binarized = 1 
45. /* 0.684269 0.176471 */ Comm-TR_binarized = 0 and Pre-TR_binarized = 1 and Preferred = NO ==> 
Cost=55_binarized = 1 
46. /* 0.684269 0.176471 */ Comm-TR_binarized = 0 and Pre-MRF_binarized = 1 and Preferred = NO 
==> Cost=55_binarized = 1 
47. /* 0.684269 0.176471 */ Comm-TR_binarized = 0 and Comp_binarized = 0 and Preferred = NO ==> 
Cost=55_binarized = 1 
48. /* 0.684269 0.176471 */ Pre-MRF_binarized = 1 and Comp_binarized = 0 and Preferred = NO ==> 
Cost=55_binarized = 1 
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49. /* 0.637707 0.176471 */ C-Presorted_binarized = 0 and Mixed-TR_binarized = 1 ==> Preferred = YES 
50. /* 0.637707 0.176471 */ C-Presorted_binarized = 0 and Pre-TR_binarized = 1 ==> Preferred = YES 
51. /* 0.616083 0.000000 */ R-Curb_binarized = 0 ==> Comm-MRF_binarized = 0 
52. /* 0.616083 0.000000 */ C-Presorted_binarized = 1 and Mixed-TR_binarized = 0 ==> R-
Curb_binarized = 1 
53. /* 0.616083 0.000000 */ C-Presorted_binarized = 1 and Mixed-TR_binarized = 0 ==> Comm-
MRF_binarized = 1 
54. /* 0.616083 0.000000 */ MF-Curb_binarized = 0 and Comp_binarized = 0 ==> Comm-MRF_binarized 
= 0 
55. /* 0.616083 0.000000 */ Comm-TR_binarized = 0 and Comp_binarized = 0 ==> Comm-
MRF_binarized = 0 
56. /* 0.616083 0.000000 */ Comm-MRF_binarized = 0 ==> R-Curb_binarized = 0 
57. /* 0.616083 0.000000 */ MF-Curb_binarized = 0 and Comp_binarized = 0 ==> R-Curb_binarized = 0 
58. /* 0.616083 0.000000 */ Comm-TR_binarized = 0 and Comp_binarized = 0 ==> R-Curb_binarized = 0 
59. /* 0.614957 0.235294 */ MF-Curb_binarized = 0 and Preferred = NO ==> Cost=50_binarized = 0 
60. /* 0.614957 0.235294 */ Comm-TR_binarized = 0 and Preferred = NO ==> Cost=50_binarized = 0 
61. /* 0.614957 0.235294 */ Pre-TR_binarized = 1 and Preferred = NO ==> Cost=50_binarized = 0 
62. /* 0.614957 0.235294 */ Comp_binarized = 0 and Preferred = NO ==> Cost=50_binarized = 0 
63. /* 0.614957 0.235294 */ MF-Curb_binarized = 0 and Preferred = NO ==> Cost=55_binarized = 1 
64. /* 0.614957 0.235294 */ Comm-TR_binarized = 0 and Preferred = NO ==> Cost=55_binarized = 1 
65. /* 0.614957 0.235294 */ Pre-TR_binarized = 1 and Preferred = NO ==> Cost=55_binarized = 1 
66. /* 0.614957 0.235294 */ Comp_binarized = 0 and Preferred = NO ==> Cost=55_binarized = 1 
67. /* 0.592440 0.000000 */ Preferred = YES ==> C-Presorted_binarized = 0 
 
Number of hypotheses considered: 9636 
Number of hypotheses explored: 5078 
Time: 00 min 00 s 320 ms  
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Kent County 
=== Run information === 
 
Scheme:       weka.associations.Tertius -K 10 -F 0.0 -C 0.0 -N 1.0 -L 4 -G 3 -c 0 -H -I 0 -p -P 0 
Relation:     I2-Kent-DataFile-weka.filters.unsupervised.attribute.NumericToBinary-
weka.filters.unsupervised.attribute.RemoveUseless-M99.0 
Instances:    8 
Attributes:   5 
              MF-Curb_binarized 
              C-Presorted_binarized 
              Pre-TR_binarized 
              Comm-MRF_binarized 
              Preferred 
=== Associator model (full training set) === 
 
 
Tertius 
======= 
 
 1. /* 1.000000 0.000000 */ C-Presorted_binarized = 0 and Pre-TR_binarized = 1 ==> Preferred = YES 
 2. /* 0.763708 0.000000 */ Preferred = YES ==> C-Presorted_binarized = 0 
 3. /* 0.760597 0.125000 */ C-Presorted_binarized = 0 ==> Preferred = YES 
 4. /* 0.526599 0.250000 */ MF-Curb_binarized = 0 and Pre-TR_binarized = 1 ==> Preferred = YES 
 5. /* 0.526599 0.250000 */ Pre-TR_binarized = 1 and Comm-MRF_binarized = 0 ==> Preferred = YES 
 6. /* 0.494141 0.000000 */ MF-Curb_binarized = 0 ==> Comm-MRF_binarized = 0 
 7. /* 0.494141 0.000000 */ Comm-MRF_binarized = 0 ==> MF-Curb_binarized = 0 
 8. /* 0.387941 0.000000 */ C-Presorted_binarized = 0 ==> Comm-MRF_binarized = 0 
 9. /* 0.387941 0.000000 */ C-Presorted_binarized = 0 ==> MF-Curb_binarized = 0 
10. /* 0.333333 0.000000 */ Preferred = YES ==> MF-Curb_binarized = 0 
11. /* 0.333333 0.000000 */ Pre-TR_binarized = 0 ==> Preferred = NO 
12. /* 0.333333 0.000000 */ Preferred = YES ==> Comm-MRF_binarized = 0 
13. /* 0.319272 0.250000 */ MF-Curb_binarized = 0 ==> C-Presorted_binarized = 0 
14. /* 0.319272 0.250000 */ Comm-MRF_binarized = 0 ==> C-Presorted_binarized = 0 
15. /* 0.279095 0.375000 */ MF-Curb_binarized = 0 ==> Preferred = YES 
16. /* 0.279095 0.375000 */ Preferred = NO ==> Pre-TR_binarized = 0 
17. /* 0.279095 0.375000 */ Comm-MRF_binarized = 0 ==> Preferred = YES 
18. /* 0.276335 0.000000 */ Pre-TR_binarized = 0 ==> C-Presorted_binarized = 0 
 
Number of hypotheses considered: 366 
Number of hypotheses explored: 280 
Time: 00 min 00 s 000 ms  
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New Castle County 
Clustering LCI EM no cluster number assigned 
 
=== Run information === 
 
Scheme:       weka.clusterers.EM -I 100 -N -1 -S 100 -M 1.0E-6 
Relation:     I2-NCC-DataFile_lci-weka.filters.unsupervised.attribute.Remove-R1-
weka.filters.unsupervised.attribute.RemoveUseless-M99.0-
weka.filters.unsupervised.attribute.NominalToBinary-Rfirst-last 
Instances:    17 
Attributes:   9 
              Cost 
              Energy 
              PM 
              NOX 
              SOX 
              CO 
              GHE 
              DIV 
              Preferred 
Test mode:    evaluate on training data 
 
=== Model and evaluation on training set === 
 
 
EM 
== 
 
Number of clusters selected by cross validation: 3 
 
Cluster: 0 Prior probability: 0.3529 
 
Attribute: Cost 
Normal Distribution. Mean = 55000000 StdDev = 2462960.9154 
Attribute: Energy 
Normal Distribution. Mean = -3575332.6667 StdDev = 203197.542 
Attribute: PM 
Normal Distribution. Mean = -719598.8333 StdDev = 48962.7026 
Attribute: NOX 
Normal Distribution. Mean = -1246364.6667 StdDev = 140275.5782 
Attribute: SOX 
Normal Distribution. Mean = -3282884 StdDev = 113837.3492 
Attribute: CO 
Normal Distribution. Mean = -4137.1667 StdDev = 666375.1422 
Attribute: GHE 
Normal Distribution. Mean = -42967.3333 StdDev = 4762.0935 
Attribute: DIV 
Normal Distribution. Mean = 81.3333 StdDev = 2.0548 
Attribute: Preferred 
Discrete Estimator. Counts =  1 7  (Total = 8) 
 
Cluster: 1 Prior probability: 0.2941 
 
Attribute: Cost 
Normal Distribution. Mean = 50000000 StdDev = 2462960.9154 
Attribute: Energy 
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Normal Distribution. Mean = -2919180.9933 StdDev = 124250.9048 
Attribute: PM 
Normal Distribution. Mean = -606468.5355 StdDev = 23882.1777 
Attribute: NOX 
Normal Distribution. Mean = -954812.9388 StdDev = 95813.7595 
Attribute: SOX 
Normal Distribution. Mean = -2799611.7675 StdDev = 84541.7513 
Attribute: CO 
Normal Distribution. Mean = 621557.9694 StdDev = 408518.5225 
Attribute: GHE 
Normal Distribution. Mean = -36538.2798 StdDev = 2203.9542 
Attribute: DIV 
Normal Distribution. Mean = 63.233 StdDev = 1.198 
Attribute: Preferred 
Discrete Estimator. Counts =  6 1.06  (Total = 7.06) 
 
Cluster: 2 Prior probability: 0.353 
 
Attribute: Cost 
Normal Distribution. Mean = 50000000 StdDev = 2462960.9154 
Attribute: Energy 
Normal Distribution. Mean = -2737945.0619 StdDev = 342003.4314 
Attribute: PM 
Normal Distribution. Mean = -555248.079 StdDev = 83699.114 
Attribute: NOX 
Normal Distribution. Mean = -989000.8299 StdDev = 145395.431 
Attribute: SOX 
Normal Distribution. Mean = -2554419.3015 StdDev = 302217.4548 
Attribute: CO 
Normal Distribution. Mean = -714404.7185 StdDev = 412506.4816 
Attribute: GHE 
Normal Distribution. Mean = -16432.8495 StdDev = 9875.1977 
Attribute: DIV 
Normal Distribution. Mean = 55.7312 StdDev = 8.3342 
Attribute: Preferred 
Discrete Estimator. Counts =  1 6.94  (Total = 7.94) 
Clustered Instances 
 
0       6 ( 35%) 
1       5 ( 29%) 
2       6 ( 35%) 
 
 
Log likelihood: -96.09918 
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Kent County 
Cluster LCI Classes to clusters evaluation enabled. 
 
 
=== Run information === 
 
Scheme:       weka.clusterers.EM -I 100 -N 2 -S 100 -M 1.0E-6 
Relation:     I2-Kent-DataFile_lci-weka.filters.unsupervised.attribute.Remove-R1-
weka.filters.unsupervised.attribute.RemoveUseless-M99.0 
Instances:    8 
Attributes:   8 
              Energy 
              PM 
              NOX 
              SOX  
              CO 
              GHE 
              DIV 
Ignored: 
              PREFERRED 
Test mode:    Classes to clusters evaluation on training data 
=== Model and evaluation on training set === 
 
 
EM 
== 
 
Number of clusters: 2 
 
Cluster: 0 Prior probability: 0.75 
 
Attribute: Energy 
Normal Distribution. Mean = -461055.0893 StdDev = 16329.5412 
Attribute: PM 
Normal Distribution. Mean = -268330.881 StdDev = 47593.6908 
Attribute: NOX 
Normal Distribution. Mean = -52286.8333 StdDev = 11272.6576 
Attribute: SOX  
Normal Distribution. Mean = -484572.3691 StdDev = 15306.5398 
Attribute: CO 
Normal Distribution. Mean = 142384.1594 StdDev = 98254.0293 
Attribute: GHE 
Normal Distribution. Mean = -946.915 StdDev = 1164.1169 
Attribute: DIV 
Normal Distribution. Mean = 47.365 StdDev = 1.8826 
 
Cluster: 1 Prior probability: 0.25 
 
Attribute: Energy 
Normal Distribution. Mean = -412550.2482 StdDev = 12449.7513 
Attribute: PM 
Normal Distribution. Mean = -138489.11 StdDev = 19218.0796 
Attribute: NOX 
Normal Distribution. Mean = -8647.8081 StdDev = 9219.1637 
Attribute: SOX  
Normal Distribution. Mean = -457581.1848 StdDev = 9241.7439 
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Attribute: CO 
Normal Distribution. Mean = 372393.5746 StdDev = 28500.5171 
Attribute: GHE 
Normal Distribution. Mean = -2489.6564 StdDev = 43.9817 
Attribute: DIV 
Normal Distribution. Mean = 44.21 StdDev = 1.19 
Clustered Instances 
 
0      6 ( 75%) 
1      2 ( 25%) 
 
 
Log likelihood: -67.40592 
 
 
Class attribute: PREFERRED 
Classes to Clusters: 
 
 0 1  <-- assigned to cluster 
 2 2 | YES 
 4 0 | NO 
 
Cluster 0 <-- NO 
Cluster 1 <-- YES 
 
Incorrectly clustered instances : 2.0  25      % 
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Sussex County 
Clusters LCI EM Classes to clusters evaluation enabled. 
 
=== Run information === 
 
Scheme:       weka.clusterers.EM -I 100 -N 2 -S 100 -M 1.0E-6 
Relation:     I2-Sussex-DataFile_lci-weka.filters.unsupervised.attribute.Remove-R1-
weka.filters.unsupervised.attribute.RemoveUseless-M99.0 
Instances:    5 
Attributes:   8 
              Energy 
              PM 
              NOX 
              SOX 
              CO 
              GHE 
              Diversion 
Ignored: 
              Preferred 
Test mode:    Classes to clusters evaluation on training data 
=== Model and evaluation on training set === 
 
 
EM 
== 
 
Number of clusters: 2 
 
Cluster: 0 Prior probability: 0.6 
 
Attribute: Energy 
Normal Distribution. Mean = -510331 StdDev = 29140.801 
Attribute: PM 
Normal Distribution. Mean = -166117 StdDev = 37217.4878 
Attribute: NOX 
Normal Distribution. Mean = 56816.3333 StdDev = 14695.7945 
Attribute: SOX 
Normal Distribution. Mean = -608144 StdDev = 31652.2976 
Attribute: CO 
Normal Distribution. Mean = 528989.6667 StdDev = 173065.3241 
Attribute: GHE 
Normal Distribution. Mean = -3325.3333 StdDev = 150.2716 
Attribute: Diversion 
Normal Distribution. Mean = 50.6667 StdDev = 3.6818 
 
Cluster: 1 Prior probability: 0.4 
 
Attribute: Energy 
Normal Distribution. Mean = -611939 StdDev = 11939 
Attribute: PM 
Normal Distribution. Mean = -320814.5 StdDev = 19916.5 
Attribute: NOX 
Normal Distribution. Mean = -9088 StdDev = 6837 
Attribute: SOX 
Normal Distribution. Mean = -696135 StdDev = 15725 
Attribute: CO 
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Normal Distribution. Mean = 457589.5 StdDev = 39836.5 
Attribute: GHE 
Normal Distribution. Mean = -2972.5 StdDev = 119.5 
Attribute: Diversion 
Normal Distribution. Mean = 59.5 StdDev = 1.5 
Clustered Instances 
 
0      3 ( 60%) 
1      2 ( 40%) 
 
 
Log likelihood: -67.51385 
 
 
Class attribute: Preferred 
Classes to Clusters: 
 
 0 1  <-- assigned to cluster 
 0 1 | YES 
 3 1 | NO 
 
Cluster 0 <-- NO 
Cluster 1 <-- YES 
 
Incorrectly clustered instances : 1.0  20      % 
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APPENDIX E 

Questions asked during the debriefing 
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Questions asked to the DM during the debriefing 
 
Decision support tool: 
How the decision support tools helped you to understand the problem? 
Can you see the use of such tools in decision making environment? 
As the iterations continue, how did your confidence in results change? 
Did you feel confident in the selections you made? 
What was the issue that increased your confidence in results? 
Was the number of alternatives presented at each meeting acceptable? 
At some point we analyzed more than 5 alternatives for each county, was it overwhelming? 
 
The presentation of the results: 
The decisions were presented in bar charts and mass flows; the cost and emissions are presented as changes 
from base case, tradeoff curves and values in tables: which one useful, easy to understand. 
If you were making decisions for the wake county, would the choices you made have been different? 
 
Use of MGAs-Generating alternatives within the range: 
Did you find it useful? Do you see any circumstances that it could be utilized more in a real decision 
making situation? 
 
Machine Learning: 
Were “if…, then…” rules useful? 
The average of cost and emission values of the selected strategies, did you find it useful? 
 
Overall: 
Would your decision be same, if 
Some part of the county was served with different collection and the rest with different collection options? 
Although the waste is collected in a same manner, some portion of the waste is sent to landfill and the rest 
is sent to combustions. Would this be ok if this was the case for the wake county? 
The solution utilizes both landfill and combustion, if these sites are to be sited at the same time, would the 
selection still be same?   
How much did you pay attention to the decision space and the objective space?  
Were you looking at just cost and emissions? Or were you analyzing trends in mass flows along with the 
cost and emissions? 
Did you capture the relationship between the objective and decision space? 
 
 
 


