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ABSTRACT 

Municipal Solid Waste as a Viable Alternative Fuel in the U.S.A. 

by 

Ana McPhail 

This dissertation evaluates whether municipal solid waste (MSW) may be a 

viable alternative and renewable fuel source to generate electricity within the United 

States.  The framework for achieving this objective is split into two large, distinct 

studies.  The first study discerns the relationship between MSW composition 

(including varying moisture), air pollutant concentrations and associated heating 

values.  Models included AspenPlus® software for the deterministic simulation 

modeling  of thermodynamic and pollution information, and U.S. EPA models WAR 

and WARM to determine the potential environmental impacts (PEI) and greenhouse 

gas emission equivalencies, respectively, for each MSW scenario.  An economic 

profitability analysis was also conducted.   This study focused on five high impact air 

combustion products: SO2, CO, CO2, NO and NO2.  Results show that flue gas 

concentrations (and therefore PEI) depend on the composition and moisture of the 

MSW, in addition to the MSW to coal ratio.    The recycled paper and composted 

organics scenario gave the lowest heating value (8,251 MBtu/lb).  Approximate 

ranges for the WAR results (PEI/hr) are 7,410 to 7,663 for NO, 4 to 8 for NO2, 18 to 

105 for CO, 30 to 46 for CO2, and 89 to 2,152 for SO2.  WARM results show lower net 

CO2 emission equivalents to landfill MSW with reduced paper and organics, while 



 
 

combustion is preferred for MSW with paper, organics, or plastics reduction.  

Reduction in pollutant concentrations yielded a reduction in profit between ~20-

30%.  There were savings associated with emission costs by using MSW in lieu of coal: 

up to ~3.3% for NO, ~20-47% for NO2, and ~95% for SO2.  In summary, the 

measurable impact MSW composition and moisture had on pollutant concentration, 

heating value, and economic parameters were important. 

The second study is used to link the information generated in the first study 

with legislative actions locally and abroad.  In this study, four unique scenarios and 

one aggregate scenario were considered (i.e. varied subsidies, health impacts, fines, 

energy credits and fiscal policy data and distributions) using Monte Carlo analysis to 

inform policy initiatives while determining the economic feasibility of MSW as a 

renewable fuel for municipalities.  Results show that the dispatch curve for electricity 

generation uses the cheapest fuel (coal), then the second cheapest (natural gas) until 

demand is met or more fuels are needed.  The social marginal cost (SMC) without 

considering further policy changes yields costs of $0.165/kWh for coal, $0.209/kWh 

for NG and $0.349/kWh for MSW.  Implementing policy changes for internalizing the 

health impacts currently paid for by the community and the aggregate impact of all 

scenarios would level the economic playing field for MSW, providing lower SMC’s of 

$0.327/kWh for MSW in both cases, and higher SMC’s for coal and NG in other 

scenarios such that the order of the dispatch curve changes.  This work advances the 

fundamental understanding of the economic limitations and advantages, and the 

policies needed to foster further proliferation of MSW as a fuel. 
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Chapter 1 

Introduction 

1.1. Motivation and Relevant Background 

Understanding the political, environmental, and economic background for 

using MSW is imperative to determine what current and future research should 

focus on and how to add to the existing literature.  This section addresses the 

current and past role of MSW and the technological and environmental advances in 

its use as a fuel. 

1.1.1. Policy Framework and MSW data 

In 1965, the Safe Waste Disposal Act (SWDA) was passed to address directly 

the disposal of trash and set requirements for landfills.  The Resource Conservation 

and Recovery Act (RCRA) later strengthened the SWDA to control waste reduction 

and energy conservation further through waste energy recovery and recycling.  The 

RCRA also promoted human health and environmental protection [EPA-RCRA, 2002].  
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While the SWDA and RCRA have had a significant impact on landfill management and 

organization, they do not address the volume of waste produced by Americans.   

In 2010, municipal solid waste (MSW) generation in the United States of 

America (U.S.A.) reached 250 million tons, with 54.2% discarded to landfills [EPA-

MSW, 2010].  Municipal solid waste in 2010 was categorically comprised of 28.5% 

paper, 13.9% food scraps, 13.4% yard trimmings, 12.4% plastics, 9% metals, 8.4% 

rubber, leather and textiles, 6.4% wood, and 3.4% miscellaneous material.  

Composting and recycling are two of the largest alternatives to direct disposal of MSW 

in a landfill.  Nearly 65 million tons of MSW were recovered through recycling, and 

over 20 million tons of MSW were composted [EPA-MSW, 2010].  Recycling rates can 

vary depending on the type of recyclable material, the cost of recycling the material, 

and the alternate use of the material as a possible revenue source.  Some types of 

material with the highest MSW recycling rates include newspapers/mechanical 

papers, steel cans, yard trimmings, aluminum cans (beer and soda), tires, glass 

containers, polyethylene terephthalate bottles and jars, and natural, white 

translucent, high density polyethylene [EPA-MSW, 2010].  From this list, all material 

in MSW is not suitable currently for recycling.  Composting is limited to organic 

materials primarily from food scraps and yard trimmings.  In 2010 [EPA], the concept 

of using MSW with energy recovery as a disposal option was utilized, with nearly 

11.7% of all MSW being used in combustion.  This includes refuse-derived fuel (RDF) 

which is source-separated MSW, and mass burn fuel.  The discarded waste (waste that 

is not recycled or composted) can have an alternative fate that is useful to human 
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society and prevents landfill degradation via its use as a renewable alternative fuel 

source.   

1.1.2. Technology and Fuel Review 

MSW can be considered a renewable resource by virtue of being a product 

from human society that is replenishable within one to two human generations.  In 

order to consider this renewable energy resource part of the energy portfolio, and as 

a competitor to coal fired power plants (CFPP) and natural gas (NG) power plants, an 

understanding of the different types of waste-to-energy (WtE) technologies must be 

considered.  There are two main types of WtE technologies currently available on the 

market: one providing direct energy output in the form of electricity (or heat) from 

the MSW as RDF and the other requiring the production of a synthesis gas (syngas) 

which can then be transported and undergo combustion in a later process (Figure 1).  

Those with direct output include co-combustion of a fuel with coal or NG and 

incineration with the energy generation (EG) efficiency being wholly dependent on 

these combustion processes.   
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Figure 1.1 - Single-stage combustion process (direct energy output) (1a) and 2-
stage combination of syngas production and combustion process (1b).  Adapted 
from Yassin et al. [2009].  Acronyms: combined cycle gas turbine (CCGT), and 
air pollution control (APC). 

Primary fuel sources in the U.S.A. include coal and NG.  Natural gas has 

inherent environmental advantages when combusted, as it is already cleaned of many 

heavy metals and other precursor pollutants prior to being sent to an end user; its 

primary composition is methane.  Coal historically has been the cheapest and more 

abundantly available combustion fuel, and its environmental footprint is large 

compared to other fuels.  Over the past several decades, APC technologies have aided 

in the abatement of air pollution caused by coal combustion and are supported by 
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EPA regulations.  While APC devices can be used to reduce air pollution, they are 

costly to install and require regular maintenance.  Another way to reduce emissions 

is to use a cleaner fuel.   

The use of MSW as a fuel source provides environmental benefits via pollution 

reduction, while providing usable energy via electricity or syngas.  It can be used in 

incineration or co-combustion with another co-fuel.  Processes that produce syngas 

include gasification and pyrolysis, and the EG efficiency accounts for the combination 

of the gasification or pyrolysis process that produces the syngas and the combustion 

process that converts the syngas into electricity, thus involving a two-step process.  

The WtE technologies include: one-stage (incineration and co-combustion, which is 

the focus of this proposed research) and two-stage (gasification and pyrolysis) 

technologies.  

Traditional incineration (Figure 1.1) has been well studied for environmental 

impacts, monetary implications, and efficiency; therefore, this research did not focus 

on the optimization of a combustion plant.  Instead, it will be used as a baseline for 

comparison to other WtE technologies.  Current environmental and political concerns 

regarding this combustion process are the continuous emissions of carbon dioxide 

(CO2), oxides of sulfur (SOx=SO2+SO3), oxides of nitrogen (NOx=NO+NO2), mercury 

and other heavy metals.  Because incineration is the predominant WtE technology 

currently used in the U.S.A., this research will include incineration so that an accurate 

comparison of the parameters can be made with respect to other WtE technologies.  

Co-combustion is a single-stage, direct energy output technology, and involves 

using two combined feeds to the combustion plant, usually consisting of coal and 
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another fuel source (Figure 1.1a).  Wood, MSW as a RDF, and biomass are often used 

as co-combustion fuels, with the primary fuel being coal or NG.  While coal is one of 

the most cost-effective fuel sources for electricity generation [Schilling and Esmundo, 

2009], the sole use of this fuel in CFPPs causes significant releases of air pollutants 

such as NO2 (precursor for ozone), SO2 (precursor for acid rain), and particulate 

matter (PM), all of which are criteria air pollutants under the Clean Air Act.  Co-fuels 

may have decreased amounts of potential pollutant precursors, thus their 

combustion helps to decrease the overall emissions as in the instance of using co-

combustion of coal and MSW as a RDF to manipulate the combustion profile [Leckner, 

2007; Muthuraman et al., 2010].  

Gasification (traditional and plasma) is a WtE technology that produces 

syngas, which is then combusted in a combustion technology (two-stage process), as 

described earlier.  The operation of gasifying reactors is similar to that of 

incinerators; however, the amount of combustion is limited by restricting oxygen 

flow into the reactor.  The feed fuel is processed inside the fluidized reactor (gasifier) 

under limited oxygen conditions [Arena et al., 2010].  The operating temperature of 

gasifiers can range between 700 and 800°C [Baggio et al., 2008], requiring a high heat 

input.  The incomplete combustion produces a syngas comprised of mostly CO and 

CH4, which after treatment for undesired by-products, is combusted to generate 

electricity (Figure 1.1b).   

Plasma gasification operates at higher temperatures than gasification, through 

the use of a plasma arc torch, which produces enough direct current to produce 

extremely high temperatures.  Plasma gasification syngas is considered cleaner than 
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traditional gasification syngas because it produces lower amounts of tars, chars, 

dioxins, and other contaminants as these have been broken down into their elemental 

forms [Mountouris et al., 2006; Minutillo et al., 2009]. Tar and char are the liquid and 

solid reactor fractional products, respectively.  Because syngas is transportable like 

NG and may have a high heating value, this research considered gasification 

(traditional and plasma) from an economic perspective. 

Pyrolysis, a similar technology to gasification, reduces the oxygen rate in the 

reactor to extremely low values to limit all oxidation reactions (Figure 1.1b).   The 

average temperature is between 500 and 600°C, which provides more controllable 

fractions of syngas, tar, and char [Baggio et al., 2008].  The fractional amounts depend 

on temperature, heating rate, and residence time within the reactor; resulting NOx 

and SOx emissions are decreased due to the limited oxidation.  Minutillo et al. [2009] 

describe the use of char and tar as limited due to the complexity in separating the 

chemicals, limiting their fate to being used within the WtE technology or discarded.  

This thesis suggests that such fractional products should be used as additional energy 

sources in the combustion technologies.  Both gasification and pyrolysis produce 

syngas; therefore, a combustion process is needed to generate electricity from the 

syngas.  This research considers the most common combustion technologies: gas 

engine/turbine (GE), steam turbine (ST), and CCGT for economic evaluation. 

1.1.3. Efficiency and Operating Conditions 

Each combustion process has its own efficiency, which depends on the fuel 

source used but not on how that fuel source was derived.  The GE operates by 
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converting the thermal expansion of the gases into mechanical energy via a turbine 

(Figure 1.2a).  The ST operates by exchanging combustion heat with a water line, 

converting it to steam.  A turbine then converts the steam into electrical energy 

(Figure 1.2b).  The CCGT is a combination of the GE and ST, using the excess heat 

from the GE as the heat input to the heat exchanger for the ST (Figure 1.2c).   

Table 1.1 shows the typical efficiencies for each combustion process. 

 

Figure 1.2 - Schematics for the combustion processes: a) GE, b) ST, and c) CCGT. 
 
Table 1.1 - Efficiencies of combustion process technologies GE, ST, and CCGT.  
Derived from the latter stage in a two-stage system consisting of fluidized bed 
gasification in stage one and the combustion technology in stage two.  Adapted 
from Yassin et al. [2009]. 

Combustion 
Technology Efficiency (%) 

GE 38-40  
ST 24.9-28.4 
CCGT 40-45 

Steam 
Turbine

waterline

Combustion 
Chamber

Electricity

Electricity

2c CCGT

2a Gas Engine / Turbine Cycle

2b Steam Turbine Cycle

hot flue 
gas

hot flue 
gas

hot flue gas

RDF

RDF

Combustion 
Chamber

Gas Engine/ 
Turbine

Boiler/Heat 
Exchanger

2a      Gas Engine / Turbine Cycle

2b      Steam Turbine Cycle

2a      CCGT
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It is important to note that the efficiencies reported in Table 1.1 are solely for 

the combustion technology, disregarding the efficiencies associated with the syngas 

production from a WtE technology, and are measured using electrical output to 

input energy (fuel source).  The first study of this research focused on co-

combustion technology, and not on syngas or electricity production.  The second 

study focused on the economic impacts of electricity production using MSW with 

fossil fuels. 

Table 1.2 - Efficiencies of each WtE technology, combustion technology, and the CFPP.  The product from 
each process is either direct output (electricity generated from the process, single stage) or a syngas (RDF 
which can be  transported to a combustion technology for electricity generation, two-stage).  The adapted 
efficiency equations have the following symbols: efficiency (η), power consumed (W), energy produced (E) 
mass flow rate (G), higher heating value (HHV), and lower heating value (LHV).  Heating values are 
measured in heat output per mass of substance. 
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Literature provides the efficiency associated with each WtE technology (with 

and without associated combustion processes) as shown in Table 1.2; however, the 

inter-comparability of the efficiencies in  

Table 1.1 and Table 1.2 is questionable due to lack of control of key input 

variables such as local conditions (MSW composition, water content, operating 

conditions, etc.), as well as discrepancies in the parameters used to evaluate EG 

efficiency. 

Standard practice evaluates EG efficiencies from fuel source to electricity 

production, unless otherwise stated, and the process steps may vary for each 

technology.  Therefore, choosing a baseline parameter to measure efficiency is 

important.  Kaplan et al. [2009] and Yassin et al. [2009] reported efficiencies for 

selected mass flow rates of MSW, limiting the use and comparison of their data for 

research or commercial facilities that do not conform to their feed capacity of MSW.  

The heating value is a more appropriate parameter as it indicates the amount of 

available energy or heat normalized by the mass of MSW, allowing reproduction of 

the results if the MSW composition is known.  The high heating value (HHV) is defined 

as the heat of fuel combustion, which accounts for the energy required for evaporated 

water to condense back to its initial temperature.  The low heating value (LHV) is 

similar to the HHV; however, it excludes the energy required to condense the water 

vapor.  In reporting efficiencies in terms of HHV, LHV, and other units, current 

literature varies (Table 1.2), often disregarding which value was used in efficiency 

calculations, as done by Yassin et al. [2009].  This makes comparing and validating 

results challenging.  Sources that use the LHV leave variability in the reported 
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efficiency due to the unspecified amount of energy related to water condensation, 

resulting in overestimations of the true technology efficiency.  Authors that reported 

efficiencies in terms of LHV include Baggio et al. [2008], Astrup et al. [2009], and 

Minutillo et al. [2009].  This research reports the efficiency in HHV, thus accounting 

for any moisture variations in different MSW compositions.  This will minimize the 

uncertainty in efficiency calculations when comparing the WtE technologies to other 

energy generation technologies like CFPP and NG plants.  However, it is also 

important to address the type and fraction of MSW used, which also influences 

efficiency and WtE technology optimization. 

The use of all MSW (or pre-treated MSW) is ideal for landfill disposal 

reduction, yet several studies used only a fraction or selected portion of the total MSW 

composition as the feed to the WtE technology [Mountouris et al., 2006; Thorneloe et 

al., 2007; Baggio et al., 2008; Kaplan et al., 2009; Ma et al., 2010; Muthuraman et al., 

2010; Udomsri et al., 2010].  This limits the optimization of the operating conditions 

for the technology as well as the efficiency and pollutant emission calculations.  

Studies by Minutillo et al. [2009] and Munster and Lund [2009] lacked efficiency 

calculations and the origins of the waste data, making the reported efficiencies 

irreproducible.  Of the literature surveyed, only the study of Astrup et al. [2009] 

reported how both direct and indirect emissions impacted the technology’s efficiency.  

However, this study lacked any cost estimations attributed to both direct and indirect 

emissions.  Cost estimations and projections were performed by Thorneloe et al. 

[2007], Giugliano et al. [2008], and Hamilton et al. [2009].  These analyses did not 

address the total cost associated with each type of WtE technology (including start up 
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and construction, operation and maintenance, transportation, and savings associated 

with displacing MSW from landfills), nor the potential to earn revenue.   

WtE technology processes can thermally degrade solid wastes and these 

processes can offer higher EG efficiencies, ranging from 18-45%, while lowering the 

environmental and landfill costs associated with MSW disposal and incineration 

[Baggio et al., 2008; Astrup et al., 2009; Minutillo et al., 2009; Yassin et al., 2009].  

Though these WtE technologies commonly are used to reduce landfill usage and are 

in energy portfolios in the European Union (EU) and in the United Kingdom 

[Giugliano et al., 2008; Minutillo et al., 2009], they are not widely used for MSW in the 

U.S.A..  Efforts to boost renewable energy have focused on wind, solar and biomass 

alternatives such as landfill gas [Schilling and Esmundo, 2009]; however, electricity 

from MSW can provide the benefits of alternative renewable fuels while 

simultaneously reducing the amount of discarded waste.  The combustion of MSW 

results in ten times more electricity generation when compared to the combustion of 

landfill gas, for a given mass of MSW [Kaplan et al., 2009].  Reducing the need for 

landfill disposal lowers surface and groundwater quality degradation, supporting the 

Clean Water Act and its mission to protect America’s waters.   

Attempts to promote the use of MSW as an alternative fuel have focused on the 

environmental and landfill reduction aspects, often citing economic feasibility and 

limited applicability to the current energy grid as inhibitors to MSW’s success.  No 

current research has investigated these WtE technologies to determine which is more 

efficient, environmentally sound or economically viable, or to equip municipalities 

with comprehensive information to help determine the optimal WtE technology for 
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their region.  Previous research analyzed gasification, pyrolysis and co-combustion 

processes independently, under dissimilar local conditions and MSW composition, 

leading to inaccurate comparisons of EG efficiencies and uncertainties in the 

thermodynamic stability of pertinent reactions.  When the MSW composition is 

unknown or modified for a technology, the efficiencies generated and their 

comparisons are misleading because the input conditions (MSW composition, 

operating conditions, etc.) are not constant and the resulting products have varying 

energy values [Mountouris et al., 2006; Thorneloe et al., 2007; Baggio et al., 2008; 

Minutillo et al., 2009; Munster and Lund, 2009; Ma et al., 2010; Muthuraman et al., 

2010; Udomsri et al., 2010].  Other factors that influence the WtE technology 

placement and efficiency calculations include direct and indirect costs, emissions,            

environmental regulations, and local energy market conditions. 

1.1.4. Objectives 

The primary goal of this research is to evaluate if MSW could indeed become a 

viable energy source fuel in the U.S.A.  In order to accomplish this, several questions 

are addressed in the two studies outlined in Chapter 2 and Chapter 3.  The first study 

discerns how MSW composition influences heating value and air pollution for the co-

combustion of coal with MSW by using five MSW composition scenarios, four of which 

were derived by a reduction of plastics, organics, paper, or a combination thereof as 

compared to the national average MSW composition. Because it is not known if or 

how a change in the composition of the MSW influences electricity generation, 

pollutant emissions, or economic profitability, this study addresses these issues.  In 
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the second study, the question being considered is whether or not MSW can be 

implemented successfully as a fuel, through use in the American electricity grid on a 

large scale considering the marginal costs incurred by the owner/operator of the 

generation facility.  To address these questions, the objectives in Table 1.3 were 

considered.   

Table 1.3 - Thesis research objective between the two distinct studies. 

 

  This thesis addresses the environmental and economic benefits and costs 

associated with using MSW as an alternative fuel source, as summarized in Figure 1.3.  

Inputs include MSW and thermodynamic information to the commercial 

thermodynamic simulator, which outputs efficiency and emissions data to separate 

environmental and economic (literature and company-based) models.  The economic 

model also receives input from the environmental model to better suit possible policy 

options and outputs the costs associated with each technology (operational, 

maintenance, emission controls, and regulatory controls related to MSW use) and 

Study Description
Chapter 2 I Perform thermodynamic comparative modeling of MSW in combustion processes, particularly co-

combustion, given the limited understanding of how MSW can be used as an alternative fuel

II
Extract the potential environmental emissions from the thermodynamic simulations post-
combustion so that they may be evaluated quantitatively for impacts using greenhouse gas and 
environmental impact models, as appropriate

III Apply the results from these simulations in an economic analysis to investigate and compare the 
economic impact of using the WtE technologies as compared to traditional fossil fuel plants

IV Evaluate and analyze the aggregate data on MSW as an alternative fuel in combination with NG and 
coal in a large-scale (national) electricity grid

Chapter 3

V

Determine the economic feasibility (using social marginal costs and demand for electricity) of using
MSW, combined with fossil fuels, as an electricity producer using probabilistic Monte Carlo modeling
considering the following:

   • Distribution and transportation costs of the raw fuel acquisition to the processing facility
   • Environmental impacts associated with each fuel type
   • Energy efficiency for processing and delivering the final product of each fuel type
   • Policy options and legislative measures that can incentivize or tax the use of one fuel versus another, and
   • Historical, current, and projected wholesale market prices for electricity sold
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savings associated with reduced landfill disposal and market conditions relative to 

coal.  The economic model is further expanded to provide probabilistic outcomes of 

using MSW with fossil fuels if it were used in the electricity grid as a fuel, requiring 

input from the local energy market.  Worldwide energy market conditions are 

considered to further evaluate the feasibility of MSW being used.  The environmental 

models include environmental restrictions (possibly due to regulations) and quantify 

possible environmental impacts. 
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Figure 1.3 - Overview of inputs and outputs of each model component. 

1.1.5. Hypothesis 

Upon research completion, it is expected that MSW will prove to be a viable 

option as a fuel choice, given limited, but realistic, financial and environmental 

constraints.  It is believed that the composition for MSW will significantly impact the 

thermodynamic characteristics and pollution costs for control devices.  In addition, 

for those options and scenarios which yield MSW as economically advantageous in 
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either study, details on how and why those options proved in favor of MSW will be 

provided to encourage further use of this alternative fuel.  Further details for each 

study are provided in the succeeding paragraphs. 

1.2. Scope and Research Outline 

The primary objective of this research plan is to investigate the viability of 

MSW as an alternative fuel in the U.S.A., accounting for policy and environmental 

implications, economic stability in the current and projected energy market, and 

influences by the solid waste industry on landfills. 

This work is divided into two distinct studies.  The first evaluated the 

relationship between MSW composition, pollutant emissions, and energy content 

while determining some of the economic impacts of using MSW as an alternative or 

supplementary fuel in the co-combustion process in the U.S.A.. The second study 

focused on determining policy implications of using MSW as an alternative fuel for 

electricity generation in combination with NG and coal.  Further evaluation of select 

economic scenarios is performed to determine the most influential factors for 

economic viability for MSW, using Monte Carlo analysis with local and global energy 

market-conditions.
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Chapter 2 

Environmental, Economic, and Energy 
Assessment of the Ultimate Analysis and 

Moisture Content of Municipal Solid Waste 
in a Parallel Co-combustion Process 

This chapter is adapted from the published Energy & Fuels journal article by the same title [McPhail 

et al., 2014] 

2.1. Background 

Incineration of MSW can cause high exhaust concentrations of CO2, NOx, SOx, 

and PM.  Pollution control devices reduce air pollutant emissions from combustion 

processes yet the cleanliness of the process could also be improved via fuel choice.  

Co-combustion is a WtE technology that emphasizes reliable EG and can be 
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performed in parallel (co-fuels fed separately) or via direct (co-fuels fed together) co-

firing, while controlling pollutants of concern.   

Previous research evaluated how a fixed fraction [Munster and Lund, 2009; 

Udomsri et al., 2010] or varying fractions [Desroches-Ducarne, 1998; Thorneloe et al., 

2007; Muthuraman et al., 2010] of the MSW to Coal co-fuel distribution could 

optimize efficiency for electricity generation or emissions reduction, without altering 

the composition.  However, altering the composition under a given set of initial 

operating conditions could cause non-linear responses in emission.  This research 

addresses this by using the ultimate analysis of the MSW for evaluating key variables 

such as heating value and emissions (CO2, NOx, and SO2), while also considering 

fractional distribution of MSW to coal in parallel co-firing combustion.  This will allow 

municipalities to address better the issue of which combustion disposal alternative is 

optimal for their distinct region.  

2.2. Methodology 

This study used several models and evaluation processes to determine the 

energy and environmental impacts for using incineration and co-combustion.  An 

economic analysis was then determined for monetary significance of using co-fuels 

with coal.  Illinois No.6 coal (Coal_I6) was used as the representative coal as it is a 

common coal used in the U.S.A. [Weston, 2000].  The configuration of the process 

plant assumes a hypothetical, established CFPP that has the option of being 
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retrofitted for a total capacity of 3000 tons/day for fuel (any combination MSW and 

Coal_I6 feed).  Air was added to MSW in stoichiometric excess by 25% in this study 

and was comprised of 79% N2 and 21% O2 on a molar basis.  Entering pre-heated air 

stream temperature was 100°C and 1 atm.  The assumed density for MSW of 92.76 

lb/ft3 accounts for the average dry weight and moisture content for untreated MSW 

[Hanson et al., 2010; Rabl et al., 2008]. 

2.2.1. MSW Compositions and Scenarios 

The composition of MSW for combustion can be found in Table 2.1.  The 

categories listed in Table 2.1 are typical of solid wastes and are useful for those 

organizations interested in recycling or composting of these materials.  The national 

average represents what is found in landfills.   

Municipalities have the option of recycling or composting portions of the MSW 

they receive; therefore, the MSW scenarios listed in Table 2.1 are hypothetical 

reductions in the most common areas of recycling (paper and plastics) and 

composting (organics).  It is assumed that plastics with high chlorine content, such as 

poly-vinyl chloride, have been removed from the MSW stream prior to being treated 

in an incineration or co-combustion facility.  Each category from Table 2.1 was 

converted to an elemental basis, using the weighted average composition of each 

waste category [Perry and Green, 2008].  The elements were summed, resulting in 

the dry mass fractions shown in the supporting information in Appendix A, and are 

used in the ultimate analysis and proximate analysis in the AspenPlus® software for 
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the parallel co-firing combustion process.  For coal, the sulfuric analysis is used in 

addition to the ultimate and proximate analyses. 

Three moisture contents (M) were considered for each MSW scenario: 10.1%, 

25.0%, and 40.0% of total mass.  The moisture content is representative of the 

combined internal and external moisture that theoretically can be vaporized.  Drying 

MSW or biomass is common but not always performed.  The 10.1% value is 

considered dry for practical applications, whereas the range of 15% to 40% is typical 

of untreated MSW [Yin, 2011; Perry and Green, 2008].  
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Table 2.1 - MSW mass fraction composition by EPA component categories [EPA-
MSW, 2010].  MSW_2 through MSW_5 were calculated by decreasing the mass of 
a single component by 50%. The 50% reduction in a component category is 
representative of policy initiatives to implement recycling, composting or other 
disposal methods. 

 

2.2.2. AspenPlus Configuration 

AspenPlus® is a leading process simulation program that predicts plant 

behavior using mass and energy balances in addition to equilibrium information.  It 

is used in the energy production private sector.  The AspenPlus® design for the 

parallel co-fired plant (Figure 2.1) is a simplified representation of an existing CFPP.  

The design specifications for the process plant include two sets of operating 

conditions: heating value determination and pollution determination.  To determine 

the heating value (the negative of the heat of combustion), the reactant and product 

MSW_1 MSW_2 MSW_3 MSW_4 MSW_5
MSW 

National 
Average

50% paper 
reduction*

50% 
organics 

reduction*

50% plastics 
reduction*

50% paper 
and organics 
reduction*

Paper 31 18.34 35.61 32.98 21.66
Metals 8.4 9.94 9.65 8.94 11.74
Plastics 12 14.20 13.79 6.38 16.77
Glass 4.9 5.80 5.63 5.21 6.85
Organics 25.9 30.65 14.88 27.55 18.10
Textiles 7.9 9.35 9.08 8.40 11.04
Wood 6.6 7.81 7.58 7.02 9.22
Misc. 3.3 3.91 3.79 3.51 4.61

*As compared to MSW_1.  
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temperatures are 298.15 K with a pressure of 1 atm.  For pollution determination, the 

outlet temperature is determined assuming adiabatic conditions.  This study 

calculated the heating values and pollutant concentrations based on combustion 

prior to a steam generation unit that can have variable thermal efficiencies.  While it 

is possible to model each scenario with the same temperature for the combustion 

chamber, this study did not do so, allowing instead adiabatic conditions.  The primary 

advantage to this approach is that the combustion chamber in the simulation more 

realistically represents an actual combustion process.  Optimization of the EG unit 

was not performed though it and modeling of heat recovery and flue-gas cleaning are 

possible using AspenPlus® [Cimini et al., 2005]. 



 
24 

 

 

Figure 2.1 - Block diagram of the parallel co-fired combustion plant used in the 
AspenPlus® simulations. 

The equations used by this AspenPlus® simulation to determine the heat of 

combustion are described by the heat of formation method, shown in Equation 2.1-     

  Equation 2.4.  The generalized form of the equations include specific 

enthalpy (Equation 2.1), heat of formation with sensible heat change (Equation 2.2), 

heat capacity (Equation 2.3), and heat of formation for combustion products 

(Equation 2.4). 
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∆𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = �𝑚𝑚𝑘𝑘∆𝐻𝐻𝑘𝑘
𝑘𝑘

 

Equation 2.1 - Specific enthalpy for fuel 

∆𝐻𝐻𝑘𝑘 = ∆𝐻𝐻𝑓𝑓,𝑘𝑘 + � 𝐶𝐶𝑝𝑝𝑘𝑘𝑑𝑑𝑑𝑑
𝑇𝑇

298.15
   

Equation 2.2 - Heat of formation equation with sensible heat change 

𝐶𝐶𝑝𝑝,𝑘𝑘 = 𝛼𝛼1 +  𝛼𝛼2𝑑𝑑 + 𝛼𝛼3𝑑𝑑2 + 𝛼𝛼4𝑑𝑑3  

Equation 2.3 - Heat capacity 

∆𝐻𝐻𝑓𝑓,𝑘𝑘 = ∆𝐻𝐻𝑐𝑐,𝑘𝑘 + ∆𝐻𝐻𝑓𝑓,𝑐𝑐𝑝𝑝,𝑘𝑘 

       Equation 2.4 - Heat of formation for compustion products 

where 𝑚𝑚𝑘𝑘 is the mass fraction, ∆𝐻𝐻 represents the specific enthalpy,  ∆𝐻𝐻𝑓𝑓,𝑘𝑘 is 

the enthalpy of formation, ∆𝐻𝐻𝑐𝑐,𝑘𝑘 is the enthalpy of combustion, ∆𝐻𝐻𝑓𝑓,𝑐𝑐𝑝𝑝,𝑘𝑘 is the sum of 

the enthalpy of formation for each combustion product (cp) multiplied by the mass 

fraction of the relevant constituent in the fuel, and 𝐶𝐶𝑝𝑝,𝑘𝑘 is the heat capacity, with 

subscript k in all formulas representing the constituent within the fuel, and 𝑑𝑑 is 

temperature.  The ∆𝐻𝐻𝑓𝑓,𝑐𝑐𝑝𝑝,𝑘𝑘 recognizes the heat of combustion for each combustion 

product associated with a constituent, as obtained from the National Institute of 

Standards and Technology (NIST) Chemistry WebBook [NIST Web book] and Perry’s 
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Chemical Engineering Handbook [Perry and Green, 2008].  The 𝛼𝛼 coefficients were 

calculated from the NIST Web Thermo Tables [NIST Thermo Tables]. 

The property parameters for Coal_I6 were determined from the modified 

Dulong correlation for the heat of combustion, a direct correlation evaluated by the 

Institute of Gas Technology for the standard heat of formation, and the cubic 

temperature equation (Equation 2.3) [AspenPlus®, 2011].  In order to validate the 

heating values obtained from AspenPlus®, heating value correlations from the 

literature were reviewed, with representative correlations found in Table 2.2. 

Table 2.2 - Literature correlations for predicting HHV using percentages of C 
(carbon), O (oxygen), H (hydrogen), S (sulfur), A (ash, inert), and N (nitrogen). 

 

2.2.3. U.S. EPA WARM and WAR models 

Recycling [Craighill and Powell, 1996] and MSW management [Eriksson et al., 

2005; Giugliano et al., 2011] studies account for global warming and its impacts by 

quantifying greenhouse gas emissions.  The U.S. EPA Waste Reduction Model (WARM) 

Unit Equation Fuel Basis Source

HHV (MJ/kg) dry basis Yin, 2011

HHV (Btu/lb) unknown Wilson, 1972

HHV (KJ/Kg) dry basis Modified Dulong [Perry, 2008]

HHV (Btu/lb) dry basis IGT formula [Perry, 2008]

OHC 825.02949.0 +

)(53.515.64.2978.56858.146 NOASHC +−−++

SOHC 95)
8

(1428337 +−+

SOHC 3982)
8

(6021414096 +−+
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was developed to help waste management strategists determine the amount of 

greenhouse emissions for material reallocation decisions [USEPA WARM].  This study 

used the WARM model to determine the net CO2 equivalency for each MSW scenario 

based on its material composition and the disposal method (combustion or landfill).  

WARM accomplishes this by using updated emission factors for a variety of materials, 

including those commonly found in MSW, in a life-cycle style.  Each material is 

evaluated using life-cycle data while considering the process under which the 

material goes to calculate the net greenhouse gas (GHG) emissions [USEPA WARM].  

For each process, several life cycle stages, and thus parameters, were considered.  

Recycling includes process and non-process energy, transportation energy, and 

carbon storage.  Paper used in this study is assumed to be of mixed sourcing, which 

in WARM correlates to the combination of corrugated containers, magazines/third-

class mail, newspaper and office paper [USEPA WARM].  Combustion emissions 

include avoided utility GHG emissions from mass burn facilities and refuse derived 

fuel facilities and avoided CO2 emissions due to metal recovery.  Landfilling 

considered raw material acquisition and manufacturing, transportation to landfill 

and its methane production, carbon storage, and avoided GHG emissions from energy 

recovery.  Default values for recycling, combustion and landfilling were used from 

WARM, for categories that correlated to the MSW materials of paper, metals, plastics, 

glass, organics, textiles, wood and miscellaneous.  For categories that had several 

subcategories in WARM, primarily paper, subcategory values were aggregated to 

obtain a category value.  Each parameter in the aforementioned categories has 
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different values depending upon their impact to the material being studied.  While the 

value of each parameter is unique, the weighting of each parameter is unity (though 

the user of the WARM model may select to more heavily weigh one parameter versus 

another).  This study used the WARM model to determine the net CO2 emission 

equivalency for each MSW scenario based on its material composition and the 

disposal method (combustion or landfill). 

The U.S. EPA WAR (Waste Reduction Algorithm) designates a potential 

environmental impact (PEI) for specific chemical process simulations and was used 

in this study to determine the total PEI for specific combustion by-products for each 

MSW scenario when incinerated, while moisture content was varied.  The PEI is a 

relative measure of a chemical to have adverse, human health impacts and is indexed 

to provide a quantitative measure of the impact of the waste on human health and the 

environment, with PEI equal to zero representing no adverse impacts [USEPA WAR].  

There is no upper bound to PEI.  The PEI is based on eight parameters: human toxicity 

potential ingestion, human toxicity potential dermal, terrestrial toxicity, aquatic 

toxicity, global warming potential, ozone depleting potential, photochemical 

oxidation, and acidification [Smith, 2004].  The WAR model allows the user to assign 

categorical weights to each parameter; however, the weight of each of the eight 

parameters is assumed equivalent in this study.  The WAR model was used in this 

study to determine the total PEI for each MSW scenario, with varying moisture 

contents, to evaluate if one scenario or moisture content would have higher PEIs. 
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2.2.4. Economic Evaluation for MSW Composition Scenarios 

 Previous studies have evaluated the economic and social benefits of WtE 

plants [Caputo and Pelagagge, 2001] and recycling with government incentives 

[Smith, 2004; Chen, 2005], and the results of these studies suggest that several 

approaches and parameters are needed to determine the monetary significance of 

using co-fuels with coal.  This study accounts for several operating parameters for the 

hypothetical CFPP, while assuming that the capital costs to modify the plant are 

negligible for the purpose of comparing one MSW scenario to another in the same 

plant.  Equation 2.5 through Equation 2.7 were developed to determine the profit of 

each MSW scenario with varying distributions of coal as the co-fuel.   
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      𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = Φ{ω%[α + ζ + γ#(δ + ξ)] + ghf[ηNOVNO(λNO + θ) +

ηNO2VNO2(λNO2 + θ) + ηSO2VSO2(λSO2 + θ)] + ιν}  

Equation 2.5 - Power Plant expenditures 

𝑅𝑅𝐸𝐸𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = (
HV
B

) ∗ µ + γ#ω%Φ(ς# + ψ) 

    Equation 2.6 - Powr Plant revenue 

𝑃𝑃𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸 = 𝑅𝑅𝐸𝐸𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 

       Equation 2.7 - Power Plant profit 

where Φ is the number of operating days/year, ω is the mass flowrate of MSW 

(tons MSW/day), % represents the five different mass fractions of MSW, α is the 

disposal cost of MSW ($/ton MSW), ζ is the cost of sorting the MSW and recyclables 

($/ton MSW), γ  is the mass fraction of recyclable material (plastic, paper or organic), 

# represents the numerical identifier of each MSW scenario, δ is transit cost to collect 

recyclables ($/ton of recyclables), ξ is the administrative cost to the municipality to 

collect MSW and/or recyclables ($/ton of combined recyclable), g is the conversion 

of tons to gram (1.10231x10-6 tons/gram), h converts hours into seconds (3600 s/hr), 

f converts hours into days, η is the conversion for the ideal gas law (g/L) equal to 

(Pressure*molar mass of pollutant)/(R*Temperature) with P=1atm, R=0.082 

L*atm/K*mol, and T=1250K, V is the volumetric flowrate of pollutant (L/s), λ is the 
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cost for operating the APC devices ($/ton of pollutant emissions), θ is the total 

emission and air permitting fee ($/Σ(tons of NOx, SO2, PM, and volatile organic 

matter)), ι is the mass flowrate of coal (tons coal/day), ν is the coal spot price in the 

Illinois Basin ($/ton coal), HV is the heating value (Btu/yr), B is the heat rate 

(Btu/MWh), µ is the wholesale market price valuation for electricity sales ($/MWh 

sold), ς is the selling price of the recyclable material ($/ton of recyclable material), 

and ψ represents the municipal revenue collected from residential recycling pick-up 

($/ton of combined recyclables).   

Economic evaluation of each MSW scenario was performed using information 

from several government, private sector, and non-profit groups pertaining to the 

State of Illinois.  A summary of the parameters and source information found in 

Equation 2.5 through Equation 2.7appears in the Appendix A, Table S4.  While there 

is no current tax in the United States for CO2 emissions, recent legislative decisions 

within the EPA to regulate CO2 cause speculation regarding future tax.  Therefore, this 

study used a proposed tax to calculate the cost savings of reducing CO2 emissions.  

The consumer price index was used to adjust all monetary values to 2013 US dollars 

[Bureau of Labor Statistics, 2013]. 
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2.3. Results and Discussion 

2.3.1. Power Generation 

The HHV of the MSW is shown in Figure 2.2 for combustion without coal co-

fuel.  In general, for pure MSW at 10.1% moisture, the Aspen calculations indicate at 

least a 20% decrease in the HHV compared to the coal selected for this analysis.  The 

three moisture scenarios shown in Figure 2.2 indicate that the scenario with the 

highest moisture content is closest to the values in literature.  This signifies that the 

determination of “dry” basis for MSW is inconsistent and affects the HHV 

determination.  Therefore, moisture should not be assumed constant for all equations 

presented in the literature.  Among the MSW scenarios, MSW_5 has the lowest HHV, 

while the national average has the highest.  Heating values were influenced by the 

MSW composition, in a non-uniform way, depending on the MSW scenario category 

reduced, as shown in Figure 2.2.  Thus, municipalities seeking to maintain a specific 

HHV may likely do so even when recycling or composting reductions in one or several 

categories is performed. 
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Figure 2.2 - Comparison of HHVs for each MSW scenario and for Coal_I6 
(Internal moisture only, M=10.1%).  Equations for correlations from the 
literature can be found in Table 2.2. MBtu=1000 Btu. [14] refers to Perry and 
Green (2008); [18] refers to Yin (2011) and [19] refers to Wilson (1972). 

In addition to varying with MSW composition, the HHV is affected by the 

presence of moisture.  The variation in HHV due to moisture is linear because the 

latent heat of vaporization for water is constant.   

2.3.2. Air Pollution Impacts 

Co-fuels, such as MSW, may contain on a percent basis decreased amounts of 

pollutant precursors, thus lowering overall emissions [Muthuraman et al, 2010; 

Leckner, 2007].  These changes in emissions also may result from changes in 

combustion temperature.  The focus of this study, however, was not to corroborate 
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that co-combusting MSW with coal would provide pollution benefits but instead to 

determine the dependency of those benefits on MSW composition and moisture 

content.   

Generally, it was assumed that a linear relationship exists between the mass 

fractional amount of the element in the fuel and the corresponding amount of species 

in the flue gas (Equation 2.8).   

𝑃𝑃𝐸𝐸𝐸𝐸𝑑𝑑𝐸𝐸𝑃𝑃𝐸𝐸𝐸𝐸𝑑𝑑 = 𝑚𝑚𝑐𝑐𝑝𝑝,𝑀𝑀𝑀𝑀𝑀𝑀_1 ∗
𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒,𝑀𝑀𝑀𝑀𝑀𝑀_#

𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒,𝑀𝑀𝑀𝑀𝑀𝑀_1
                        𝑀𝑀𝑃𝑃𝑑𝑑𝐸𝐸𝑀𝑀 = 𝑚𝑚𝑐𝑐𝑝𝑝,𝑀𝑀𝑀𝑀𝑀𝑀_# 

Equation 2.8 - Linear form for fractional amount of element in fuel to flue gas  

where 𝑚𝑚𝑐𝑐𝑝𝑝,𝑀𝑀𝑀𝑀𝑀𝑀_# is the Aspen-modeled mass flow rate for the combustion 

product for MSW scenario # (# ranges from 1 to 5), and 𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒,𝑀𝑀𝑀𝑀𝑀𝑀_# is the mass of 

the element (N, S, or C) found in the combustion product in the original fuel for MSW 

scenario #, for any of the three moisture scenarios.  However this does not account 

for non-linear combustion chemistry.  To address the concern of reporting actual 

emissions from this hypothetical plant, post-APC concentrations are also calculated 

based on EPA fact sheets for control technologies and will be included in the 

manuscript for this study.  Results for SO2, NOx and CO2 below are based on the 

elemental mass normalization (Equation 2.8) of each MSW scenario compared to 

MSW_1, the national average.  This allows the changes seen in pollutant concentration 

to be attributed to reaction kinetics and chemistry, not the inherent mass variations 

caused by varying the MSW distribution in co-combustion.  
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Pollutant flue gas concentrations are scaled (sc notation) to account for 

elemental mass differences in fuel composition ( Equation 2.9) and normalized by 

the corresponding flue gas mass flow rate for pure coal (nm notation) for ease of 

comparison, according to Equation 2.10. 

𝑚𝑚𝑐𝑐𝑝𝑝,𝑀𝑀𝑀𝑀𝑀𝑀_#
𝑠𝑠𝑐𝑐 =

𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒,𝑀𝑀𝑀𝑀𝑀𝑀_1,𝑀𝑀=10.1

𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒,𝑀𝑀𝑀𝑀𝑀𝑀_#
∗  𝑚𝑚𝑐𝑐𝑝𝑝,𝑀𝑀𝑀𝑀𝑀𝑀_# 

        Equation 2.9 - Scaled flue gas concentrations 

 𝑚𝑚𝑐𝑐𝑝𝑝,𝑀𝑀𝑀𝑀𝑀𝑀_#
𝑒𝑒𝑒𝑒 =

𝑚𝑚𝑐𝑐𝑝𝑝,𝑀𝑀𝑀𝑀𝑀𝑀_#
𝑠𝑠𝑐𝑐

𝑚𝑚𝑐𝑐𝑝𝑝,𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓
𝑠𝑠𝑐𝑐  

      Equation 2.10 - Normalized flue gas concenrations 

Post-APC device values for NOx and SO2 were based on assumed efficiencies of 

44% [USEPA SCR] and 80% [USEPA FGD], respectively.  Scaled and normalized 

results for national average MSW are shown in Figure 2.3. 

Note that by presenting results in a normalized fashion, the selection of APC 

efficiencies has no influence assuming that such efficiencies are constant.  Results for 

individual species are discussed below.  Scaled flue gas mass flow rates for MSW_2 

through 5 are provided in the Appendix A, Figure S1. 

 

 

 



 
36 

 

a                

b  

c                

d  

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100

SO
2nm

Mass Fraction MSW_1

M=10.1
M=25
M=40

0.96
0.965

0.97
0.975

0.98
0.985

0.99
0.995

1

0 20 40 60 80 100

N
O

nm

Mass Fraction MSW_1

M=10.1
M=25
M=40

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100

N
O

2
nm

Mass Fraction MSW_1

M=10.1
M=25
M=40

0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00

0 20 40 60 80 100

CO
nm

Mass Fraction MSW_1

M=10.1
M=25
M=40



 
37 

 

e  

Figure 2.3 - Normalized (compared to pure coal) and scaled (to account for fuel 
composition) flue gas ratios based on mass fraction of MSW and moisture 
content (Equation 10) for pollutants (a) SO2, (b) NO, (c) NO2, (d) CO, and (e) CO2. 
The baseline is unity.  The y-axis labels vary depending upon the pollutant. 

2.3.3. SO2  

The normalized mass (derived from Equation 2.10) of SO2 in the flue gas is 

shown in Figure 2.3a and shows that increasing the MSW fraction always decreases 

SO2, consistent with other studies [Suksankraisorn et al., 2004; Leckner, 2007].  The 

five MSW scenarios do not show significant differences in SO2, showing that the MSW 

composition did not influence the fraction of sulfur speciated to SO2.  Increasing the 

moisture content of the MSW did not show any noticeable reductions in SO2.  For 

example, within the 100% MSW scenarios, SO2 concentration decreased by less than 

1% when moisture increased from 10.1% to 40%.   

2.3.4. NOx 

The NOx level is influenced by the amount of fuel NOx (fuel-derived N 

combustion product) and thermal NOx (high-temperature air derived N combustion 
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product), the contributions of which depend on operating conditions.  An increase in 

moisture content within any one MSW scenario shows a negligible effect on NO 

(Figure 2.3b).  However, an increase in moisture also is associated with a decrease in 

combustion chamber temperature, consistent with the reported trends by Chen et al. 

[2010].  According to Chen et al. [2010], the moisture and temperature have a 

significant influence on how biomass (fuel) N is speciated upon combustion.  There 

exists a smoldering effect with increased moisture content in the fuel, resulting in 

lower combustion temperatures and an increase in emission (mass of pollutant per 

mass of carbon burned) for certain N species.  In addition, Kurose et al. [2001] 

concluded that thermal NOx drastically decreases with increased moisture and 

became nearly negligible as the moisture content in their fuel approached 40%; 

however, as moisture increased fuel NOx increased.  Figure 2.3b shows that moisture 

has little effect on the normalized NO, and thus the effects of the decrease of thermal 

N and increase of fuel N are offset.  NO2 has a net effect of decreasing, though with 

increased moisture, NO2 increases (Figure 2.3c).    

2.3.5. CO and CO2 

Generally, CO is not considered important for CFPPs as the fuel generally 

undergoes near complete combustion.  However, as MSW replaces coal, the relative 

importance of CO could increase.  Carbon dioxide is a GHG that is of interest because 

of its environmental impacts and environmental regulations in industrialized nations 

regarding its control.  Carbon sequestration, carbon capture, and carbon storage are 
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some of the current categories in environmental controls aimed at reducing the 

amount of anthropogenic CO and CO2 emissions.   

 For all MSW, the amount of CO2 in the flue gas gradually increases with 

moisture, but decreases with the MSW fraction.  Kaplan et al. [2009] showed that the 

use of MSW could decrease CO2.  As CO2 increases with moisture, CO decreases.  

Increasing the mass fraction of MSW also causes a strong increase in CO (Figure 

2.35d), except when M is highest.  This suggests that accessibility to carbonaceous 

material is hindered within MSW, resulting in incomplete combustion.  From Figure 

5e, the increase in CO2 with moisture content could be associated with conditions 

favoring the water gas shift reaction (where CO combined with water yields more CO2 

and H2). 

2.3.6. PEI and GHG Emissions for MSW Scenarios 

The WAR results for each 100% MSW scenario and coal are shown in Table 2.3 

for NO, NO2, CO, CO2, and SO2.  The total PEI includes the summation of all eight 

parameters used to determine environmental or human health hazards.  PEI was 

calculated using the scaled mass flow rate.  The total PEI amongst the four pollutants 

varies widely, from ~4 (NO2) to 7663 (NO) PEI/hr, showing NO has the worst 

environmental impact of the pollutants studied for the conditions used.  The impact 

of MSW composition on the PEI, excluding CO, was insignificant, as the PEI was nearly 

constant for each MSW scenario.  Higher PEI should be avoided, as the externalities 
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associated with adverse environmental impacts are variable and costly to individuals 

and government. 

Table 2.3 - WAR model PEI analysis for each pure MSW scenario, calculated 
using pre-APC concentrations for CO and CO2, and post-APC concentrations for 
NO, NO2, and SO2.  PEI used the scaled mass flow rate of each pollutant (as 
derived from the scaled volumetric flow rate). 

 
 

The WARM model accounts for GHG emissions.  It is used to determine the net 

CO2 equivalents (e) associated with material reallocation (including transportation, 

non-biogenic CO2, and avoided GHG emissions).  Negative values denote GHG 

emission reductions or carbon storage, and net GHG emissions are estimated to be 

negative for all biogenic sources of carbon (paper and wood products, organics) 

[USEPA WARM]. The net metric tons of CO2e for each MSW constituent material for 

different disposal methods are shown in Figure 2.4a; a mixture consisting of an equal 

distribution of plastics and organics also is shown.  It should also be noted that 6a has 

five categories listed in the x-axis, one being average MSW (MSW_1); however, 

MSW_1 is comprised of more than the summation of the other four categories listed 

in 6a and should not be expected to equal the averaging of those other four categories.  

M=10.1 M=25 M=40 M=10.1 M=25 M=40 M=10.1 M=25 M=40 M=10.1 M=25 M=40 M=10.1 M=25 M=40
MSW_1 7,410.70 7,410.29 7,409.37 4.41 4.98 6.21 105.01 52.98 16.01 29.87 30.63 31.18 89.27 89.26 89.24
MSW_2 7,410.63 7,410.18 7,409.21 4.51 5.11 6.42 94.26 46.62 13.75 30.03 30.73 31.21 89.27 89.26 89.23
MSW_3 7,410.68 7,410.25 7,409.29 4.44 5.03 6.32 101.61 50.20 14.63 29.92 30.68 31.20 89.27 89.26 89.24
MSW_4 7,410.73 7,410.32 7,409.38 4.37 4.94 6.20 109.42 54.52 16.00 29.80 30.61 31.18 89.27 89.26 89.24
MSW_5 7,410.58 7,410.11 7,409.07 4.57 5.21 6.61 88.30 42.38 11.89 30.11 30.79 31.24 89.27 89.26 89.23
Coal_I6 7,663.52 7,663.52 7,663.52 8.31 8.31 8.31 18.14 18.14 18.14 45.75 45.75 45.75 2,152.50 2,152.50 2,152.50

NOsc NO2
sc SO2

scCO2
scCOsc

Total PEI/hr
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The complete breakdown of MSW_1 is given in Table 2.1.  For the mixture of plastics 

and organics and for plastics alone, combustion is the worst option, while for organics 

alone and for paper, landfilling is the worst option.  For the average MSW, combustion 

offers an improvement over landfilling with respect to GHG impacts (Figure 6a).  The 

clear implication of Figure 6a is that average MSW has higher metric ton of CO2e 

(MTCO2e) per ton of material when the landfill is used as the final disposal method 

instead of combustion.  This can be caused by the inherent nature of the material 

composition and its ability to form GHGs in various process methods.  
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b    

c   

Figure 2.4 - U.S. EPA WARM model results, with different y-axis labels for each 
graph. (a) Net emissions of metric tons of CO2 equivalent per ton of MSW 
constituent material.  (b) Contributions of individual MSW constituent 
materials to daily net metric tons of CO2 equivalent emissions for each MSW 
scenario for the combustion process.  Note that the total mark (dark green 
dash) for MSW_1 is completely hidden and MSW_5 is partially hidden, as the 
values are very close to the miscellaneous mark (pink short dash).  (c) 
Contributions of individual MSW constituent materials to daily net metric tons 
of CO2 equivalent emissions for each MSW scenario for the landfill process.  
Negative values denote greenhouse gas (GHG) emission redutions or carbon 
storage; net GHG emissions are estimated to be negative for all biogenic sources 
of carbon (paper and wood products, organics).  Net emissions consist of 
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transportation to combustion facility, non-biogenic CO2, and emissions of N2O 
minus avoided GHG emissions [USEPA WARM]. 

For each MSW scenario, Figure 2.4b and Figure 2.4c juxtapose the 

contributions of different MSW constituent materials to CO2e for combusting and 

landfilling, respectively.  Results show that to reduce MTCO2e per day, it is better to 

combust MSW_4 (reduced plastics, Total = -531.1 MTCO2e/day), MSW_3 (reduced 

organics, Total = -238.7 MTCO2e/day), and MSW_2 (reduced paper, Total = -94.5 

MTCO2e/day) while landfilling MSW_5 (reduced paper and organics, Total = -105.3 

MTCO2e/day).  MSW scenario 1 can have benefits of being processed either way.  In 

considering Figure 2.4, it is important to note that the data in Figure 2.4a is per ton, 

while the data in Figure 2.4b and Figure 2.4c are based on the daily rates.  Therefore, 

scaling up to the daily amount causes the larger values exhibited in Figure 2.4b and 

Figure 2.4c.  Figure 2.4a provides a summary of how each recyclable influences the 

net MTCO2e per ton of material for each process, with plastics showing the largest 

benefit by recycling and smallest benefit by combustion.   

2.3.7. Economic Implications for Recycling or Composting 

 Each of the five MSW scenarios used in this study reduced reusable material 

in the MSW composition through recycling or composting (Table 2.1).  The purpose 

of economically evaluating the impacts of recycling and composting was to determine 

if the profit, and subsequently if the APC expenditures, were significantly impacted 

by substituting MSW for coal.  Actual expenditures, revenues and profits depend on 
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highly proprietary information for each plant; therefore, absolute values are not 

publicly available or necessary for the objective of this research.  In addition, because 

all revenue and expenditure streams were not evaluated in this study, the profit is not 

necessarily representative of what a real CFPP earns.  However, the relative changes 

in the profit, expenditures, and revenues of using one of the MSW scenarios with 

Coal_I6 as compared to the CFPP are realistically obtainable and are reported.  Results 

shown in Table 2.4 are for the impacts on APC costs using MSW.  In each MSW 

scenario used in lieu of Coal_I6, there was a reduction in profit the CFPP earned, 

ranging from ~20-30%.  The change in net profit is directly tied to the MSW 

composition and moisture, with higher moisture of MSW being associated with a 

larger reduction in profit.  See Appendix A, Table S4 for further profit data and 

references used in the economic evaluation, particularly for changes in profit. 
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Table 2.4 - Annual average change in emission operational costs for each scaled 
pollutant as compared to Coal I6.  The APC devices included selective catalytic 
reduction (SCR) for NOx and flue gas desulfurization (FGD) for SO2.  Costs 
include, but are not limited to, reagent usage, catalyst replacement, waste 
disposal, and electricity consumption.  For the calculation of change in emission 
operational costs for CO2 were obtained for a proposed carbon dioxide tax of 
$40.01 per ton CO2.  Carbon monoxide is excluded in the economic analysis as 
values for its recovery and expense are not reliably obtainable. 

 
  

The change in expenditures and revenues can be partially attributed to the 

value of the recyclable materials, the heating value associated with each MSW 

scenario, and the costs associated with operating APC devices (Table 2.4).  Altering 

these parameters can allow MSW to become a more economically viable fuel source.  

From Table 2.4, the annual emission costs are reduced: up to ~3% for NO, ~20-47% 

for NO2, and ~95% for SO2 when MSW is used.   

Reducing emission costs also can result from the proposed CO2 tax, as shown 

in Table 2.4.  The proposed average carbon dioxide tax, β, was $40.01 per ton of 

carbon dioxide, as derived within the limits of previous work [Patiño-Echeverri et al., 

2007; Meng et al., 2013]. 

 

M=10.1 M=25 M=40 M=10.1 M=25 M=40 M=10.1 M=25 M=40 M=10.1 M=25 M=40
MSW_1 -3.30 -3.30 -3.32 -46.87 -40.09 -25.22 -34.72 -33.04 -31.85 -95.85 -95.85 -95.85
MSW_2 -3.30 -2.65 -2.66 -45.68 -38.43 -22.69 -34.37 -32.84 -31.78 -95.85 -95.85 -95.85
MSW_3 -3.30 -1.99 -1.99 -46.53 -39.45 -23.88 -34.61 -32.95 -31.81 -95.85 -95.85 -95.85
MSW_4 -3.30 -1.32 -1.33 -47.36 -40.55 -25.42 -34.86 -33.09 -31.85 -95.85 -95.85 -95.85
MSW_5 -3.30 -0.66 -0.67 -44.96 -37.23 -20.39 -34.18 -32.70 -31.72 -95.85 -95.85 -95.85

NOsc NO2
sc CO2

sc SO2
sc

 Change (%) in Emission costs as compared to Coal I6
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Chapter 3 

Adding to the grid: An approach to 
Municipal Solid Waste as a fuel 

This chapter uses nomenclature from previous chapters; however, equation symbols and definitions 

are not carried over into this chapter unless otherwise noted. 

3.1. Background 

Management of MSW has traditionally been conducted primarily as a waste 

issue rather than as an integral part of the larger, industrial ecology.  For countries 

with limited land mass for the storage of MSW, a broader imperative on how to reuse 

this material is evident.  To address how to best handle MSW, Monte Carlo simulations 

have been used [Bao-Guo et al., 2007; Chen et al., 2010] in various applications, from 

evaluating how large the sizing of MSW receiving facilities should be [Arey and Baetz, 

1992] to determining the health impacts of living within a certain proximity to a MSW 

incinerator [Schuhmacher et al., 2001].  While it is important to understand how to 

best optimize the performance of a MSW strategy in the environmental and economic 

realm [Chen et al., 2010; McPhail et al., 2014], this strategy should be expanded to 
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consider the local or state-wide electricity grid, allowing a more comprehensive 

overview of how MSW can fit into an energy portfolio, thus being a realistic 

alternative fuel option.   

Numerous studies have evaluated the environmental, economic and social 

implications of utilizing MSW as a combustion fuel.  Policies from the European Union 

(EU) and other applicable countries were reviewed in light of the condition of MSW 

in the U.S.A. for environmental and economic feasibility.  These included the 

Renewable Energy Directive of the EU, the trading schemes of Emissions Trading and 

Landfill Allowance, the Substitute Fuels Protocol [Garg et al., 2007], Green Electricity 

certificates [Holmgren and Gebremedhin, 2004],  and others that are proposed via 

legislation. The prospective uses of MSW for electricity generation is further 

expanded beyond developed nations, and include developing nations such as Ghana 

[Ofori-Boateng et al., 2013], Turkey [Melikoglu, 2013], India [Singh et al., 2011], and 

China [Zheng et al., 2014] among others.   

This research considers the economic impact of using MSW as a fuel in WtE 

technologies such as combustion by focusing on several policy-initiated subsidies, 

taxes and economic externalities that are currently being considered or proposed in 

both developed and developing countries.  Ultimately, this research focuses on the 

unique case of the United States, which can facilitate WtE technologies, and where 

lack of available land is not a primary driver of utilizing MSW as a fuel, as it is in other 

countries.    
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3.2. Methodology 

This research extends the existing knowledge base for MSW as a renewable 

energy source by determining whether using MSW in the current electricity grid in 

the U.S.A. would be feasible on a national scale, and how policy initiatives can 

significantly influence the future implementation of MSW in such efforts.  In order to 

more accurately reflect feasibility, policy initiated subsidies and taxes were assessed, 

in addition to economic externalities such as the impacts of mining for fossil fuels on 

community health which currently are not priced in fuel costs.  More specifically, this 

research determines the economic feasibility by evaluating six primary economic 

factors, described in detail in Section 3.2.3.   

3.2.1. Monte Carlo Simulator: RiskAmp 

The data gathered include values for the parameters and their respective 

distributions.  Due to the uncertainty associated with the data for the parameters for 

different policy-initiated management strategies, stochastic modeling is necessary.  

Monte Carlo is a type of stochastic methodology, in which random selection of 

variables can be used to solve mathematically complex problems in probability 

distribution, optimization and numerical integration [Hazewinkel, 2001; Everitt, 

2006]. 

In this research, Monte Carlo simulations were used for stochastic modeling 

via repeated random sampling of each parameter within its respective distribution, 
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allowing the parameter to be represented by a single value within the value’s 

distribution range.  RiskAMP, a Microsoft Excel add-in by Structured Data LLC, was 

the commercial software used for the Monte Carlo simulations, and allows the user to 

determine which random distribution and statistical analysis functions are used in 

the simulation.  The RiskAMP random distribution function UniformValue was 

utilized to ensure that each parameter was uniformly distributed between the 

minimum and maximum values inclusively [RiskAMP, 2014], which results in random 

values being equally observed, creating a symmetric, constant probability 

distribution [Weisstein, 2014], known as a uniform distribution.  This research used 

Latin hypercube statistical method within the RiskAMP SimulationAverage function 

to yield the mean value of the decision variable after running a simulation and to 

ensure a symmetric sampling was achieved [RiskAMP, 2014].  Each simulation was 

comprised of 10,000 iterations as a convergence criterion. 

Data collection for the parameter values originates from pertinent literature, 

the private sector, and government agencies.  These parameters are used to calculate 

the social marginal cost (SMC) of electricity generation from different types of fuel, 

which accounts not only for the private marginal cost (PMC) of production but also 

the social costs arising from health impacts, mining impacts and pollution.  The SMC 

are used to generate a hypothetical dispatch curve for electricity generation, which, 

in conjunction with a demand curve, enables the determination of electricity output 

from each type of fuel when externalities are internalized. 
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3.2.2. Fuels 

Three common and readily available fuels were used: MSW, coal and NG.  The 

data and assumptions for each fuel can be found below. 

3.2.2.1. Coal 

In this study it will be assumed that bituminous coal is used, as one of the three 

fuels, similar to that found in Section 2.2 for coal_I6; however, as Illinois coal usage is 

declining due to high competition with lower sulfur western coal [Affolter and Hatch, 

2002] it is important to note that the historical economic and chemical properties are 

slightly different for western coal [Ctvrtnicek et al., 1975; McDermott, 1997; ESPA, 

2012].  Therefore, the economic characteristics of bitumen are an averaged 

combination of both Midwest and Western origin.   

3.2.2.2. Liquefied NG 

Transportation of gas is economically inefficient, so typically the gas is 

compressed into a liquefied form.  Liquefied NG (LNG) is used in this study for its 

practical applications and extensive data sets [EIA 2009, 2012].  An originally less 

popular by-product of oil drilling in the U.S.A., NG has become a primary fuel source 

in its own right as the prices have become more stable and competitive with oil 

[USEIA-NG, 2014].   
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3.2.2.3.      MSW 

Benefits of using MSW include, but are not limited to, reduction in landfill 

usage and pollutant avoidance, as discussed in Chapter 2 and Section 3.1.  While MSW 

is a fuel that can have several useful functions, none are arguably more important 

than energy recovery.  This study establishes that the MSW used in a single-stage 

combustion process reflects national characteristics (see Table 2.1) with 10.1% 

moisture and is not presorted to recover the highest energy content components.  

From the results in Chapter 2, the impact from MSW composition and moisture can 

be substantial, especially on the economic considerations for APC cost savings.  

However, in Chapter 3, consideration is not given to varying the moisture and MSW 

composition, as the evaluation of the change in environmental concentrations and the 

cost savings for APC equipment are relatively insignificant compared to other 

operational and internalized costs.  

While in some ways similar to the economic assumptions in Section 2.2.4, this 

methodology recognizes that there are inherent costs associated with the promoted 

use of MSW as a fuel in the electricity supply chain.  However, as the combustion of 

MSW is a well-established disposal technique, it is assumed that the costs to combust 

MSW in a parallel, but separate facility, to an existing coal or NG plant would not 

require significant infrastructure or supply chain costs [McPhail et al., 2014].  

Infrastructure and transportation costs for directly transporting MSW to a physical 

CFPP or NG plant for direct co-firing (as described in Section 2.1) was not considered 

appropriate for this study as each supplied fuel in a dispatch curve should be 
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triggered once the SMC is reached in order to generate electricity, which is 

independent of the other fuels in the stack.  For example, coal is considered one of the 

cheapest base load (used around-the-clock) fuels for a dispatch curve, and may run 

continuously while more expensive (higher marginal cost) fuels may switch on and 

off depending on the market demand [EIA-TIE, 2012].  Indeed, the costs to collect the 

MSW, transport it to a processing and combustion facility, and then transport the final 

electricity to the consumer, are all accounted for in this study (see Sections 3.2.3-

3.2.6) below.  It is important to note that while a parallel combustion facility was 

assumed for this study, more efficient technologies could yield more electricity 

production (see 1.1.2-1.1.3), but the technologies themselves were not evaluated in 

this study. 

3.2.3. Costs 

First, this study considered the distribution and transportation costs of the 

raw fuel acquired, α and moved to the processing facility [Moy et al., 2008], noting 

that some fuel will not be converted into usable electricity though it is transported.  

The transportation costs, 𝛼𝛼 in $ per kWh, are given by Equation 3.1: 
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𝛼𝛼 =
�𝜂𝜂𝜂𝜂𝜄𝜄 + ℎ𝐸𝐸�
𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓

 

Equation 3.1 - Transportation and distribution costs for raw fuel acquired 

where 𝜂𝜂 is average distance of sorting facility to burn facility (miles), 𝜂𝜂 is fuel cost to 

fuel MSW hauler per ton of MSW ($/gallon/ton MSW), 𝜄𝜄 is miles per gallon obtained 

from deliver hauler (miles/gallon), h is hourly rate for transportation sector workers 

($/hr), t is time to transport MSW (hrs/ton MSW),and  𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the ratio of 

electricity:fuel energy which is equivalent to  
𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓 𝐵𝐵𝑒𝑒𝑓𝑓 ( 𝐵𝐵𝐵𝐵𝐵𝐵

𝐵𝐵𝑡𝑡𝑡𝑡𝑡𝑡𝐵𝐵𝑡𝑡𝑡𝑡)

𝐻𝐻𝑓𝑓𝑐𝑐𝑒𝑒 𝑅𝑅𝑐𝑐𝑒𝑒𝑓𝑓(𝐵𝐵𝐵𝐵𝐵𝐵𝑘𝑘𝑘𝑘ℎ)
 , (kWh/ton of fuel), 

where fuel can equal coal, NG or MSW.   

Next, we consider the energy efficiency and costs for processing and delivering 

the final product of each fuel type [Joskow, 2005], yielding final electricity delivery 

costs, 𝛾𝛾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, in units of $ per kWh.  The electricity delivery costs 𝛾𝛾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 are given by 

Equation 3.2: 

𝛾𝛾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 +
𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

 

Equation 3.2 - Energy costs associated with processing and delivery of final 
product 

where 𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the electricity transmission cost from process facility to consumer 

($/kWh), and 𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the cost of raw fuel (total delivered to processing facility), 
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($/ton of fuel), where fuel can be coal, NG, or MSW.  The subscript fuel is inclusive of 

MSW, NG or coal.   

The overall production costs, 𝜑𝜑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, of each fuel ($ per kWh) are the processing 

costs not already accounted for in the previous objectives, and exclude the 

environmental considerations.  These are given by Equation 3.3 through Equation 3.5. 

𝜑𝜑𝑀𝑀𝑀𝑀𝑀𝑀 =  
𝜔𝜔 − 𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀
𝐹𝐹𝑀𝑀𝑀𝑀𝑀𝑀

 

Equation 3.3 - Production Costs for MSW 

𝜑𝜑𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 =
𝛤𝛤 + 𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 + 𝑑𝑑𝐶𝐶𝑐𝑐𝑐𝑐𝑓𝑓

𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓
 

Equation 3.4 - Production Costs for coal 

𝜑𝜑𝑁𝑁𝑁𝑁 =
𝜇𝜇 + 𝜀𝜀 + 𝑑𝑑𝑁𝑁𝑁𝑁

𝐹𝐹𝑁𝑁𝑁𝑁
 

Equation 3.5 - Production Costs for NG 

                             
Where ω is the private collection costs of MSW to private citizens and entities 

($/ton MSW), λMSW is the current direct subsidy to MSW, Γ is the mining cost of coal 

($/ton coal), λcoal is the current direct tax to coal, Tfuel is the transportation costs of 

each fuel from the reserve or processing facility to the power plant ($/ton fuel), 𝜇𝜇 is 

the lifting cost of NG ($/ton NG), and ε are finding costs for NG ($/ton NG).  Finding 
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costs include exploratory expenses associated with discovering and either leasing or 

purchasing property that might contain gas reserves, while lifting costs include 

operational and maintenance for equipment and facilities to lift the gas from the 

underground reserve to the surface.   

The fourth factor focuses solely on the wholesale market price of electricity, 

but considers the past, present and future, and allows variation according to 

speculation and demand in the market.  The wholesale market price is measured by 

𝛿𝛿 with units of $ per kWh charged. 

The remaining two factors that are considered relevant for the economic 

viability of using MSW in the US electricity grid are policy and legislative initiatives, 

which varies with the local and national political regimes and the environmental 

impacts of producing electricity via each fuel source.  These are both discussed in 

further depth in Section 3.2.4.   

The above factors are considered within the constraints of the current national 

capacity to produce electricity from each fuel, the use of the optimal amount of 

electricity produced (where SMC equal demand), and the lack of current policy 

initiatives to promote the use of MSW in such a strategy.  Details of this approach 

follow. 

Data used in this study for all variables can be found in Appendix B (Table 

S1), including the reference source and assumptions.  Detailed explanations for 

calculations of data in Appendix B, Table S1 can be found in Appendix B, Table S2.  
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All values were converted to 2014 USD using the consumer price index, unless 

otherwise indicated.   

3.2.4. Private Marginal Costs 

Accounting for each of the factors previously described in Section 3.2.3, a 

distinct PMC was derived for each fuel.  The PMCs are synonymous with the current 

calculations of the producers’ incurred cost to generate and sell electricity to the open 

market, as it excludes social factors such as environmental and beneficial fiscal 

considerations.  In order to eventually consider the social impacts in this research, 

the PMC for each fuel must first be found.   

  For MSW, Equation 3.6 was derived from adding the transportation (𝛼𝛼, 

Equation 3.1), final product delivery (𝛾𝛾𝑀𝑀𝑀𝑀𝑀𝑀, Equation 3.2), and production (𝜑𝜑𝑀𝑀𝑀𝑀𝑀𝑀, 

Equation 3.3) costs equations.  Coal used the summation of the final product delivery 

(𝛾𝛾𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓, Equation 3.2) and the production costs (𝜑𝜑𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓, Equation 3.4) to yield Equation 

3.7.  Finally, NG costs were calculated in the same manner as coal such that the final 

product delivery (𝛾𝛾𝑁𝑁𝑁𝑁, Equation 3.2) and the production costs (𝜑𝜑𝑁𝑁𝑁𝑁 , Equation 3.5) 

were summed to Equation 3.8.  The resulting PMC equations (Equation 3.6 through  

Equation 3.8) were used to determine the cost to produce electricity for each fuel and 

are represented in $ per kWh.  
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𝑃𝑃𝑀𝑀𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀 + 
𝜂𝜂𝜂𝜂
𝜄𝜄 + ℎ𝐸𝐸 + 𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀 + 𝜔𝜔

𝐹𝐹𝑀𝑀𝑀𝑀𝑀𝑀
 

         Equation 3.6 - Private Marginal Cost for MSW 

𝑃𝑃𝑀𝑀𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 =  𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 +
𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 + Γ + 𝜆𝜆𝑃𝑃𝑃𝑃𝑐𝑐𝑀𝑀 + 𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓

𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓
 

Equation 3.7 - Private Marginal Cost for coal 

𝑃𝑃𝑀𝑀𝐶𝐶𝑁𝑁𝑁𝑁 =  𝐷𝐷𝑁𝑁𝑁𝑁 +
𝑅𝑅𝑁𝑁𝑁𝑁 + µ + ϵ + TNG

𝐹𝐹𝑁𝑁𝑁𝑁
 

    Equation 3.8 - Private Marginal Cost for NG 

         Equation 3.6-3.8 will be used in the next phase to which 

derive the SMC equations in Section 3.2.5. 

3.2.5. Social Marginal Costs 

When a product is priced, it is important that the price be reflective of the true 

cost to produce it.  Externalities exist when the producer does not incur a cost 

(negative) or benefit (positive) that is borne by society or another party [Buchanan 

and Stubblebine, 1962].  While both positive and negative externalities are of interest, 

the presence of negative externalities will lead the producer to overproduce the 

product, if they are not captured and internalized as a producer cost.  Therefore, it is 
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appropriate to consider the negative externalities that are not considered in the 

current market price, specifically, the environmental and social impacts of producing 

the commodity [Chen et al., 2010; Kaplan et al., 2009; Pearce, 1991] and the policy 

options and legislative measures that can incentivize the use of one fuel versus 

another [Moy et al., 2008; Pearce, 1991].  The SMC are a combination of the PMC and 

social costs that need to be considered to generate a more representative cost of 

producing electricity.  The remainder of this section addresses the social costs that 

are already being realized in market price in some regions of the U.S.A.  Section 3.2.6 

will then list the policy scenarios for capturing the negative externalities and show 

how they can be implemented with the social costs described herein this section. 

   In this study, there are two types of social costs, those environmentally 

related and those that are not.  First, part of the environmental social costs consist of 

a proposed carbon dioxide equivalency and GHG tax on emissions (𝑑𝑑𝑐𝑐𝐸𝐸) of 

combustion pollutants that have a high negative impact on human health (𝜎𝜎) which 

include CO2, SO2, NOx, PM, CO and Volatile Organic Compounds (VOCs).  Details on the 

importance of pollutant emissions, how they differ in various types of MSW and coal, 

as well as the potential environmental impacts was previously discussed in Section 

2.2.3, with results in Sections 2.3.2 through 2.3.6.   

To encourage the use of non-fossil fuels for other social reasons, the U.S.A. and 

other countries have implemented regulations that limit fossil fuel consumption in 

electricity generation known as Energy Portfolio Standards (mandatory) or goals 

(voluntary) [EIA.gov, 2014; Zocchetti, 2014].  These standards vary from country to 
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country, but generally require that a fuel mix is comprised of several types of sources 

including fossil fuels and renewable fuels.  Energy Portfolio Standards can work well 

as they impose monetary penalties or fines (𝜆𝜆𝐹𝐹
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) when standards are not met.  

Determining the value of the 𝜆𝜆𝐹𝐹
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓is a complicated task, so this study first considers 

the fines locally, and later in Section 3.2.6, consideration is given to expanding the 

range of fines to include global values that could be proposed locally.  Fines for not 

meeting the Energy Portfolio Standards are not imposed on MSW, but instead on non-

renewable fuels such as fossil fuels, as the fine is intended to discourage having a fuel 

mix with larger fractions of non-renewable fuels.    

From a policy perspective, generating economic growth of any kind can be 

achieved if the cost of the product to be sold was subsidized by a third party.  

Subsidies can work in different manners and for a variety of products and services, 

yet can create an undesired political backlash to its proponents when funding is not 

sorted out or deemed to be fairly calculated.  Funding sources can vary for renewable 

subsidies, but typically stem from governmental support [USEIA-S, 2010].  Currently, 

renewable fuels such as solar and wind receive subsidies from the government to 

encourage their use as an energy fuel and for some federal programs, MSW previously 

received subsidy credits, though they were smaller than those for other renewables 

[DSIREUSA, 2014].  While intended to help renewable fuels gain more market share, 

most subsidy programs exclude MSW as a renewable fuel.  To account for this, the 

parameter 𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀 is used in this study to allow MSW to receive the same types of 

subsidies that other renewable fuels currently receive.  
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Policies that do not directly address social impacts could still impact the use 

of fossil fuels by imposing a direct tax on the fossil fuel.  This is a very unpopular 

political tactic, yet it does provide benefit to society at large in terms of reducing fossil 

fuel usage.  This reduction helps to lower not only environmental social costs, but 

other costs borne via production such as health and well-being of the neighbors to 

the electricity generation facility.  In particular, coal is one such fuel that is universally 

accepted as being very cheap but also very unclean in terms of social impacts to the 

local communities where it is mined, transported, and processed [Goodell, 2006; 

Gallman, 2011].  For this reason, a direct tax on coal (𝜆𝜆𝐶𝐶𝑐𝑐𝑐𝑐𝑓𝑓) is favored in this study in 

order to discourage coal usage [USEPA-SC, 2014].  This direct tax does have a limited 

reach in the U.S.A. as using such a punitive strategy is rarely popular among the 

commercial and industrial companies. 

In order to account for the above mentioned social impacts in a concise 

manner, Equation 3.9 as  𝛽𝛽𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖 , which is measured in $ per kWh, was developed. 

 𝜷𝜷𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝒊𝒊 = 𝑻𝑻𝒕𝒕𝒕𝒕�𝝈𝝈𝒋𝒋
𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝒊𝒊

𝒋𝒋

+ 𝝀𝝀𝝀𝝀
𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝒊𝒊    

Equation 3.9 - General equation for social impacts associated with fuel type                                           

where    𝑃𝑃𝐸𝐸𝐸𝐸𝑀𝑀𝑖𝑖 ∈ {𝑀𝑀𝑀𝑀𝑀𝑀,𝐶𝐶𝑃𝑃𝑐𝑐𝑀𝑀,𝑁𝑁𝑁𝑁} 

    𝑗𝑗 ∈ {𝐶𝐶𝐶𝐶2,  𝑀𝑀𝐶𝐶2,𝑁𝑁𝐶𝐶2,𝑃𝑃𝑀𝑀,𝐶𝐶𝐶𝐶,𝑉𝑉𝐶𝐶𝐶𝐶,𝑁𝑁𝐶𝐶} 

𝑑𝑑𝑐𝑐𝐸𝐸 is the proposed greenhouse gas emission tax(es) ($/mass CO2 

equivalents, or COe2), 𝜎𝜎𝑗𝑗
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖 represents selective, high impact, combustion pollutants 
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concentrations for CO2, SO2, NOx, PM, CO and VOCs, as converted to CO2 equivalents 

(mass CO2e/kWh), and the 𝜆𝜆𝐹𝐹
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖  ($/kWh sold), which is the fine imposed on fossil 

fuels for having too high of a proportion of the fuel mix under Energy Portfolio 

Standards. 

While environmental impacts alone may influence the PMC, consideration 

must be given to the weight of other social costs that are important when evaluating 

policy and legislative measures, which can directly or indirectly promote the use of a 

renewable fuel such as MSW.  Current political landscaping allows for the social 

costs previously described and combined in Equation 3.9 to be used in evaluating 

the producers true cost and thus are combined with the PMC to yield the current 

SMC equations below.   

        𝑀𝑀𝑀𝑀𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀 =  𝑃𝑃𝑀𝑀𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀 +  𝑑𝑑𝑐𝑐𝐸𝐸(𝜎𝜎𝑀𝑀𝑀𝑀𝑀𝑀) 

              Equation 3.10 - Social Marginal Cost for MSW 

𝑀𝑀𝑀𝑀𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 =  𝑃𝑃𝑀𝑀𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 + 𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 

                Equation 3.11 - Social Marginal Cost for coal 
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    𝝀𝝀𝝀𝝀𝑺𝑺𝑵𝑵𝑵𝑵 =  𝑷𝑷𝝀𝝀𝑺𝑺𝑵𝑵𝑵𝑵 +  𝜷𝜷𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝒊𝒊 

                      Equation 3.12 - Social Marginal Cost for NG 

Equation 3.10 through Equation 3.12 were directly derived from combing the 

PMC for each fuel (Equation 3.6- Equation 3.8) with 𝛽𝛽𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖  for each fuel (Equation 3.9), 

and are the basis for determining the SMC for each fuel, yet they do not necessarily 

represent other known environmental and social externalities.  Therefore, this 

research goes beyond the current domestically enforced and proposed policies in the 

U.S.A. and discerns the types of policy initiatives worldwide that can be used to 

evaluate MSWs economic feasibility in the U.S.A..  These considerations for expanding 

the social impacts are described in the five scenarios found in Section 3.2.6. 

3.2.6. Social and Policy Scenarios 

In order to capture some of the negative externalities associated with 

electricity production from fossil fuels that are either not addressed or not adequately 

addressed by current social costs.  This research further evaluated four additional 

parameters that modified the SMC equations above.  A total of five scenarios were 

created (each of the four parameters exclusively creating a scenario, and then an 

aggregate scenario encompassing all four external parameters) to further understand 

how policy implementations can impact economic benefits by using MSW.  These 
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additional parameters, described below, were incorporated into the previous SMC 

equations, yielding Equation 3.13 through Equation 3.15. 

The first scenario focuses on shifting the costs of health impacts associated 

with air and water pollution from community members to the power generation 

facility.  Human and environmental health impacts can include a wide range of 

ailments, including but not limited to, lung and heart diseases from PM and NOx 

(precursor to ozone) and mercury and acid rain contamination leading to soil erosion 

and acidified water sources [Smith, 1993; Hopkins et al., 2009; Center for Health and 

the Global Environment, 2011].  In addition, Sections 2.1 and 2.2.3 address more 

health and environmental impacts from air pollution caused by fossil fuels.  It is 

important to distinguish the deleterious effects of burning fossil fuels like coal from 

other point sources of pollution, either by identifying coal-specific hydrocarbon 

releases [Sawicki et al., 1962] or air quality modeling that uses a baseline with no coal 

present.  Previous research has addressed the analytical methods [Hogrefe et al., 

2001; Hains et al., 2007] and data sorting [Smith, 1993; Godowitch et al., 2007] to 

ensure effects are indeed attributed to coal via direct or secondary pollution.  In order 

to capture these health impacts on the community, this research developed a tax 

equivalent to the actual health care costs associated with power plant production 

[Center for Health and the Global Environment, 2011] that community members 

incur.  This tax can then be used to fund clean-up efforts to mitigate these direct costs.  

This is represented by 𝜁𝜁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, measured in $ per kWh. 
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Typical power plant CO2 taxes are only implemented for the air emissions from 

the plant and not for the mining stage to gather the fuel.  Therefore, this study 

implemented a carbon dioxide equivalent greenhouse tax on coal and NG from source 

derivation similar to that of McPhail et al. [2014] as numerous pollutants contribute 

to GHG emissions.  This framework models portions of Life Cycle Assessment (LCA), 

based on Finnveden et al. [2005] and Bjorklund and Finnveden [2007].  This will 

allow the full cost [EPA-FCA, 1998] of using these primary fossil fuels to be realized 

and is represented as 𝐸𝐸𝑐𝑐𝐸𝐸𝑓𝑓𝑝𝑝𝑠𝑠𝑒𝑒𝑡𝑡𝑓𝑓𝑐𝑐𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  ($ per kWh) for coal and NG.  On the other hand, 

MSW is comprised of secondary and tertiary used materials (past the primary 

function) and has been discarded; thus full LCA accounting for GHG emissions should 

not be punitive, as it is for coal and NG. 

The aforementioned fine for not meeting energy portfolio and waste reduction 

standards, 𝜆𝜆𝐹𝐹
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 in Section 3.2.5, is nearly negligible based on current information 

from the EIA [2014].  In order to encourage a more diverse energy portfolio, the U.S.A 

and other countries have levied or proposed higher fines for not meeting standards 

[Holmgren and Gebremedhin, 2004; Garg et al., 2007; Wiser et al., 2007; Wang et al., 

2010; Daim and Cowan, 2010].  To show how a policy initiative that incorporates a 

more aggressive approach, a new parameter, 𝜆𝜆𝐹𝐹′  measured in $ per kWh, is being 

added to the SMC equations.  Under this study, renewable, non-fossil fuels, in which 

MSW would theoretically qualify for meeting energy portfolio standards, are exempt 

from being fined. 
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A direct subsidy for using renewable, non-fossil fuels, such as MSW is another 

policy option available, and this study already considers 𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀 as a part of SMC 

(Equation 3.10) but this subsidy is currently limited to existing policy [DSIREUSA, 

2014].  Again, a more aggressive approach in broadening the distribution range 

would allow future policy initiatives to evaluate the benefits of such a subsidy.  How 

to approach such an expansion in subsidy values is a complex arena, as subsidies 

range widely from state to state, and ensuring that one fuel is not harshly penalized 

to allow for the consumptive growth of another is imperative.  One approach is to 

account for the current tax credits received for investments with coal and NG 

[Makhijani, 2014], which provide incentive for investing with those fuels.  To apply 

the same logic, this research applies the tax credit value given to coal and NG as a new 

subsidy (in the form of a tax credit) to MSW.  This accomplishes two things: first it 

acts as a way to allow MSW to receive the same tax treatment as fossil fuels in terms 

of encouraging investment in and the promotion of MSW as a fuel, and secondly, it 

addresses and brings to light the monetarily important tax credits and subsidies given 

to fossil fuels in the current U.S.A. system, as clearly is indicated by Makhijani [2014].  

This additional subsidy parameter is 𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀′  ($ per kWh). 

The aggregation of all policy proposed changes will yield an overall scenario 

for the initiatives considered in this Section.  This reflects realistic policy initiatives, 

as many are either combined or used as riders to other initiatives in legislative 

actions; therefore, this study also considered the aggregation of parameters, as the 

final policy scenario. 
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𝑀𝑀𝑀𝑀𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀 =  𝑃𝑃𝑀𝑀𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀 +  𝑑𝑑𝑐𝑐𝐸𝐸(𝜎𝜎𝑀𝑀𝑀𝑀𝑀𝑀) − 𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀′  

        Equation 3.13 - Social Marginal Cost for MSW with scenario 
considerations 

  𝑀𝑀𝑀𝑀𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 =  𝑃𝑃𝑀𝑀𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 +  𝑑𝑑𝑐𝑐𝐸𝐸(𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓) + 𝜆𝜆𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 + 𝜁𝜁𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 + 𝐸𝐸𝑐𝑐𝐸𝐸𝑓𝑓𝑝𝑝𝑠𝑠𝑒𝑒𝑡𝑡𝑓𝑓𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 + 𝜆𝜆𝐹𝐹′ 𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 

       Equation 3.14 - Social Marginal Cost for coal with scenario considerations 

     𝑀𝑀𝑀𝑀𝐶𝐶𝑁𝑁𝑁𝑁 =  𝑃𝑃𝑀𝑀𝐶𝐶𝑁𝑁𝑁𝑁 +  𝑑𝑑𝑐𝑐𝐸𝐸(𝜎𝜎𝑁𝑁𝑁𝑁) + 𝜆𝜆𝐹𝐹𝑁𝑁𝑁𝑁 + 𝜁𝜁𝑁𝑁𝑁𝑁 + 𝐸𝐸𝑐𝑐𝐸𝐸𝑓𝑓𝑝𝑝𝑠𝑠𝑒𝑒𝑡𝑡𝑓𝑓𝑐𝑐𝑒𝑒𝑁𝑁𝑁𝑁 + 𝜆𝜆𝐹𝐹′ 𝑁𝑁𝑁𝑁 

           Equation 3.15 - Social Marginal Cost for NG with scenario conderations 

        Equation 3.13 through Equation 3.15 were used to determine the 

actual SMCs for this study, and results can be found in Section 3.3. 

3.2.7. Demand Curve and Elasticity of Demand 

The elasticity of demand, ε (Equation 3.16) is defined as the percent change in 

energy demand (for electricity) resulting from a 1% change in income, all else 

constant. 



 
67 

 

𝜀𝜀 =  

∆𝑄𝑄
𝑄𝑄
∆𝛿𝛿
𝛿𝛿

 

Equation 3.16 - Elasticity of Demand 

where δ is the wholesale electricity price ($ per kWh) and Q is the quantity of 

electricity (kWh). 

Historically, short run demand for electricity are inelastic, while long run 

demand tends to be more elastic [Siddiqui, 2003; Alberini and Filippini, 2010], as 

consumers have more time to respond to changes in price.  For this study, consumers 

and producers are assumed to be in the intermediate run and that demand is only 

partially elastic, that is to say the demand will slightly change with pricing 

fluctuations.  To consider the elasticity for electricity, a review of pertinent literature 

was performed, with the demand curves and elasticity of demand shown in Appendix 

B, Table S3.   

The demand curve derived from the elasticity of demand in Appendix B, Table 

S3, shows that the elasticity of demand can vary greatly depending upon the variables 

considered relevant to the demand of electricity.  Indeed, the impact that these 

variable specifications in the demand equation (curve) can have is very substantial in 

yielding reasonable results.  According to Medlock [2009], several simultaneous 

factors outside of pricing influence the consumer demand such as the type of fuel 

being used, the efficiency and quantity of the capital equipment, and the rate of capital 
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utilization.  While technological changes, energy price, and how capital for energy 

technology is utilized and made efficient are considered important to achieve the 

most informed policy decisions [Medlock, 2009], this study did not consider all of 

these factors.  Instead, it is hypothesized that as consumers become more inelastic 

towards electricity demand, as it is now a basic necessity in developed nations, this 

research follows the approach given by Lin and Prince [2009] by assuming that 

elasticity produces short to intermediate run estimates.  To have coherence and use 

the common elements among the sources in Appendix B (Table S4), an exponential 

demand curve is used in this study. 

𝑄𝑄 =  𝐴𝐴𝛿𝛿𝜀𝜀 

                Equation 3.17 - Demand Curve 

where A is an estimated parameter, and Q is the current electricity consumption 

(kWh).  See Appendix B, Table S4 for estimation results for A and validation 

methodology. 

3.2.8. Model Uncertainties and Limitations 

The use of an established Monte Carlo methodology in combination with 

unique PMC and SMC equations for this research leave some areas of concern 

unaddressed completely.  These uncertainties and limitations in the model are 

outlined and acknowledged in this section. 
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3.2.8.1. Monte Carlo uncertainties and limitations 

While Monte Carlo has several advantages to analyzing large data sets with 

probability considerations, it does have a few drawbacks.  For the RiskAMP plug-in 

used to perform the Monte Carlo simulations in this research, there were three 

primary drawbacks.  First, there is no fixed number of iterations to reach a stable (or 

converged) value output.  This is more so a trial and error process where the user has 

to determine what is converged and what is not.  This can lead to excessive iterations 

where not necessary, or not having enough iterations to ensure a stable value is 

reached.  Secondly, the results from a Monte Carlo simulation cannot be used as the 

input for another Monte Carlo simulation directly, but instead the original formula 

used in the first simulation may be used in the second simulation.  The third, and 

possibly most critical disadvantage is the computing power and time needed to 

perform a simulation for a large number of iterations.  As the number of iterations 

within a simulation grows, so does the amount of time needed to run a single 

simulation.  RiskAmp program specific limitations include the type of statistical 

analysis (Latin hybercube was used) and the type of probability distribution (uniform 

distribution) being used to perform the Monte Carlo simulations. 

3.2.8.2. Cost equation and data limitations 

As with any economic evaluation of current scenarios, data available for cost 

considerations is not always readily available, making the collection and utilization of 

such data unobtainable.  While this research aimed to make the most use of 
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government, private sector and non-profit data available for Equation 3.13-3.15, it 

was not possible to obtain all proprietary information to further develop results for 

specific geographical regions, entities, or power plants.  This is further considered as 

an area for future research in order to tailor the methodology and results towards a 

more specific pilot-scale study which can more appropriately address the nuances 

and individual differences in the U.S.A. electricity grid (see Section 4.2.4). 

3.2.8.3. Scenario restrictions 

Decision makers have the flexibility of creating numerous policy initiatives 

that can be used to address the concerns of utilizing more alternative fuels.  While 

this research focused on the historically successful approaches of taxation and 

subsidy applications, there may be other alternative policies that could produce the 

desired impacts of lowering harmful fossil fuel use while increasing alternative fuels 

with low environmental and social costs. 

3.3. Results and Discussion 

Understanding the capacity limitations for each fuel is essential in determining 

the dispatch curve available for energy production.  The dispatch curve demonstrates 

when it is economically feasible to switch (or add-on) one fuel to another.  National 

capacity data were gathered (Table 3.1), in addition to the actual amount of fuel 

needed based on the supply and demand (P(Q)=PMC) being met.  Local data are also 

available in certain areas, but national data were used as it is expected that the 
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demand and supply are on the national scale.  The least expensive fuel will be used 

first (lowest PMC or SPMC), before additional fuels will be considered.  Once capacity 

has been reached for the lowest cost fuel, then the next lowest cost fuel will be used 

until it too has reached capacity.  This pattern continues for all commercially available 

fuels.  Capacity for any fuel can mean the quantity when P(Q)=PMC or SMC, or the 

total capacity for that fuel based on generation ability via producers.  A negative or 

zero value for a quantity indicates that particular fuel will not be used under the given 

economic conditions.  For any given fuel, the Q’ is shown as the actual amount of 

kWh/yr that would be produced from that fuel. 

Capacity data were derived from the information in Table 3.2 available from 

the USEIA-EPM [a,b 2014] and USEIA-AER [2012].  The current dispatch curve, Figure 

3.1, shows that coal is the cheapest fuel to generate electricity from, followed by NG 

and finally, MSW if more energy is needed.   
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Table 3.1 - SMC information for the current national policy landscape including 
quantity needed when SMC=Demand (Qfuel) , national capacticity available for 
each fuel (NC), and the actual quantity delivered from each fuel (Q’). 

 

Units Mean St.D.
$/kWh 0.165 0.021

kWh/Year 3.41E+12 2.08E-02
kWh/Year 1.73E+12 1.73E+10
kWh/Year 1.73E+12 1.73E+10

$/kWh 0.209 0.012
kWh/Year 1.56E+12 1.56E+10
kWh/Year 1.58E+12 1.58E+10
kWh/Year 1.56E+12 1.56E+10

$/kWh 0.349 0.108
kWh/Year -2.11E+11 2.11E+09
kWh/Year 2.61E+10 2.61E+08
kWh/Year 0.00E+00 0.00E+00

Baseline

SMCcoal
Qcoal
NCcoal
Q′coal

SMCNG
QNG
NCNG
Q′NG

SMCMSW
QMSW
NCMSW
Q′MSW
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Figure 3.1 - Baseline dispatch curve SMC data for current national policy 
landscape.  This was derived from Table 3.2.  

 

Table 3.2 - National capacity for each fuel to produce electricity.  Year-round 
operation and highest summer capacity needed could be produced ongoing 
were assumed. 

 

NG

MSW

Coal

0

0.1

0.2

0.3

0.4

0.5

0.6

0.00E+00 1.73E+12 3.29E+12 3.29E+12

SM
C 

($
/k

W
h)

Total Capacity (kWh/Year)
Baseline

Symbol Description Units Lower Upper Mean Std. Dev. References Assumptions
CFfu e l %

Coal 56.70% 67.90% 62.62% 3.97% 2009-2013

Natural Gas 39.80% 51.10% 44.96% 3.74%
pg 144&145, Table 

6.7.A&B
MSW 68.00% 70.80% 69.72% 0.94%

SCfu e l kW
Coal 3.13E+08 3.19E+08 3.15E+08 2.42E+06 2007-2011

Natural Gas 3.93E+08 4.13E+08 4.02E+08 7.09E+06
MSW 4.10E+06 4.40E+06 4.28E+06 1.17E+05

NCfu e l kWh
Coal 1.55E+12 1.90E+12 1.94E+12

Natural Gas 1.37E+12 1.85E+12 1.49E+12
MSW 2.44E+10 2.73E+10 2.55E+10

Calculated National 
Capacity

Electric Net Summer 
Capacity

Capacity Factors
[Electric Power 

Monthly, EIA, 2014]

[Annual Energy 
Review, EIA, 2012]
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The results shown in Table 3.1 are a reflection of applying Equation 3.10-     

Equation 3.12 for the data presented in Appendix B, Table S1.  Therefore, the current 

policies in the U.S.A., which include some variations of  𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀,  𝜆𝜆𝐹𝐹
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, and  𝜆𝜆𝐶𝐶𝑐𝑐𝑐𝑐𝑓𝑓, are 

not enough to capture the external effects of using fossil fuels while attempting to 

implement MSW in the dispatch curve as a base-load fuel. In order to make MSW more 

competitive with coal and NG, it is necessary to attempt to capture those negative 

externalities, which is accomplished in this study by applying the four unique and one 

aggregate policy scenarios explained in Equation 3.13 through Equation 3.15 (the 

results shown in Figure 3.2 through Figure 3.6].   

3.3.1. Marginal Costs without projected initiatives 

The initial results, shown in Table 3.3, present the current electricity grid 

situation in which coal is the cheapest fuel to produce electricity, followed by NG and 

then MSW.  This is the case for both PMC and SMC results, and indicates that the 

current social costs being considered are not altering the order in which fuels are 

consumed. 
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Table 3.3 - Current PMC and SMC Monte Carlo derived results for MSW, coal and 
NG. 

 

3.3.2. Marginal Costs with projected initiatives 

 Each of the five scenarios listed in Section 3.2.6 were evaluated and the results 

for the SMC can be found in Table 3.4.  Complete results, including the national 

capacity and the actual capacity to be used for each fuel, for lower and upper bounds 

can be found in Appendix B, Tables S5 through S6.  

 

Symbol Name Description Units Lower Upper Average

MSW Private Marginal Cost 0.1535 0.4413 0.3870

Coal Private Marginal Cost 0.0466 0.1123 0.0689

Natural Gas Private Marginal Cost 0.1216 0.1562 0.1417

A A Parameter 2.36E+12 2.89E+12 2.63E+12

ε epsilon Elasticity of demand -0.1722 -0.1156 -0.1456

MSW Total Social Costs curve 0.1535 0.4413 0.3870

Coal Total Social Costs curve 0.1538 0.2195 0.1761

Natural Gas Total Social Costs curve 0.2002 0.2348 0.2203

𝑃𝑃𝑀𝑀𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀

𝑃𝑃𝑀𝑀𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑓𝑓

𝑃𝑃𝑀𝑀𝐶𝐶𝑁𝑁𝑁𝑁

𝑀𝑀𝑀𝑀𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀

𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑓𝑓

𝑀𝑀𝑀𝑀𝐶𝐶𝑁𝑁𝑁𝑁

$
𝑘𝑘𝑀𝑀ℎ

$
𝑘𝑘𝑀𝑀ℎ

$
𝑘𝑘𝑀𝑀ℎ

$
𝑘𝑘𝑀𝑀ℎ

$
𝑘𝑘𝑀𝑀ℎ

$
𝑘𝑘𝑀𝑀ℎ

$
𝑘𝑘𝑀𝑀ℎ
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Table 3.4 - Monte Carlo simulation SMC results for the five scenarios with four 
different policy initiatives and one aggregate initiative.  Values are in 2014 USD, 
and annual electricity produced from the fuel used, Q’. 

 

As indicated in Table 3.4, the impacts from policy initiatives can be substantial 

on SMC, as shown from these data, the largest impact was seen by the aggregate 

scenario, which is inclusive of the four policy initiatives being active simultaneously.  

While the purpose of this research included indicating how much of an impact policy 

would have on the SMC, the results in Table 3.4 indicate that the degree to which 

policy initiatives would be successful at making MSW a viable fuel varies with each 

scenario.  Therefore, the policy initiative results are further in Sections 3.3.2.1 

through 3.3.2.5, below.  

3.3.2.1. Scenario 1: Health Impacts 

The dispatch curves resulting from the first scenario are shown in Figure 3.2, 

indicating that even with the use of  𝜁𝜁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (lower range, Figure 3.2a), the order of the 

dispatch curve did not change from the baseline (Figure 3.1).     

Units Mean St.D. Mean St.D. Mean St.D. Mean St.D. Mean St.D. Mean St.D.
$/kWh 0.165 0.021 0.486 0.166 0.170 0.022 0.209 0.035 0.166 0.021 0.533 0.169
$/kWh 0.209 0.012 0.229 0.012 0.213 0.013 0.252 0.032 0.209 0.012 0.276 0.031
$/kWh 0.349 0.108 0.336 0.109 0.336 0.109 0.336 0.109 0.327 0.109 0.327 0.109

kWh/Year 1.73E+12 1.01E+08 1.73E+08 1.73E+08 1.73E+08 1.01E+08
kWh/Year 1.56E+12 1.58E+08 1.21E+08 1.21E+08 1.21E+08 1.58E+08
kWh/Year 0.00E+00 2.62E+06 2.61E+06 2.61E+06 0.00E+00 2.61E+06

Baseline Health Impacts (ζfuel) CO2 Tax (tax upstream) Fine (λ F) MSW Subsidy (λ'MSW) Aggregate

SMCcoal
SMCNG

SMCMSW
Q′coal
Q′NG

Q′MSW
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Figure 3.2 - Monte Carlo simulation Dispatch Curve SMC results with (a) lower, 
(b) upper, and (c) mean health impacts parameter, 𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝜻.  The x-axis is not to 
scale. 

The results in Figure 3.2b and Figure 3.2c for the mean and upper bounds, 

respectively, do show that the dispatch curve order changes, yet MSW never is cheap 

enough to be the base load fuel.  Since the full distribution range for 𝜁𝜁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 allowed 

benefits to be realized, especially for the mean and upper bounds, the results in Figure 

3.2 reveal there is societal benefit from the producer internalizing the health impacts: 

however, this is not always the case as Figure 3.2a clearly shows the SMC increases 

(more expensive to produce the electricity) without benefit to society in the case of 

altering the order of fuels used in the dispatch curve.   

There is also the difference in the amount of electricity generated; as there is 

a decrease in the cumulative electricity produced when the 𝜁𝜁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 distribution 

(3.25x1012 kWh per year) is used are compared to the baseline (3.29x1012 kWh).  This 

is caused by two factors, one being that the national capacity of MSW (Table 3.2) for 

using MSW as the sole electricity generation fuel is more limited than that of the fossil 

fuels, thus ultimately limiting the total amount of electricity that could potentially be 

generated.  Secondly, the SMC is more than twice that of the baseline cheapest fuel, 

coal, ($0.349/kWh for MSW vs. $0.165/kWh for coal) and the 𝜁𝜁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓only influences the 

SMC equation by adding to the cost for fossil fuels, not reducing the costs of MSW, 

thereby shifting the base load fuel to a more costly fuel before 𝜁𝜁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓is considered.  The 



 
79 

 

impacts of this cost shift are shown in Figure 3.2b and Figure 3.2c, making NG the 

base load, and MSW the second fuel. 

3.3.2.2. Scenario 2: Upstream taxation of coal  

The tax imposed in Figure 3.3 accounts for the upstream (mining) stage of 

acquiring the fossil fuels, a stage which is not inherently necessary for MSW.  It is a 

carbon dioxide equivalent greenhouse tax on coal and NG from source derivation. 
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c  

Figure 3.3 - Monte Carlo simulation Dispatch Curve SMC results with (a) lower, 
(b) upper, and (c) mean GHG and CO2e parameter, 𝒕𝒕𝒕𝒕𝒕𝒕𝜻𝜻𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝜻𝜻𝒕𝒕𝒕𝒕.  The x-axis is not 
to scale. 

 The results in Figure 3.3 show that the 𝐸𝐸𝑐𝑐𝐸𝐸𝑓𝑓𝑝𝑝𝑠𝑠𝑒𝑒𝑡𝑡𝑓𝑓𝑐𝑐𝑒𝑒parameter does not have 

an impact on the ordering of fuels in the dispatch curve.  This means that adding this 

tax to the fossil fuels does not achieve the societal goal of shifting the base load fuel 

from coal to another source.  Also, in comparing the baseline dispatch curve (Figure 

3.1) to Figure 3.3, the cumulative capacity decreases from 3.29x1012 kWh to 3.34x108 

kWh, respectively.  This reduction in cumulative capacity is not reliant on the 

distribution range.  However, there are some societal benefits to using a policy that 

implements 𝐸𝐸𝑐𝑐𝐸𝐸𝑓𝑓𝑝𝑝𝑠𝑠𝑒𝑒𝑡𝑡𝑓𝑓𝑐𝑐𝑒𝑒.  Two societal goals were met, the first being a reduction in 

fossil fuel usage, since the cumulative capacity did decrease for both fossil fuels.  

Secondly, the use of MSW increased from zero in the baseline (Figure 3.1) to more 

than 3x106 kWh per year.  There remains ambiguity as to whether the overall benefits 

outweigh the costs of this policy, as it depends on how much society wants to restrict 
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both amount of electricity produced and increase the SMC for the producer for the 

sake of increasing renewable and decreasing fossil fuel usage. 

3.3.2.3. Scenario 3: Energy Portfolio Standard and energy credits 

In order to test the effectiveness of using a more aggressive policy approach 

as compared to the current fine for not meeting energy portfolio standards, 𝜆𝜆𝐹𝐹
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 , a 

new parameter, 𝜆𝜆𝐹𝐹
′ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 , was evaluated in the Monte Carlo simulations, with the results 

showing in Figure 3.4.   
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c  

Figure 3.4 - Monte Carlo simulation Dispatch Curve SMC results with (a) lower, 
(b) upper, and (c) mean energy portfolio and credit parameter, 𝝀𝝀𝝀𝝀

′ 𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝜻.  The x-
axis is not to scale. 

As was similar to the results for the CO2e tax results in Figure 3.3, the results 

for 𝜆𝜆𝐹𝐹
′ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 in Figure 3.4 show that adding this fine to the SMC of coal and NG did not 

change the dispatch curve order.  The cumulative capacity decreased from the 

baseline of 3.29x1012 kWh per year (Figure 3.1) to 3.34x108 kWh per year.  For these 

two reasons, using the 𝜆𝜆𝐹𝐹
′ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 policy initiative is not the most effective.  Similarly to 

Section 3.3.2.1, results shown in Figure 3.4 are believed to be attributed to limitations 

in supply and the SMC increase.   

This policy initiative does reduce the SMC difference between MSW and coal, 

which was over two times the cost in the baseline, to only one and a half times the 

cost.  While this is not necessarily the most useful for the 𝜆𝜆𝐹𝐹
′ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 as a standalone policy, 

such a reduction in cost ratio between MSW and coal could prove to be beneficial as 
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a combined policy or rider.  This is further evaluated in the Aggregate scenario, found 

in Section 3.3.2.5. 

3.3.2.4. Scenario 4: Direct subsidy for MSW  

Results for the direct subsidy applied to MSW can be found below. 
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c  

Figure 3.5 - Monte Carlo simulation Dispatch Curve SMC results with (a) lower, 
(b) upper, and (c) mean subsidy parameter, 𝝀𝝀𝝀𝝀𝝀𝝀𝝀𝝀′ .  The x-axis is not to scale. 

From Figure 3.5, it is clear that the subsidy did not significantly reduce the SMC 

of MSW.  The dispatch curve fuel order remained the same as the baseline.  The SMC 

of MSW was reduced to $0.327 from $0.349/kWh (baseline, Figure 3.1).  As was the 

case with the 𝜆𝜆𝐹𝐹
′ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 policy in the previous section, it is believed that this reduction is 

not enough to warrant this policy being moved forward, as the societal benefit is 

limited.  Indeed, using 𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀′  makes it appropriate to add MSW to the fuel mixture 

(increasing usage to 2x106 kWh/year as compared to the baseline of 0), yet 

incorporating this subsidy also reduced the cumulative capacity of the electricity that 

can be generated.  Similar to the analysis for the 𝜆𝜆𝐹𝐹
′ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, it is believed that while the 

subsidy policy (𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀′ ) is not the most efficient standalone political strategy to 

evaluate the viability of MSW, it very well can be used in conjunction with other policy 

initiatives.  The combination of SMC increases for fossil fuels and the decrease in SMC 

for MSW for the first four scenarios is shown below. 
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3.3.2.5. Scenario 5: Aggregation of Scenarios 1-5 

The aggregation of all policy proposed changes will yield an overall scenario 

for the initiatives considered in Section 3.2.6 and the results of having all four 

scenarios implemented simultaneously shown in Figure 3.6.  
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c  

Figure 3.6 - Monte Carlo simulation Dispatch Curve SMC results with (a) lower, 
(b) upper, and (c) mean for the aggregation of 𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝜻, 𝒕𝒕𝒕𝒕𝒕𝒕𝜻𝜻𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝜻𝜻𝒕𝒕𝒕𝒕

𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝜻 , 𝝀𝝀𝝀𝝀
′ 𝜻𝜻𝜻𝜻𝜻𝜻𝜻𝜻, and 𝝀𝝀𝝀𝝀𝝀𝝀𝝀𝝀′  

parameters.  The x-axis is not to scale. 

According to the results in Figure 3.6, the aggregation scenario of the four 

policies was successful in achieving several societal benefits.  First, it increased the 

SMC for coal (from $0.165 kWh/year baseline to $0.533 kWh/year), which resulted 

in coal no longer being the best base load fuel.  This was largely influenced by the 

increase caused by internalizing the health impacts from 𝜁𝜁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (Figure 3.2) which 

increased the SMC for coal over 32 cents per kWh annually.  The remaining scenarios 

also contributed to the SMC for coal annually, albeit not as significantly: 𝐸𝐸𝑐𝑐𝐸𝐸𝑓𝑓𝑝𝑝𝑠𝑠𝑒𝑒𝑡𝑡𝑓𝑓𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓  

added 5 cents per kWh, 𝜆𝜆𝐹𝐹′ 𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 added 4.3 cents per kWh, and 𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀′  contributed a penny 

per kWh.  Next, the SMC for NG was also increased by a total of 67 cents per kWh/yr, 

which was primarily caused by the 𝜁𝜁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (20 cents per kWh/yr) and 𝜆𝜆𝐹𝐹
′ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (43 cents 

per kWh/yr).   
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For both fossil fuels the health impacts policy (𝜁𝜁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) and fine for not meeting 

energy portfolio standards (𝜆𝜆𝐹𝐹
′ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) were the biggest causes for SMC increases, 

whereas the biggest reduction for the SMC for MSW was the subsidy (𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀′ ).  This 

raises an important observation, as each of these three policies significantly 

contribute to the aggregate scenario’s benefits to society, yet two (𝜆𝜆𝐹𝐹
′ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 and 𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀′ ) 

out of three of these policy initiatives do not effect a change in the dispatch curve 

order by themselves.  For policy considerations, it is therefore important to not only 

consider the costs and benefits to society, but also to account for how those costs and 

benefits might shift if policies are combined.   

For this research, it is recommended that the highest impact policy be 

implemented, which of the five initiatives suggested, would be scenarios 1 and 5.  Yet, 

these results are still a reflection of current worldwide data, and not necessarily the 

projections needed to implement MSW as the base load fuel.  To evaluate what it 

would take to use MSW as the first fuel, the next section uses the first four unique 

scenarios and back calculates the SMC to allow MSW to come ahead of coal and NG. 

3.3.3. MSW as the base load fuel 

Since none of the scenario options evaluated in Section 3.3.2 yielded MSW as 

the base load fuel (though the fuel order did change for two scenarios), this section 

addresses the overarching question of what fine, tax or subsidy would be necessary 

to initiate MSW as a fuel first.  The results of this are summarized in Table 3.5. 
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Table 3.5 - Determination of parameters and resulting SMC when SMCMSW < 
SMCNG and SMCcoal.  Scenario 1-4 used parameter value of 0.172 $/kWh for coal, 
0.129 $/kWh for NG and Scenario 5 used 0.171 $/kWh.   

 

From the results in Table 3.5, it is clear that the projected values for each 

parameter increase, causing a substantial increase in the SMC in general.  Since the 

health impacts, 𝜁𝜁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 for coal was already well above the threshold to make the 

SMCMSW < SMCcoal, there was a decrease of 𝜁𝜁𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓  by 46.26%, resulting in a SMCcoal 

decrease of nearly 43.88%. Meanwhile in scenario 1, the 𝜁𝜁𝑁𝑁𝑁𝑁  increased by almost 

545% and SMCNG was approximately increased by 32.27%.  Scenarios 2 and 3 both 

experienced increases in the parameter values and SMC in order to compensate for 

SMCMSW as the least expensive fuel.  When scenario 4 was evaluated, the subsidy for 

MSW, 𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀′  needed to increase over 1778% to bring down the SMCMSW 97.9% to allow 

it to become the base load fuel. 

While current policy initiatives in Section 3.3.2 show that it is possible to have 

results that can shift the order of the fuels, this section reveals that the future fiscal 

policy solutions will need to have substantially higher parameter values (and for 

taxation and fining, higher SMC values) in order to make MSW as base load fuel.  While 

economically this may be possible, it may not make MSW the most advantageous fuel 

Scenario SMC
% SMC 
Change

% Parameter 
Change

SMC
% SMC 
Change

% Parameter 
Change

SMC
% SMC 
Change

% Parameter 
Change

1: Health Impacts (ζfuel) 0.3375 -43.8791 -46.2665 0.3378 32.2716 544.9678 0.3364
2: CO2 Tax (taxupstream) 0.3375 49.5868 3607.2805 0.3378 36.9960 3090.1345 0.3364
3: Fine Subsidy (λ'F) 0.3375 38.1931 299.1217 0.3378 25.3488 197.3508 0.3364
4: MSW Subsidy  (λ'MSW) 0.1655 0.2088 0.1654 -97.9008 1778.8933

Natural Gas MSWCoal
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to use when considering all alternative fuels, and while this study did not evaluate 

other alternative fuels such as wind and solar, a comparison of the economic impacts 

of using various alternative fuels should be considered prior to policy implementation 

of MSW as a base load fuel. 
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Chapter 4 

Conclusions and Recommendations 

4.1. Contribution and Major Findings 

The results from this study are useful to discern practices and policies that warrant 

further investigation for a municipality, CFPP or regulatory body based upon emissions, 

energy, and economic considerations.  The following sections summarize the major 

findings for each study, and discuss how they contribute to the current body of research on 

MSW. 

4.1.1. Influences of MSW composition and moisture in environmental, 

thermodynamic, and economic evaluations 

While co-combustion is an alternative disposal method for MSW, it is not primarily 

used to produce large quantities of energy, though energy production is a useful by-product 

of MSW combustion.  This study evaluated how the energy from MSW could be used in a 

parallel co-combustion plant, and specifically addressed the first four objectives in Table 

1.3.   
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4.1.1.1. Thermodynamic comparative modeling 

Using AspenPlus®, thermodynamic comparative modeling of MSW in a 

parallel co-combustion process was performed, yielding environmental emission 

concentration data post-combustion and determined heating value for scenarios 

presented.  The results of this research determined that heating values are influenced 

by the MSW composition, in a non-uniform pattern, depending on the MSW scenario 

category reduced.  This suggests that a linear scaling for heating values is not always 

appropriate.  In addition, one cannot reliably predict for all cases that a reduction in 

an element will linearly reduce a particular pollutant, thus target reduction of a 

pollutant may require more thorough analysis of reaction kinetics and plant 

operating conditions.  Finally, it was noted that other portions of the proximate 

analysis, such as volatile matter and fixed carbon, also could have an impact on 

emissions and heating value, though they were held constant in these simulations.   

4.1.1.2. Environmental assessment 

Using the results from the thermodynamic modeling, in addition to the US EPA 

WARM and WAR models, several findings regarding pollutant emissions were 

discovered.  First, SO2 and NO concentrations decrease with an increase in the 

fraction of MSW; however, the type of MSW used did not yield largely variable results.  

Next, MSW composition impacts the NO2 concentration.  The concentration of NO2 is 

dependent on moisture, with low moisture decreasing NO2 more steeply than high 

moisture as the mass fraction of MSW in the feed increases.  Carbon monoxide 
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emissions increase with decreasing moisture and increasing mass fraction of MSW, 

and CO2 emissions depend on both moisture content and MSW composition.   

For the US EPA WAR model, it was noted that PEI varied by pollutant, and was 

independent of the MSW composition and moisture for SO2, slightly dependent on 

moisture content for CO2, and heavily dependent on moisture for NO2 and CO.  PEI for 

NO was not dependent on moisture.  The US EPA WARM model, which calculated GHG 

emission equivalents, yielded MTCO2e per day for each MSW scenario that varies by 

material as well as the final disposal method.  MSW_4 (reduction in plastics) provided 

lower CO2e emissions when combusted, whereas MSW_5 (reduction in paper and 

organics) fared better in a landfill.  Combining recycling or composting initiatives 

could have a more profound influence on the heating value and should be studied on 

a case-by-case basis. 

4.1.1.3. Economic evaluation for profitability 

While several limitations were placed on this economic evaluation, including 

not knowing the actual costs and revenues generated, the percent change in cost and 

revenues were used to evaluate the suitability for MSW to be used while accounting 

for composition.  It was determined that the use of MSW as a co-fuel to coal will cause 

a decrease in both profit, and emission costs.  The extent varies with MSW 

composition and moisture.  However, further investigation to determine the influence 

that a particular course of action for recycling or composting would have on 
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emissions, heating values, and costs should be pursued by municipalities prior to 

policy implementation. 

4.1.2. Evaluating the viability of MSW in a large-scale electricity grid 

Subsidies, taxation, and policy initiatives have allowed fossil fuels, and many 

other products and services, to receive favorable treatment for investment, as have 

some renewable sources such as wind and solar.  Previous administrations have 

sought to provide more favorable treatment to using MSW as well, but MSW still 

remains a largely untapped resource in the U.S.A.  This study evaluated the viability 

of using MSW as an electricity generation fuel by addressing some of the costs, 

benefits, and political strategies that could help or hinder its use, which corresponds 

to the final objective in Table 1.3.  Full SMC and cumulative quantity results for the 

five scenarios can be found in Appendix B, Table S7. 

4.1.2.1. Adding taxes 

Three of the scenarios used imposed a penalty, fee or fine onto the fossil fuels.  

These included internalizing the health impacts of community members (𝜁𝜁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓), 

taxing the upstream mining for coal and NG (𝐸𝐸𝑐𝑐𝐸𝐸𝑓𝑓𝑝𝑝𝑠𝑠𝑒𝑒𝑡𝑡𝑓𝑓𝑐𝑐𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ), and fining fossil fuels for 

not meeting energy portfolio standards (𝜆𝜆𝐹𝐹
′ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓).  Each of these policy initiatives 

impacted the SMC for coal and NG but not by the same magnitude.  Indeed, the 𝜁𝜁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 

was most influential in raising the PMC for coal, whereas 𝐸𝐸𝑐𝑐𝐸𝐸𝑓𝑓𝑝𝑝𝑠𝑠𝑒𝑒𝑡𝑡𝑓𝑓𝑐𝑐𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  left ambiguity 

as to whether the benefits gained (decreased amount of fossil fuel electricity and 
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increased renewable) outweigh the costs (decreased cumulative quantity of 

electricity generated and higher SMC for the producer). 

4.1.2.2. Adding subsidies 

Scenario 4 approached the policy initiative of adding a subsidy to MSW 

(Section 3.2.6) instead of taxing the fossil fuels.  The subsidy (𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀′ ) did not 

significantly reduce the SMC of MSW and did not cause a shift in the dispatch curve.   

4.1.2.3. Aggregate Scenario 

Of all five scenarios considered, both subsidies and taxation were considered, 

yet all policies that imposed these monetary incentives did not equally hinder the use 

of fossil fuels.  Out of the five, the three highest impact policies were the health 

impacts policy (𝜁𝜁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) in scenario 1, the fine for not meeting energy portfolio 

standards (𝜆𝜆𝐹𝐹
′ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) in scenario 3, and the MSW subsidy (𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀′ ) in scenario 4.  The 

relevant observation is that as each of these three policies significantly contribute to 

the societal benefit of the aggregate scenario, two (𝜆𝜆𝐹𝐹
′ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 and 𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀′ ) out of three of 

these policy initiatives do not effect a change in the dispatch curve order by 

themselves.  Therefore, policy initiatives, regardless if at the local or national level, 

should not only consider the impacts of implementing such incentives for MSW as a 

standalone panacea, but instead, consider the how those policies could compliment 

or hinder progress in the broader political realm. 
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4.1.2.4. Future policy parameter projections and implementation 

Section 3.3.3 evaluates what policy parameter values are needed for the first 

four unique scenarios to allow the SMCMSW < SMCcoal and SMCNG, and while it was 

found that increasing the subsidy in scenario 4 and increasing the taxes in scenarios 

2 and 3 allowed this inequality to be satisfied, it may not be the most appropriate 

policy reform in the energy sector.  First, there are other alternative fuels that should 

be used in a comparison to MSW to ensure that increasing taxes and subsidies does 

not cause an unnecessary burden on fossil fuels when other alternative and low cost 

fuels are available.  Secondly, simply raising the taxes and subsides well above the 

current and proposed parameter values in Section 3.3.2 may not be a very successful 

political tactic, especially if such increases cannot be justified by data as to their 

societal benefit to make MSW the least expensive fuel choice.  Lastly, justification for 

making SMCMSW as the base load fuel is still controversial, as society does receive 

benefits when it is used as a secondary fuel (see Section 3.3.2.5), presenting a case to 

further evaluate marginal societal benefit of such an order shift in the dispatch curve.   

4.2. Recommendations for Future Research 

The contributions of this dissertation work provided insight and added depth 

to MSW economic and environmental research community, allowing for future 

contributions to be made, as discussed below. 
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4.2.1. Advancement in technologies 

One of the biggest current drivers in determining the choice of fuel processed 

is the technology available.  It must be cost-effective, and the fuel to be used must be 

readily obtainable and relatively inexpensive.  While coal, and within the last few 

decades NG, have been the go-to fuels for domestic electricity generation [ESPA, 

2012; EIA.gov, 2014], renewable fuels are becoming increasingly more popular for a 

variety of reasons and the ability to efficiently process them makes them a more 

competitive choice.   

Current use of MSW is primarily consumed in incineration units, but if this is 

expanded to co-combustion and gasification (see Sections 1.1 and 2.1), large 

efficiencies could be seen as 2-stage processes allow for more flexibility via the ability 

to transport the syngas and combust in insulated and efficient low oxidation process.  

Advancement of WtE technologies can greatly increase the efficiency of energy output 

for renewables, which is one of the hindrances of using a renewable such as MSW (see 

heating values, Figure 2.2).  As research for WtE technologies such as co-combustion, 

gasification, and pyrolysis are continued, a focus should be lent to the impacts of how 

fuels can be more efficiently processed in these technology plants. 

Other technology advancements could also show favor to using MSW as a fuel.  

Currently, a large amount of capital to retrofit enough of the existing fossil fuel plants 

to accept solid wastes as a fuel on a large scale to replace fossil fuels eventually, 

leaving that option to unattainable.  If the ability to retrofit an existing pant were less 
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expensive, or if new plants could be built with adjustable dual fuel inputs, this could 

make using MSW as a fuel plausible faster.  Research could be performed to retrofit 

an existing plant or to build a new plant with lighter and stronger materials and 

quicker assembly and installation timeframes. 

Additionally, as advances in other non-energy related field’s use smaller, less 

expensive, and lighter materials for processing, transporting, and distributing the raw 

fuel and electricity, these efficiency gains can allow alternate fuels like MSW to 

become more economically viable.  Energy storage (including carbon, capture and 

storage techniques), improvements in battery life and capacity, and alternate 

transportation routes for moving fuels like coal, NG and MSW, are all areas of future 

research that should be able to directly address how MSW can advance from 

technologies. 

4.2.2. Expanding pollutants being studied 

The primary pollutants used and considered in Chapter 2 are based on several 

factors, including availability of data, the ability to model appropriately within the 

AspenPlus® simulation engine, and their impact on environmental conditions and 

association with regulatory authorities.  Other pollutants, such as mercury and lead 

may be considered for coal, and being able to account for a wider variety of waste 

beyond household and light industrial wastes could lead to a long list of other 

pollutants, from flammable chemicals to pharmaceuticals.  It is therefore 

recommended to evaluate such pollutants, in addition to newly regulated pollutants, 
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in terms of the PEI and abatement and control technologies available for power plants 

to use.  Determining if these newly studied pollutants are marginally more harmful 

than CO2 and other greenhouse gases is also recommended. 

4.2.3. Long run demand 

The demand curve used in Chapter 3 assumes that the time horizon is in the 

short or intermediate term run.  This is an important assumption, as approaching the 

long term run incorporates more consumer behavior and responses.  Approaching 

the demand as outlined by Medlock [2009] might be more appropriate for a more 

comprehensive analysis and is recommended for future research.  This would 

consider impacts such as electricity usage and consumption, projections of increase 

in technologies switching to electricity use (including vehicles), transmission line 

efficiency, population growth and of course, the price of raw fuel to generate the 

electricity along with the pricing of electricity itself.  Additionally, the political 

incentives to use alternative fuels in lieu of conventional fossil fuels can also be 

considered when evaluating the long run demand. 

4.2.4. Narrowing data set to develop local case study 

One of the biggest challenges in dealing with a large-scale study is the fact that 

in the U.S.A., every state might handle certain utilities, regulatory requirements, and 

responses to information differently.  This can pose potential bias in 

overcompensating for certain states (and their inherent preferences for or against a 
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policy) and undercompensating for ill-informed or unorganized states.  Another 

approach to determining the viability of MSW for electricity generation would be to 

look at a single state or territory (such as an Independent System Operator or 

Regional Transmission Organization) from which to retrieve all the data and 

parameter values.   

This would be done by first selecting a geographical or RTO area to study and 

determining what local authorities, agencies, nonprofit and private sector companies 

are controlling and establishing precedence in that area.  This would include how 

prices for electricity are determined, how the electricity is transmitted (public versus 

private transmission), who controls the local MSW market and where is MSW being 

transported to, amongst other factors.  The next major step would be to propose how 

MSW could be integrated, including which technology is best suited for the region, 

into the electricity grid by seeking, modeling, and implementing a pilot-plant scaled 

facility that processes MSW and converts it into electricity.  This step will likely 

involve several stakeholders, but would yield great benefit if the private, public, and 

nonprofit sectors could find value in using this resource to locally meet energy 

demand.  This recommended approach would allow for a more focused and detailed 

look at how MSW could be used, and opens the avenue to perform a case study which 

would gather empirical data from MSW being used in a small, local electricity grid, 

which can be further used to more specifically influence MSW policy initiatives based 

off of local data. 
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4.2.5. Comparison to other alternative fuels 

Other alternative fuels such as wind and solar as becoming more politically 

popular as the environmental benefits are favored by constituents, and the costs are 

being more competitive with traditional fossil fuels.  The results from this research in 

Sections 3.3.2 through 3.3.3 shows that it can become very costly under certain policy 

scenarios to utilize MSW as the secondary or base fuel, and because of this, it is 

necessary to compare MSW to other alternative fuels to ensure the best economic 

results can be obtained while balancing societal benefits for using such fuels.  In this 

study the marginal increase in societal benefits by shifting the order of MSW from 

second to primary fuel was not evaluated, but is recommended that it be considered.  

This could be accomplished by evaluating the current SMC and projected policy 

scenarios for other alternative fuels such as solar and wind, and then comparing this 

information to that of MSW to determine which order alternative fuels would be 

utilized. 

4.2.6. Expanding Shale Gas market 

Shale gas is the natural gas trapped in impermeable rock, which can be 

released during hydraulic fracturing [EIA.gov, 2014] and captured for energy uses.  

According to the EIA Annual Energy Outlook [2014], the United States has an 

abundance of shale gas, and its use in vehicles and for electricity generation is 

growing fast.  Exports of LNG are expected to continue to increase, as the price for has 

sharply decreased in by 56.8% between 2007 through 2012 [Bureau of Labor 
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Statistics, 2013].  Indeed, hydraulic fracturing caused a spike in NG production by 

more than 25% between 2007 and 2012 [Bureau of Labor Statistics, 2013], even 

though this process has several environmental concerns including but not limited to 

high water usage, easy contamination of water sources from chemical fracking fluids, 

and small earthquakes [EIA-AEO, 2013].  Industry producer’s tout that shale gas is 

good for the environment, as the NG obtained is inherently cleaner to burn than coal, 

the use of shale gas as a fuel is banned in some countries such as France and Bulgaria 

and environmental groups in the U.S.A are working to restrict hydraulic fracturing 

[Economist, 2012; EIA-EIB, 2014]. 

There is no consensus on how the political debate on how hydraulic fracturing 

will be monitored in the future, but it is clear that the economic benefits of having a 

cheap and abundant fossil fuel domestically is not without the external costs of 

environmental pollution and human displacement.  This research did not address the 

projections and political landscape for shale gas and future research should consider 

this important and controversial fuel source as it becomes a competitor to alternative 

fuels and more traditional electricity generation fuels like coal. 

4.3. Closing Remarks 

Overall, the applicability of this research extends to municipalities, 

governments, and both academic and private sector audiences interested in using 

MSW as an alternative fuel.  This research provides insight as to the influence MSW 
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composition and moisture has on three important areas: environmental impacts, 

thermodynamic manipulation, and economic profitability.  In addition, it provides a 

unique economic approach to characterize and evaluate policy initiatives that could 

increase the viability of MSW in a national electricity grid system and the political 

considerations of such an undertaking. 
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Appendix A: Supporting Information for 
Chapter 2 

Table S1 - ∆Hf,k values (equivalent to Aspen property parameter, DHFGEN). 
Manuscript Equation 4 was used for the calculation of the DHFGEN.  The 
combustion products considered for the heat of formation calculations include CO2, 
CO, H2O, HCl, HNO3, H2S, N2, NH3, NO, NO2, SO, SO2, SO3, O3, O2, and N2O.   

 

 

Table S2 - Heat capacity coefficients (temperature in Kelvin) for Equation 3 
in the manuscript.  Calculated from the public NIST WTT1 database for constant 
pressure.  Elements that are diatomic in nature are presumed diatomic for these 
equations. 

 

 

MSW_1 MSW_2 MSW_3 MSW_4 MSW_5 Coal_I6
ASH 243.22 273.40 269.65 250.38 311.02 242.62
CARBON -18,057.13 -17,953.38 -17,685.82 -17,576.38 -17,482.86 -26,260.26
HYDROGEN -133,757.89 -133,622.27 -133,438.80 -133,501.36 -133,209.52 -130,749.02
NITROGEN 55.93 63.13 42.76 59.50 48.41 72.23
CHLORINE 0.00 0.00 0.00 0.00 0.00 0.00
SULFUR -36.39 -36.07 -30.45 -38.72 -28.77 -878.17
OXYGEN 0.00 0.00 0.00 0.00 0.00 0.00

α1 α2 α3 α4

Sulfur 0.7595 -0.0001 6.00E-08 -7E-12
Hydrogen 13.579 0.0013 3.00E-07 -7.00E-11
Oxygen 0.8486 0.0003 -9.00E-08 1.00E-11
Cholorine 0.4477 0.0001 -4.00E-08 6.00E-12
Nitrogen 0.9823 0.0002 -3.00E-08 0.00E+00
Carbon 1.7464 -4.00E-05 2.00E-08 -1.00E-12
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Table S3 - Ultimate analysis of the MSW scenarios, on a dry-basis.  
Converted the data in Table 1 from the elemental analysis data for MSW_2 through 
MSW_5, for each component category described in Table 22-582.  Percentages are 
on a mass basis. 

 

 

 

 

 

 

 

 

 

 

 

 

MSW_1 MSW_2 MSW_3 MSW_4 MSW_5 Coal_I6
ASH 18.55 20.85 20.56 19.09 23.72 18.5
CARBON 42.05 41.81 41.17 40.91 40.68 61.6
HYDROGEN 5.48 5.43 5.35 5.37 5.25 4.2
NITROGEN 1.01 1.14 0.77 1.07 0.87 1.3
CHLORINE 0.00 0.00 0.00 0.00 0.00 0.1
SULFUR 0.19 0.19 0.16 0.20 0.15 4.6
OXYGEN 32.72 30.59 31.99 33.35 29.33 9.7
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Table S4 - Economic Parameters.  Reference citation at end of appendix. 

 

Lower Upper Average

B Heat rate Btu/MWh 9.5 3,4

Averaged from [3] and [4], 
assumed heat rate did not 
significantly change within 
one year.

μ mu Wholesale Market Price Valuation for 
electricity sold to wholesale market

$/MWh 10.65 212.98 41.05 5

ς sigma Selling price for recyclables

ςpaper $/ton paper 50 90.95 70.475 6,7,8

 ςplastic $/ton plastic 212.58 468.67 340.625 7,8

ςorganic $/ton compost 108.46 163.49 135.98 9

ψ psi Revenue from collection from residents, 
not separated

$/ton combined recyclables 183.68 207.9 189.72 10 Derived from gross 
receipts.

α alpha Disposal Cost for MSW $/ton MSW 56.41 77.54 66.98 6,10,11,12

δ delta Transportation Cost to collect 
recyclables from residents

$/ton combined recyclables 94.54 94.54 94.54 7,10,13

ξ xi Administrative Cost to run recycling and 
trash collection for residents

$/ton of combined recyclable 
or MSW

16.69 21.51 19.1 10

θ theta Emissions annual site fee (set fees for 
ranges of emissions)

$/ton regulated emissions 18 14

Regulated emissions 
between 100 to 13,888 tons 
regulated emissions 
includes NOx, SO2, PM, 
VOM and excludes CO2.  
Authors included CO2 

when proposed tax 
calculated.

λ lambda Cost of APC

λNO $/ton NO 2817.24 7043.12 4930.18 15 For industrial coal boiler.

λNO2 $/ton NO2 2817.24 7043.12 4930.18 15 For industrial coal boiler.

λSO2 $/ton SO2 265.02 662.55 463.79 16 For wet scrubber only.

ν nu Illinois Basin Coal spot price $/ton Coal 45.65 17 For August/Septmber 2013. 

HV Heating value rate Btu/yr

ι iota Mass flowrate of Coal tons Coal/hr

γ gamma

ω omega Mass flowrate of MSW tons MSW/day

V Volume of pollutant (gas) L/s

η eta
Conversion factor for ideal gas law = 
(P/RT)*molar mass

g/L

ηNO 0.29 0.29 0.29

ηNO2 0.45 0.45 0.45

ηSO2 0.62 0.62 0.62

ηCO2 0.43 0.43 0.43

f Converts hours to day 24.00

g Converts tons to grams tons/gram 1.10E-06

h Converts seconds to hr s/hr 3600.00

φ phi Operating days days/yr 300.00
Based on ~2 months per 
year of off-line time.

Economic 
References Assumptions

Constants and Other Variable Definitions

Mass fraction of recyclables recycled: γ(paper), γ(organic), γ(plastic)

Boundaries
Symbol Name Description Units
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Table S5 - Scaled mass flow rate for NO, NO2, CO, CO2, SO2, as derived 
from McPhail et al. [2009] Equation 9. 

 

 

 

 

 

MSW : Coal M=10.1 M=25 M=40 M=10.1 M=25 M=40 M=10.1 M=25 M=40 M=10.1 M=25 M=40 M=10.1 M=25 M=40
100% 2,857.3 2,857.1 2,856.8 2.0 2.2 2.8 4,930.1 2,487.3 751.7 149,335.5 153,174.2 155,901.5 77.6 77.6 77.6
80% 2,876.8 2,876.6 2,876.3 2.3 2.6 3.1 4,114.4 2,083.1 755.7 165,220.7 168,412.8 170,498.8 436.4 436.4 436.3
60% 2,896.3 2,896.1 2,895.8 2.6 2.9 3.3 3,298.8 1,730.8 771.5 181,105.9 183,569.8 185,077.3 795.1 795.1 795.1
40% 2,915.8 2,915.6 2,915.5 3.0 3.2 3.5 2,483.1 1,414.4 794.3 196,991.2 198,670.6 199,644.9 1,153.9 1,153.9 1,153.9
20% 2,935.3 2,935.2 2,935.1 3.3 3.5 3.6 1,667.4 1,123.5 821.5 212,876.4 213,731.1 214,205.6 1,512.7 1,512.7 1,512.6
0% 2,954.8 2,954.8 2,954.8 3.7 3.7 3.7 851.7 851.7 851.7 228,761.7 228,761.7 228,761.7 1,871.4 1,871.4 1,871.4

100% 2,857.3 2,857.1 2,856.7 2.0 2.3 2.8 4,425.1 2,188.9 645.4 150,129.0 153,643.1 156,068.5 77.6 77.6 77.6
80% 2,876.8 2,876.6 2,876.2 2.3 2.7 3.2 3,705.6 1,854.2 680.6 165,863.2 168,772.4 170,616.8 436.4 436.4 436.3
60% 2,896.3 2,896.1 2,895.8 2.7 3.0 3.4 2,989.0 1,565.0 720.3 181,592.6 183,830.4 185,157.9 795.1 795.1 795.1
40% 2,915.8 2,915.6 2,915.5 3.0 3.3 3.5 2,274.9 1,306.9 762.6 197,318.4 198,839.4 199,694.8 1,153.9 1,153.9 1,153.9
20% 2,935.3 2,935.2 2,935.1 3.4 3.5 3.6 1,562.5 1,071.1 806.6 213,041.2 213,813.5 214,229.1 1,512.7 1,512.7 1,512.6
0% 2,954.8 2,954.8 2,954.8 3.7 3.7 3.7 851.7 851.7 851.7 228,761.7 228,761.7 228,761.7 1,871.4 1,871.4 1,871.4

100% 2,857.3 2,857.1 2,856.8 2.0 2.2 2.8 4,770.5 2,356.8 687.0 149,586.3 153,379.2 156,003.2 77.6 77.6 77.6
80% 2,876.8 2,876.6 2,876.2 2.3 2.6 3.2 3,967.5 1,975.2 709.4 165,451.6 168,582.3 170,571.4 436.4 436.4 436.3
60% 2,896.3 2,896.1 2,895.8 2.7 3.0 3.4 3,176.6 1,648.5 739.7 181,298.0 183,699.3 185,127.3 795.1 795.1 795.1
40% 2,915.8 2,915.6 2,915.5 3.0 3.2 3.5 2,394.8 1,358.9 774.5 197,129.9 198,757.8 199,676.0 1,153.9 1,153.9 1,153.9
20% 2,935.3 2,935.2 2,935.1 3.4 3.5 3.6 1,620.4 1,095.6 812.2 212,950.3 213,774.9 214,220.3 1,512.7 1,512.7 1,512.6
0% 2,954.8 2,954.8 2,954.8 3.7 3.7 3.7 851.7 851.7 851.7 228,761.7 228,761.7 228,761.7 1,871.4 1,871.4 1,871.4

100% 2,857.3 2,857.2 2,856.8 1.9 2.2 2.7 5,137.2 2,559.5 751.3 149,010.1 153,060.7 155,902.2 77.6 77.6 77.6
80% 2,876.8 2,876.6 2,876.3 2.3 2.6 3.1 4,252.9 2,125.2 754.2 165,003.0 168,346.6 170,501.1 436.4 436.4 436.3
60% 2,896.3 2,896.1 2,895.8 2.6 2.9 3.3 3,385.7 1,754.2 770.0 180,969.3 183,533.1 185,079.7 795.1 795.1 795.1
40% 2,915.8 2,915.6 2,915.5 3.0 3.2 3.5 2,531.5 1,425.9 793.1 196,915.1 198,652.4 199,646.8 1,153.9 1,153.9 1,153.9
20% 2,935.3 2,935.2 2,935.1 3.3 3.5 3.6 1,687.5 1,127.8 820.9 212,844.8 213,724.4 214,206.6 1,512.7 1,512.7 1,512.6
0% 2,954.8 2,954.8 2,954.8 3.7 3.7 3.7 851.7 851.7 851.7 228,761.7 228,761.7 228,761.7 1,871.4 1,871.4 1,871.4

100% 2,857.3 2,857.1 2,856.7 2.0 2.3 2.9 4,145.4 1,989.5 558.3 150,568.5 153,956.5 156,205.4 77.6 77.6 77.6
80% 2,876.7 2,876.5 2,876.2 2.4 2.7 3.2 3,461.2 1,694.1 619.4 166,247.2 169,024.1 170,712.9 436.4 436.4 436.3
60% 2,896.2 2,896.0 2,895.8 2.7 3.0 3.4 2,793.0 1,445.1 678.6 181,900.7 184,018.8 185,223.3 795.1 795.1 795.1
40% 2,915.8 2,915.6 2,915.4 3.1 3.3 3.5 2,137.0 1,227.4 736.9 197,535.0 198,964.4 199,735.2 1,153.9 1,153.9 1,153.9
20% 2,935.3 2,935.2 2,935.1 3.4 3.5 3.6 1,490.6 1,031.5 794.5 213,154.3 213,875.6 214,248.1 1,512.7 1,512.7 1,512.6
0% 2,954.8 2,954.8 2,954.8 3.7 3.7 3.7 851.7 851.7 851.7 228,761.7 228,761.7 228,761.7 1,871.4 1,871.4 1,871.4

MSW_5

NOsc NO2
sc CO2

sc SO2
scCOsc

MSW_1

MSW_2

MSW_3

MSW_4

Scaled Mass Flow rate (kg/hr)
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Figure S1 - Normalized (compared to pure coal) and scaled (to account for fuel 
composition) flue gas ratio based on mass fraction of MSW and moisture content 
(Equation 10) for SO2, NO, NO2, CO, and CO2.  MSW_5 through MSW_5 are shown, 
while the national average (MSW_1) can be found [McPhail et al., 2014]. 
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Appendix B: Supporting Information for 
Chapter 3 

To determine if the parameter values obtained for each of our variables is indeed 

realistic and plausible, we have implemented a methodology similar to that of Lin and 

Prince [2009] for finding the quantity (Q) of electricity produced by equating the 

inverse of the demand curve to the PMC, and when social conditions are considered, 

the SMC. The inverse demand function, δ in $ per kWh, is determined in Equation 1 

below.   

𝛿𝛿 =  �
𝑄𝑄
𝐴𝐴
�
1
𝜀𝜀

 

Equation 1 - Inverse Demand Function ($/kWh)                             

All combinations of lower, upper and average values were used in the Monte 

Carlo simulations to ensure maximization and minimization of Q. 
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Table S1 - Variable data values and distributions from government, private 
sector and literature sources in 2014 USD.  (See next page). 

 

Description Symbol Units Lower Upper Mid-Range
2014

Dollars
Economic References Assumptions

Average distance of sorting 
facility to burn facility 
(miles)

η 6.29 14 8.23 6.478 [Massachusetts, 2014]

MA government 2006 (see pg10 Table 
4)**assuming percent of population 
with MSW service equals percent of 
land area with MSW sorting facility
Green waste, city of San Jose: ≈ 14 
miles

Fuel cost to fuel MSW 
hauler per ton of MSW

θ 0.212 0.256 0.226 0.242 [USEIA-POL, 2014]
EIA 2014, assuming average MSW 
truck capcity 16.25 tons

miles per gallon obtained 
from delivery hauler

ι 2.8 2.800 [Shea, 2011] DOE 2011 (see pg 2 paragraph 1)

Hourly rate for 
transportation sector 
workers

h 69.21 69.210 [USDOL,  2013]
DOL Dec 2013 (see section 
Transportation and warehousing) 
**assuming 3 workers involved

Time to transport MSW t 0.0067 0.015 0.011 0.009 [USDOT, 2011]
DOT 2010 (see Table 3-15)**data from 
selected metropolitan area

Electricity: Fuel energy Ffuel

[USEIA-ATHR, 2012]
[Center of Invasive Species 
Management, 2013]

EIA 2007-2012, (see Table 8.2) prime 
mover: steam generator

petroleum 3952.9 4016.6 3975.9 3989.776
6.073 lb/US gal, prime mover: steam 
generator

coal 1842 2374.6 2367.5 2155.970 [USEIA-FAQ, 2014]
bituminous coal, prime mover: steam 
generator

NG 4358.7 4385.2 4371.4 4362.569 [Young, 2010]

44179.9 cu ft / ton of oil equivalent 
(derived rate from 1 metric ton LNG = 
48,700 cubic feet of natural gas and 1 
metric ton = 1.10231 ton)pg 11

MSW 544 816 585 620.512
[USEIA-MSWPCWE, 2012]
[MassDEP, 2008]

MA government Dec 2008 (see pg 51, 
Table III-3)

𝑚𝑚𝐸𝐸𝑀𝑀𝐸𝐸𝐸𝐸

$
𝑔𝑐𝑐𝑀𝑀𝑀𝑀𝑃𝑃𝐸𝐸

𝐸𝐸𝑃𝑃𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀�

𝑚𝑚𝐸𝐸𝑀𝑀𝐸𝐸𝐸𝐸
𝑔𝑐𝑐𝑀𝑀𝑀𝑀𝑃𝑃𝐸𝐸

$
ℎ𝐸𝐸

ℎ𝐸𝐸
𝐸𝐸𝑃𝑃𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀

𝑘𝑀𝑀ℎ
𝐸𝐸𝑃𝑃𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
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Electricity transmission cost 
from process facility to 
consumer

D 0.0105 0.0116 0.0109 0.011 [USEIA-ESDPE, 2013] EIA 2010-2012, in 2011 USD

Cost of raw fuel (total 
delivered to processing 
facility)

Rfuel [EIA.gov 2014] convert all rates to $ / ton

coal 56.3 58.1 57.2 57.586 [USEIA-EPM, 2014]
EIA 2013-2014 (see table 4.10) 
assuming 10498 Btu/kWh of Coal. 

NG 144.1 287.1 228.5 186.632 [The Engineering Toolbox, 2014]
EIA 2010-2013. NG Electric Power 
Price Price in respective year's nominal 
dollar. Calculations listed right.

Lifting cost of natural gas μNG 118.06 118.060 [USEIA-FAQ, 2014]  EIA 2009, in 2009 USD

Finding cost of natural gas ЄNG 209.18 209.180 [Wikipedia, 2014]
assumed 5618 cu ft =0.114 ton of 
natural gas (density~0.0447 lb/ft^3)

Mining cost of coal Γ 12.39 108.42 62 50.876 [IEA, 2012]
IEA 2012 (pg 28, figure 6), Indicative 
mine-mouth cash cost curve for 
thermal coal

Private collection costs of 
MSW (inlcuding recyclying) 
to private citizens and 
entities

ω 115.73 348.31 232.02 138.646

[O'Brien, 2014]
[Franklin Associates, 1997]
[Hendrickson et al., 1994]
[DSM Environmental Services, Inc. 
2005]

SWANA Applied Research Foundation 
2014 (see"garbage collection" and 
"Mixed Waste Recycling in San 
José").20% recycled - Lower, 33% 
recycled - Upper. 
FA 1997, national estimate. 
CMU 1994 (see pg 8, paragraph 2; 
also pg 10, table 7),  total disposal cost 
in Pittsburgh. 
VA government 2005 (see pg 17 Table 
10). Assuming  0.856 ton 
MSW/year/household, 23.5 lb/bag 
waste, 7 states' data, average using 
MA data. 2005 USD.

Transportation cost of fuel T 16.73 18.05 17.54 17.039 [USEIA-ERTRFC, 2014]
EIA 2012 (see table 1). In 2011 dollars, 
rail transportation rates for coal, U.S. 
averages

15.85 15.850 [Oil and Gas Journal, 2010]

Oil and Gas Journal 2010 (see 
paragraph 3). In 2009 USD, NG 
pipeline operations and maintenance 
cost

Proposed greenhouse gas 
emission tax

Tax 12.69 64.51 41.25 55.510 [USEPA-TSCoC, 2013]
EPA 2013 (see table) converted from 
2011 dollars to 2014, assumed 
damage in year 2015.

$
𝑘𝑀𝑀ℎ

$
𝐸𝐸𝑃𝑃𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

$
𝐸𝐸𝑃𝑃𝐸𝐸𝐶𝐶𝑂2𝑡𝑡

$
𝐸𝐸𝑃𝑃𝐸𝐸𝑁𝑁𝑁𝑁

$
𝐸𝐸𝑃𝑃𝐸𝐸𝑁𝑁𝑁𝑁

$
𝐸𝐸𝑃𝑃𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓

$
𝐸𝐸𝑃𝑃𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓

$
𝐸𝐸𝑃𝑃𝐸𝐸𝑁𝑁𝑁𝑁

$
𝐸𝐸𝑃𝑃𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀
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Selective, high impact, 
combusion polluntants 
concentrations as coverted 
to CO2 equivalents

σ 0.00103 0.001 [USEPA-AE, 2014]

EPA 2013, CO2, NO, SO2; Conversion 
method: convert the mass of other 
pollutants to CO2 assuming they have 
the same number of moles

0.000516 0.001 [USEPA-NG, 2013] EPA, 2013 

0.00168 0.002 [USEPA-MSW, 2013] EPA, 2005 

Direct subsidy to raw fuel λMSW 0.023 0.023 [USDOE, 2013]

Renewable Electricity Production Tax 
Credit (PTC) 2013 (see section Credit 
Amount). **Federal subsidy only, could 
include state subsidy

Fine for not meeting 
Energy Portfolio Standards

λF 5000 50000 0.0544 44939.218 [CA Public Utilities Commission, 2007]

California Correspondent: Kate 
Zocchetti, 2010 20% Renewable 
Energy Program: California Energy 
Commision, penalty for an RPS 
procurement deficit is up to $25 million 
per year

Coal 0.05 0.050
Assuming 5 cents/kWh for all NG 
combusted

NG 0.05 0.050 [USEIA-FAQ, 2014]  Assuming a $25 million fine

Direct tax to coal λcoal 0.375 1 0.688 0.509

[North Dakota State Government, 
2014] [Kentucky Center for Economic 
Policy, 2013] [Official Site of the 
Tennessee Government, 2014]

North Dakota (.375), Kentucky (>.50), 
and Tennessee (1) (section Coal 
Severance Tax); KCEP 2013 (see 
section "What is it?"); TN government 
2013 (see paragraph "Tax Rates")

Community Health Impacts ζ
Public Health Burden in Appalachian 
Communities
34.5% recycled

coal 0.0387248 [Harvard, 2011]

NG 0.02 [World Nuclear News, 2009]

Elasticity of demand Є -0.1722 -0.1156 -0.1456 -0.150 [NREL 2006; Borenstein, 2009] (pg 30 Table 3 and  pg 31 Figure 4.5-
4.9))

Current electricity 
consumption

Q 3.47E+12 3.76E+12 3.65E+12 3.65E+12 [USEIA-EPMa&b 2014]

Wholesale electricity price δ 0.1016 0.1085 0.10476 0.107 [USEIA-EPMa&b 2014]

EPA 2014 (see pg 118 Table 5.3) 
Average Retail Price of Electricity to 
Ultimate Customers, All Sectors, 2009: 
0.0982; 2010: 0.0983; 2011: 0.0990; 
2012: 0.0984; 2013: 0.101

Parameter A 2.36E+12 2.89E+12 2.63E+12 2.43E+12
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Table S2 – Explanation and calculations for data found in Table S1. 

ζcoal Community Health Impacts of coal 

To calculateζ_coal, data from the Harvard Medical School (2011), 

USEIA.gov (2014) and Clean Air Task Force (2010) were used. The following 

formula was applied: 

ζ=C/Q, where C is community health externalities of coal sources from 

Harvard (2011) and Q is annual electricity generation by coal from the EIA 

(USEIA.gov, 2014). C was gathered for years1979–2004 and was converted to 

2014 USD using the CPI. Q was gathered for years 2008-2013 and the average 

value was used. Results are reported in Appendix B, Table S1. 

ζNG Community Health Impacts of Natural Gas 

To calculateζ_ng, data from the National Research Council (NRC, 2010) 

was used. The following formula was applied: 

ζ=C, where C sources from NRC (2010). C was converted to 2014 USD 

using the CPI. Results are reported in Appendix B, Table S1. 

η Average distance of sorting facility to burn facility  

To calculateη, data from the MA government (Massachusetts, 2014) and 

Wikipedia (2014) was used.  The following formula was applied: η=p*R, where 

p is the percentage of households in MA that has a garbage collection service 

(Massachusetts, 2014), and R is the radius of MA assuming MA's geographical 

shape as a circle (Wikipedia, 2014). 

θ Fuel cost to fuel MSW hauler 

To calculateθ, data from USEIA.gov (2014) was used and an average 

MSW truck capacity of 16.25 tons was assumed. The following formula was 

applied: 
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θ=C/V, where C is fuel cost sources from USEIA.gov (2014) and V is 

average MSW truck capacity assumed to be 16.25 tons. Results are reported in 

Appendix B, Table S1. 

ι miles per gallon obtained from delivery hauler 

To calculateι, data from USDOE (2011) was directly used. Results are 

reported in Table F. 

H Hourly rate for transportation sector workers 

To calculate h, data from USDOL (2013) was used. The formula h=3*wage 

was applied, where wage sources from USDOL (section Transportation and 

warehousing) and converted to 2014 USD using the CPI and number of workers 

per truck was assumed to be 3. Results are reported in Appendix B, Table S1. 

T Time to transport MSW 

To calculate t, data from USDOT (2011.) was used. The following formula 

was applied: 

t=η/v, whereηis the average distance of sorting facility to burn facility 

calculated, and v sources from USDOT (2011.) . 

σ Selective, high impact, combustion pollutants 

concentrations as converted to CO2 equivalents 

To calculateσof each fuel type, data from USEPA (2014) and Jaramillo 

(2007) were used. The following formula was applied:σ=∑

E(i)*M(CO2)/M(i),where E(i) stands for emission mass/kWh for a criteria 

pollutant sources from USEPA, M(CO2) is the Molar Mass of CO2 sources from 

Wikipedia, and M(i) is the Molar Mass of criteria pollutant sources from 

Wikipedia. Assuming same number of moles between CO2 and criteria pollutants. 

D Electricity transmission cost from process facility to 

consumer 

To calculate D, data from USEIA (2011) was used and converted to 2014 

USD via the CPI. 
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Ffuel Electricity: Fuel energy (excluding MSW) 

To calculate F for each fuel type, data from USEIA-ATHR (2012) was used.  

The following formula was applied: Ffuel=1/F, where F is the amount of fuel used 

to generate one kilowatthour. 

FMSW Electricity: Fuel energy 

To calculate F for MSW, data from Young (2010) was used. The range is 

collected from Young's table. 

Rfuel Cost of raw fuel (total delivered to processing facility) 

To calculate R for each fuel type, data from USEIA (2014) was used for 

each type and converted into 2014 USD. For Natural gas, the following additional 

formula was applied: 

R=P/d, where P is Price of NG for electricity generation and d is density of 

NG in 1000 ft^3/ton. 

λMSW Direct subsidy to raw fuel 

To calculate λ for MSW, data from DSIREUSA (2013) was used. The 

highest subsidy was applied for MSW and converted to 2014 USD. 

λF Fine for not meeting Energy Portfolio Standards 

To calculateλfor Coal and NG, data from California Energy Commission 

(Zocchetti, 2014) was used. λwas assumed to be 0.05 $/kWh without lower or 

upper limit. 

λcoal Direct tax to coal 

To calculate tax to coal, a range of data from three States' governmental 

severance taxes on coal for ND (North Dakota State Government, 2014), KY 

(Kentucky Center for Economic Policy, 2013), and TN (Official Site of the 

Tennessee Government, 2014) were used.  Data from NCSL (2012) was also 

considered. Results are reported in Appendix B, Table S1. 

Tax Proposed greenhouse gas emission tax 
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To calculate proposed tax on CO2, data from USEPA-TSCoC (2013) was 

used. The following formula was applied: Tax=cost, where costs are from USEPA-

TSCoC (2013) and was converted to 2014 USD. Assumed damage in 2015, and 

the 2.5%, 3%, and 5% averages were used. 

δ Wholesale electricity price 

To calculateδ, data from USEIA-AEO (2013) was used. δ was collected 

from year 2009-2013 for an all-sectors average and converted to 2014 USD via 

CPI. 

Q Current electricity consumption 

To calculate Q, data from USEIA (USEIA 2012) was used. Q was collected 

from year 2002-2012 in annual national consumption.  

A Elasticity Parameter 

To calculate A, the elasticity parameter, data value of Q,δ, and Є was 

used. The following formula was applied: A=Q/(δ^Є). 

Є Elasticity of demand 

To calculate Є, data from Borenstein (2009) was collected.  Є was 

calculated by the author from data from year 2000-2006 sources from 

residential billing records of Southern California Edison. 

μNG Lifting cost of natural gas 

To calculate μfor NG, data from USEIA-FAQ (2009) was collected. 

Average Lifting cost of NG in the US was first used and then converted into 2014 

USD/ ton NG by multiplying a density factor of 0.0447 lb/ft^3 and a CPI factor.  

ЄNG Finding cost of natural gas 

To calculate Є for NG, data from USEIA-FAQ (2009) was collected. Average 

Finding cost of NG in the US was first used and then converted into 2014 USD/ 

ton NG by multiplying a density factor of 0.0447 lb/ft^3 and a CPI factor. 

Γ Mining cost of coal 
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To calculate Γ for coal, data from International Energy Agency (IEA, 2012) 

was used from the graph "Indicative mine-mouth cash cost curve for thermal 

coal in the United States" 

TCoal Transportation cost of fuel 

To calculate Transportation cost for coal, data from USEIA-ERTRFC was 

used. Transportation assumed to be by rail and data converted to 2014 USD. 

Results are reported in Appendix B, Table S1. 

TNG Transportation cost of fuel 

To calculate T for NG, data from USEIA.gov (1994 ) was used. The 

following formula was used: T=p*h*F_NG, where p is the pipeline transportation 

rates for NG assumed at a 40-Percent Load Factor, h is 8039 Btu/kWh, F_NG is 

the electricity fuel energy of NG, all sourcing from EIA. 

ω Private collection costs of MSW (including recycling) 

to private citizens and entities 

To calculate ω, data from SWANA Applied Research Foundation (O’Brien, 

2014) was collected. The following formula was applied: ω=p/V, where p is 

garbage collection service rates per household, sourcing from SWANA report, 

and V is garbage generation volume per multifamily household. P and V were 

both gathered for Fiscal Years 2012-2013, and p was converted to 2014 USD 

using the CPI. 
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Table S3 - Elasticity of Demand and accompanying calculated demand curves 
using dynamic, linear and double-log models. 

 

 

Elasticity of 
Demand

Log of Demand of electricity at time t

 For the demand curve, it is a 
recursion function and cannot be 

represented in simple terms.  
Please consult pg 59 of the link.

state

A set of measured covariates (e.g., 
energy prices, population, income, and 

climate) that affect energy demand

long-run price elasticity

Coefficient for

Indicator variable for time-effect

Random Error term

Demand of electricity at time t

Price of Electricity at time t

Elasticity of 
Demand

Household Electricity Demand

Price of Electricity

Household Income
vector of observable household 

characteristics
unobservable household characteristics

Initial Marginal Price
Consumer's initial marginal willingness 

to pay
Optimal Consumption

Constant demand parameters, 
estimated

Elasticity of 
Demand

Quantity of electricity demanded

Percentile of Baseline Consumption

A particular Census Block Group

Constant term
Demand 

Curve
Short-run price elasticity of demand for 

electricity
Price of electricity

Coefficient for X

A vector of the other factors that would 
shift the entire distribution of demand, 

including income, weather, and 
technology

Random Error term

Assumptions
Equation 

Type
Equation Symbol Description References

Source 3 [Univerisity of California Energy Institute 2009]

Double-Log Model
See pg 26

Data used: 2000-2006 household-
level billing from Southern 

California Edison

Source 1

Demand 
Curve

[National Renewable Energy Laboratory 2006]

Dynamic Model

See pg 56

Data used: 1977-2004 from 48 
states

Source 2 [National Bureau of Economic Research 2006]

Short-run elasticity with discrete 
price schedules

Linear Model

Data used: 1993 and 1997 
California RECS survey

Demand 
Curve

𝑄𝑄

𝐸𝐸

x

𝛾𝛾
x𝛼𝛼,𝛽𝛽

𝐸𝐸,𝑦
𝜖𝑖𝑖
𝐷𝐷𝑒𝑒
𝑃𝑃𝑒𝑒

ln𝑄𝑄𝑒𝑒𝑔𝑒𝑒2 − ln𝑄𝑄𝑒𝑒𝑔𝑒𝑒1 =
𝛼𝛼0 + 𝛼𝛼1 � ln𝑃𝑃𝑒𝑒𝑔𝑒𝑒2 𝑄𝑄𝑒𝑒𝑔𝑒𝑒2 − ln𝑃𝑃𝑒𝑒𝑔𝑒𝑒1 𝑄𝑄𝑒𝑒𝑔𝑒𝑒1
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Table S4 - Variable A calculated results used in Demand Curve. 

 

 
Table S5 - Lower bound Monte Carlo simulation results for the five economic 
policy scenarios. 

 

 

Name Description Lower Upper Average
A Parameter 2.36E+12 2.89E+12 2.63E+12

epsilon Elasticity of demand -0.1722 -0.1156 -0.1456

Mean St.D. Mean St.D. Mean St.D. Mean St.D. Mean St.D.
$/kWh 0.200 0.021 0.167 0.022 0.181 0.036 0.166 0.021 0.217 0.036

kWh/Year 3.32E+12 2.18E+11 3.40E+12 2.31E+11 3.37E+12 2.41E+11 3.41E+12 2.31E+11 3.28E+12 2.23E+11
kWh/Year 1.73E+12 1.11E+11 1.73E+08 1.73E+10 1.73E+08 1.73E+10 1.73E+08 1.73E+10 1.73E+08 1.73E+10
kWh/Year 1.73E+12 1.11E+11 1.73E+08 1.73E+10 1.73E+08 1.73E+10 1.73E+08 1.73E+10 1.73E+08 1.73E+10

$/kWh 0.229 0.012 0.211 0.013 0.224 0.031 0.209 0.012 0.246 0.031
kWh/Year 1.52E+12 2.34E+11 3.29E+12 2.11E+11 3.26E+12 2.17E+11 3.29E+12 2.12E+11 3.22E+12 2.11E+11
kWh/Year 1.59E+12 1.34E+11 1.59E+08 1.59E+10 1.58E+08 1.58E+10 1.59E+08 1.59E+10 1.58E+08 1.58E+10
kWh/Year 1.52E+12 1.67E+11 1.59E+08 1.21E+10 1.58E+08 1.18E+10 1.59E+08 1.21E+10 1.58E+08 1.15E+10

$/kWh 0.336 0.109 0.336 0.109 0.336 0.109 0.329 0.109 0.329 0.109
kWh/Year -6.89E+10 2.00E+11 1.65E+07 1.65E+09 1.90E+07 1.90E+09 3.11E+12 2.49E+11 3.11E+12 2.49E+11
kWh/Year 2.61E+10 7.90E+08 2.61E+06 2.61E+08 2.61E+06 2.61E+08 2.61E+06 2.61E+08 2.61E+06 2.61E+08
kWh/Year 0.00E+00 1.19E+10 2.61E+06 2.61E+08 2.61E+06 2.61E+08 2.61E+06 0.00E+00 2.61E+06 4.77E+07
kWh/Year 1.73E+12 1.73E+08 1.73E+08 1.73E+08 1.73E+08
kWh/Year 3.25E+12 3.32E+08 3.31E+08 3.31E+08 3.31E+08
kWh/Year 3.25E+12 3.34E+08 3.34E+08 3.34E+08 3.34E+08

AggregateHealth Impacts (ζfuel) CO2 Tax (tax upstream) Fine (λ F) MSW Subsidy (λ'MSW)

SMCcoal
Qcoal
NCcoal
Q′coal

SMCNG
QNG
NCNG
Q′NG

SMCMSW
QMSW
NCMSW
Q′MSW

CumulativeFUEL#1
CumulativeFUEL#2
CumulativeFUEL#3
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Table S6 - Upper bound Monte Carlo simulation results for the five economic 
policy scenarios. 

 

 
 
 
Table S7 - Mean and Baseline bound Monte Carlo simulation results for the five 
economic policy scenarios.  Also, expanded in main thesis. 

 

Mean St.D. Mean St.D. Mean St.D. Mean St.D. Mean St.D.
$/kWh 0.772 0.021 0.170 0.022 0.239 0.036 0.166 0.021 0.849 0.036

kWh/Year 2.73E+12 1.60E+11 3.40E+12 2.31E+11 3.24E+12 2.15E+11 3.41E+12 2.31E+11 2.69E+12 1.58E+11
kWh/Year 1.73E+08 1.73E+10 1.73E+08 1.73E+10 1.73E+08 1.73E+10 1.73E+08 1.73E+10 1.73E+08 1.73E+10
kWh/Year 1.73E+08 8.64E+09 1.73E+08 1.73E+10 1.73E+08 1.73E+10 1.73E+08 1.73E+10 1.73E+08 8.32E+09

$/kWh 0.229 0.012 0.212 0.013 0.282 0.031 0.209 0.012 0.306 0.032
kWh/Year 3.25E+12 2.06E+11 3.29E+12 2.11E+11 3.16E+12 2.01E+11 3.29E+12 2.12E+11 3.12E+12 1.96E+11
kWh/Year 1.58E+08 1.58E+10 1.58E+08 1.58E+10 1.58E+08 1.58E+10 1.59E+08 1.59E+10 1.58E+08 1.58E+10
kWh/Year 1.58E+08 1.58E+10 1.58E+08 1.21E+10 1.58E+08 1.09E+10 1.59E+08 1.21E+10 1.58E+08 1.58E+10

$/kWh 0.336 0.109 0.336 0.109 0.336 0.109 0.325 0.109 0.325 0.109
kWh/Year 3.10E+12 2.44E+11 1.66E+07 1.66E+09 2.88E+07 2.88E+09 3.12E+12 2.52E+11 3.12E+12 2.50E+11
kWh/Year 2.61E+06 2.61E+08 2.61E+06 2.61E+08 2.61E+06 2.61E+08 2.61E+06 2.61E+08 2.61E+06 2.61E+08
kWh/Year 2.61E+06 2.61E+08 2.61E+06 2.61E+08 2.61E+06 2.61E+08 2.61E+06 0.00E+00 2.61E+06 2.61E+08
kWh/Year 1.58E+08 1.73E+08 1.73E+08 1.73E+08 1.58E+08
kWh/Year 1.61E+08 3.31E+08 3.31E+08 3.31E+08 1.61E+08
kWh/Year 3.34E+08 3.34E+08 3.34E+08 3.34E+08 3.34E+08

AggregateHealth Impacts (ζfuel) CO2 Tax (tax upstream) Fine (λ F) MSW Subsidy (λ'MSW)

SMCcoal
Qcoal
NCcoal
Q′coal

SMCNG
QNG
NCNG
Q′NG

SMCMSW
QMSW
NCMSW
Q′MSW

CumulativeFUEL#1
CumulativeFUEL#2
CumulativeFUEL#3

Units Mean St.D. Mean St.D. Mean St.D. Mean St.D. Mean St.D. Mean St.D.
$/kWh 0.165 0.021 0.486 0.166 0.170 0.022 0.208 0.036 0.166 0.021 0.533 0.169

kWh/Year 3.41E+12 2.08E-02 2.95E+12 2.41E+11 3.40E+12 2.30E+11 3.30E+12 2.27E+11 3.41E+12 2.31E+11 2.90E+12 2.27E+11
kWh/Year 1.73E+12 1.73E+10 1.73E+08 1.73E+10 1.73E+08 1.73E+10 1.73E+08 1.73E+10 1.73E+08 1.73E+10 1.73E+08 1.73E+10
kWh/Year 1.73E+12 1.73E+10 1.73E+08 1.01E+10 1.73E+08 1.73E+10 1.73E+08 1.73E+10 1.73E+08 1.73E+10 1.73E+08 1.01E+10

$/kWh 0.209 0.012 0.229 0.012 0.213 0.013 0.252 0.031 0.209 0.012 0.276 0.031
kWh/Year 1.56E+12 1.56E+10 3.25E+12 2.06E+11 3.28E+12 2.11E+11 3.21E+12 2.09E+11 3.29E+12 2.12E+11 3.17E+12 2.03E+11
kWh/Year 1.58E+12 1.58E+10 1.58E+08 1.58E+10 1.58E+08 1.58E+10 1.58E+08 1.58E+10 1.58E+08 1.58E+10 1.58E+08 1.58E+10
kWh/Year 1.56E+12 1.56E+10 1.58E+08 1.58E+10 1.58E+08 1.21E+10 1.58E+08 1.21E+10 1.58E+08 1.21E+10 1.58E+08 1.58E+10

$/kWh 0.349 0.108 0.336 0.109 0.336 0.109 0.336 0.109 0.327 0.109 0.327 0.109
kWh/Year -2.11E+11 2.11E+09 3.10E+12 2.44E+11 1.68E+07 1.68E+09 1.59E+07 1.59E+09 3.12E+12 2.50E+11 3.12E+12 2.49E+11
kWh/Year 2.61E+10 2.61E+08 2.62E+06 2.62E+08 2.61E+06 2.61E+08 2.61E+06 2.61E+08 2.61E+06 2.61E+08 2.61E+06 2.61E+08
kWh/Year 0.00E+00 0.00E+00 2.62E+06 2.62E+08 2.61E+06 2.61E+08 2.61E+06 2.61E+08 2.61E+06 0.00E+00 2.61E+06 2.61E+08
kWh/Year 1.73E+12 1.58E+08 1.73E+08 1.73E+08 1.73E+08 1.58E+08
kWh/Year 3.29E+12 1.61E+08 3.31E+08 3.31E+08 3.31E+08 1.61E+08
kWh/Year 3.29E+12 3.34E+08 3.34E+08 3.34E+08 3.34E+08 3.34E+08

AggregateBaseline Health Impacts (ζfuel) CO2 Tax (tax upstream) Fine (λ F) MSW Subsidy (λ'MSW)

SMCcoal
Qcoal
NCcoal
Q′coal

SMCNG
QNG
NCNG
Q′NG

SMCMSW
QMSW
NCMSW
Q′MSW

CumulativeFUEL#1
CumulativeFUEL#2
CumulativeFUEL#3
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