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ABSTRACT 

 The population of the planet surpassed the 8-billion-person mark in 2022, and the 

increase in population has brought about an increase in waste, both household and commercial. 

The municipal solid waste that is created is primarily stored in landfills, particularly in the 

United States. These landfills release methane and carbon dioxide into the atmosphere, creating 

what is known as anthropogenic emissions, due to their being caused by man-made issues. These 

two primary gases, along with others, make up greenhouse gases, and their reduction is key to 

potentially reducing or even reversing the greenhouse effect.  

 Total municipal solid waste generation in the United States reached 292.4 million tons in 

2018, which was an increase from the 268.7 million tons in 2017. Of the 292.4 million tons in 

2018, over 146 million tons were sent to landfills, over 69 million tons were recycled, and 34 

million tons were combusted for energy. The large amount of waste sent to landfills creates a 

significant opportunity to avoid emissions, increase energy savings, produce energy through 

renewable energy, and create wage impacts, or employment, by way of recycling.  

 The opportunity to study the avoidance of emissions, energy savings, and wage or 

employment impact, comes from a life-cycle analysis of the municipal solid waste. The studying 

of potential energy production will come from the emissions generated by the landfill over its 

lifespan. This dissertation will address both life-cycle analysis and landfill gas generation in the 

form of modeling. The life-cycle analysis will utilize an EPA model called the Waste Reduction 

Model (WARM), which takes a cradle-to-grave approach and analyzes alternatives to the current 
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waste management methodology. The Landfill Gas Emissions Model (LandGEM) provides an 

estimation of the gases from the municipal solid waste landfill, which will then be utilized to 

provide an energy potential estimate. The dissertation will evaluate the models with the primary 

goal of producing a practical option or strategy to simulate the largest quantity of emissions 

avoided, the largest possible energy savings, and greatest renewable energy potential.
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CHAPTER ONE:  INTRODUCTION 

 

1.1 Background 

The population of the planet in 2022 reached just over 8 billion people (Figure 1.1), and 

with this comes the need to have in place the massive infrastructure to feed, house employ, and 

energize economies.  

 

 

Figure 1.1: World population 1950 through 2050 (Researchgate.net, 2023) 

 

The current trajectory is not positive. One such issue of note is the invasion of Ukraine by 

Russian forces, which prompted Russian gas supply to Europe to be restricted, causing mounting 

worries of low supply and rising prices. Alternative energy sources are being pursued but are 

currently insufficient to meet needs. With the lack of alternative sources to meet current supply, 

European countries are building coal fired plants to replace low natural gas supplies and pursuing 
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new fossil-fuel sources. Worldwide gasoline costs are rising, producing wide-spread dismay 

about the economic cost. These current challenges are overshadowing worldwide efforts to cut 

fossil-fuel use and reduce greenhouse gas (GHG) emissions, which are the steps that are urgently 

needed to limit warming to 1.5 °C (Alavosius et al., 2022).  

There is an extensive amount of evidence indicating that the earth’s climate has warmed 

during the past century as shown in Table 1.1. Foremost among this evidence are compilations of 

the variation in global mean sea surface temperature and in surface air temperature over land and 

sea (Wuebbles & Jain, 2001). Climatologists believe that increasing atmospheric concentration 

of carbon dioxide and other “greenhouse gases” released by human activities, such as burning of 

fossil fuels and deforestation, are warming the Earth. The mechanism, commonly known as the 

“greenhouse effect”, is what makes the Earth habitable. Figure 1.2 shows how gases in the 

atmosphere act like the glass of a greenhouse, letting the sunlight in and preventing heat from 

escaping. But human activities have altered the chemical composition of the atmosphere through 

the buildup of greenhouse gases-primarily carbon dioxide, methane, and nitrous oxide (Ranveer 

et al., 2015). 

 

 

 

 

 

 

 

 

 



3 
 

Table 1.1: Summary of trends in observed climatic variables (Wuebbles & Jain, 2001) 

 

 

 

Figure 1.2: The Greenhouse Effect (Ranveer et al., 2015). 
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1.2 What is Climate Change and Global Warming 

The terms “climate change” and “global warming” have often been used interchangeably, 

referring to what is taking place with conditions around the world. However, these terms have 

two distinct meanings. NASA defines climate change as “long-term change in the average 

weather patterns that have come to define Earth’s local, regional, and global climates” (NASA, 

n.d.). The observed changes that have been tracked since the mid-20th century are primarily 

influenced by human activities, which primarily arise from the burning of fossil fuels. NASA 

then defines global warming as the “long-term heating of Earth’s surface observed since the pre-

industrial period (between 1850 and 1900) due to human activities, primarily fossil fuel burning, 

which increases heat-trapping greenhouse gas levels in Earth’s atmosphere (NASA, n.d.).  

The atmosphere of the earth is made up of three main gases, nitrogen, oxygen, and argon. 

There are other gases in smaller quantities, including both greenhouse gases (GHGs) and 

pollutants as shown in Table 1.2. The permanent gases (nitrogen, oxygen, argon) percentage 

does not change, but the trace gas percentage (carbon dioxide, methane, nitrous oxides, and 

ozone) will change daily, seasonally, and annually. GHGs can absorb and reradiate infrared 

radiation (Al-Ghussain, 2019). 

 Over the last fifty years, computer models have simulated the Earth’s climate. These 

simulations have predicted that the concentration of greenhouse gases has been increasing, 

thereby this increase would cause a warming of the Earth’s surface. This data revealed that in the 

1980s, the cooling trend that was taking place reversed. Because the warming trend might have 

naturally occurred, the term or theory distinguishing naturally occurring warming from that 

caused by man-made is termed “Anthropogenic Global Warming” or AGW (Connolly et al., 

2020). 
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Table 1.2: Gas content of the earth’s atmosphere (Al-Ghussain, 2019). 

 

 

 In 2007, the Intergovernmental Panel on Climate Change (IPCC) released a report, their 

Fourth Assessment, stating that the global surface temperature has increased 0.74 ± 0.18 °C 

between 1901 and 2000. With this increase, many non-normal activities have taken place to 

include climate change, rising sea levels, glacier retreat, and disappearing islands (S. Kumar et 

al., 2012). 

 

1.3 The Connectivity of Greenhouse Gases and Anthropogenic Global Warming 

 The first connection of the greenhouse theory seems to have come from the French 

physicist Jean Fourier, who in the early 1800s, believed that the atmosphere of the earth acts like 

a greenhouse by letting sunlight in, while blocking radiant heat from escaping back into space 

(Mintzer, 1990). However, it was the Swedish scientist Svante Arrhenius that began to quantify 

how carbon dioxide (CO2) played a significant part in the heating and cooling of the earth. 



6 
 

Arrhenius believed that industrialization, or the burning of fossil fuels over a lengthy time period 

would cause a doubling of CO2 (Anderson et al., 2016). There were many other scientists that 

contributed to the study of how CO2 and other gases were possibly contributing to the increases 

in global warming, but by the early 1980s, a cohesive principle thought regarding AGW was in 

place. The idea that the trace gases, methane (CH4), nitrates, ozone, and other gases emitted from 

industry and other sources, contributed significantly to AGW. It was also revealed that methane 

(CH4) had a 20 times higher greenhouse effect than CO2, which means that one ton of methane 

will absorb 20 times the amount of energy than CO2 over a given time period (Weart, 2010).  

  Even though the trace gases are significant contributors to AGW, many scientists and 

engineers consider anthropogenic CO2 emissions as the driving force behind AGW. But they also 

believe that natural processes contribute to global warming as well (Florides & Christodoulides, 

2009). The scientific community can believe that this is a two-step process. First, the greenhouse 

effect takes place by trapping radiant heat in, thereby creating the climate change effect. 

Secondly, with the release of gases into the atmosphere, then the trapping of those gases, we then 

see the long-term effects of these systems to cause a warming of the planet. One researcher 

believes that there are three contributors or causes to the climate change/global warming 

problem. The first problem is the production of methane and CO2 contributing to greenhouse 

gases, seen in equations 1.1 and 1.2, the second problem is the contribution from nature, and the 

third problem comes from human contributions (Rajak, 2021). 

Combustion of fossil fuels: 

6 O2 + C6H12O6 ----------> 6 H2O + 6 CO2 + energy     Equation 1.1 
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Production of methane during microbial metabolic process: 

 

CH3COOH -----------> CO2 + CH4      Equation 1.2 

      

1.4 Greenhouse Gas Reduction Efforts 

 With global warming being a hotbed issue around the world, there have been many 

attempts to reduce global warming through global initiatives. The calls for action began with the 

Toronto Conference on the Changing Atmosphere in June 1988, which concluded that 

atmosphere change is a result of human negligence (Morrisette, 1991). Although some of the 

first calls to action began in the 1970s, the 1987 Montreal Protocol on Substances the Deplete the 

Ozone Layer, organized by the United Nations, was the first multilateral environmental 

agreement to achieve universal ratification. This purpose of this agreement was to prevent 

uncontrolled global depletion of the stratospheric ozone layer and associated large increases in 

surface UV-B radiation (Barnes et al., 2019).  

 With the signing of the Montreal Protocol and its ratification in 1989, which was 

accepted worldwide by most countries, substances such as chlorofluorocarbons (CFCs) and 

bromine containing halons have been mostly phased out of use. The result from the agreement 

has been a detected increase in the concentration of stratospheric ozone in the upper stratosphere 

and above Antarctica. Figure 1.3 shows how halogenated source gases affect the stratospheric 

ozone (Chipperfield et al., 2020).  
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Figure 1.3: Halogenated source gases and their impact on stratospheric ozone (Chipperfield et al., 2020) 

 

While the Montreal Protocol (1987) was a significant step in the fight to combat climate 

change, a new institution was formed in 1992 called the United Nations Framework Convention 

on Climate Change (UNFCCC) (Oh, 2022). This convention includes 196 countries and the 

European Union (EU) and it attempts to come to decisions by a consensus of its members. The 

convention entered into force in 1994 and one year later, in 1995, the authoritative body, called 

the Conference of the Parties (COP), first met (Kuyper et al., 2018). So not to jeopardize the 

global climate, the goal of the UNFCCC is to stabilize GHG concentrations to a certain level. 

The Montreal Protocol does not control all greenhouse gases, so members of UNFCCC must 

develop, update periodically, and publish national inventories of anthropogenic emissions. They 

must then make these available to the COP (Khalida, 2018). 

 Between the creation of the UNFCCC in 1992 and 1995, greenhouse gas emissions levels 

continued to increase worldwide, which made it clear that a solid commitment must be made by 

the governments of developed countries that action on climate change must be taken. This action 

must also be able to convince industries and the public to also act (Gupta, 2016). On December 
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11, 1997, the Kyoto Protocol (KP) was introduced by the UNFCCC in Kyoto, Japan, and it was 

the first protocol to be added to the UNFCCC of 1992. This protocol introduced legally binding 

targets and it also added targets to reduce greenhouse gas emissions (Leggett, 1998). The goal of 

the Kyoto Protocol was to install an international system that would reduce emission levels for 

six greenhouse gases; CO2, CH4, N2O, hydrofluorocarbons (HFC), perfluorocarbons (PFCs), and 

sulfur hexafluoride (SF6) (Mirasgedis et al., 2002). The primary requirement of the KP was to 

require the industrialized nations that signed the agreement, to show that they would have made 

progress towards a 5-percent decrease in GHG emissions from the 1990 levels. Figure 1.4 shows 

the global GHG emissions level in 1990 for the six greenhouse gases to be reduced. This 

progress would have to be displayed by 2005, and the final target by 2012 (Prins & Rayner, 

2008).  

  

 

 

Figure 1.4: Global greenhouse gas emissions since 1990. (US EPA, 2016d) 
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When the KP was signed by 37 countries and the EU, this group was called the Annex I 

countries as shown in Table 1.3. These countries were a representation of the industrialized 

world in the 1990s (Almer & Winkler, 2017). When the KP was signed, countries such as China 

and India, were not required to reduce emission levels as they were developing nations. Also, the 

George W. Bush administration refused to meet the KP requirement due to three reasons which 

were: 1) the science behind climate change was not a certain science; 2) US competitiveness 

might be weakened by mandatory reduction targets; and 3) China and India should be involved 

in the negotiations. The KP was fully placed into force on February 16, 2005, after Russia’s 

signing of it in October of 2004 (X. Li & Lin, 2013). 
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Table 1.3: Annex I countries from Kyoto Protocol (Huang et al., 2008) 

 

 

One major question that can be asked is “what have the results been from the initiation of 

these agreements, particularly the Kyoto Protocol?” In 2011, approximately six years after the 

KP was put into force, Canada, Japan, and Russia withdrew from their commitments to the 

protocol. One major issue that stands out is that while Canada was committed to keeping its 

GHG emissions to 6% below 1990 levels (see figure 1.5), the country emitted 17% higher levels 

in 2012 which causes penalties and a withdrawal of Canada from the KP (Nanda et al., 2016).  



12 
 

  

Figure 1.5: GHG emissions for Canada, 1990 – 2020 (Canada, 2007)  

 As there is a collective belief that the Kyoto Protocol is deemed as failing or failed, a new 

effort was created to reduce global emission levels, to keep the global temperature from 

increasing, and thereby contributing to the growing climate change issue. On December 12, 

2015, a new agreement called the “Paris Agreement”, was approved by 196 Parties at the COP 

21 in Paris, France. The agreement was initiated on November 4, 2016. The main goal of the 

agreement is to hold “the increase in the global average temperature to well below 2 °C above 

pre-industrial levels” and engage in efforts “to limit the temperature increase to 1.5 °C above 

pre-industrial levels” (The Paris Agreement | UNFCCC, n.d.). These GHG levels are to reach a 

net zero level during the second half of the 21st Century. If the temperature is limited to the 1.5 

°C level, there has been a recommendation that the net zero goal must be reached by earlier 

period of 2030-2050 (Rhodes, 2016). To secure an adoption of the Paris Agreement, items called 

Nationally Determined Contributions (NDCs) were utilized. These NDCs apply to each signatory 

and feature three key parts: 1) basically each country that is a part of the UNFCCC has submitted 

an NDC; 2) the NDC gives a country flexibility to adapt their goals to their particular 

circumstances and priorities; 3) the Paris Agreement “creates five-year cycles of review and 
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updating that are designed to ensure that NDCs become more ambitious over time” (Pauw et al., 

2020).  

 Since the inception of the Paris Agreement at COP 21, the Conference of Parties have 

held yearly meetings except for 2020 due to COVID-19, and at these meetings new policies have 

emerged to attempt to strengthen the emission reducing measures from COP 21. Table 1.4 

summarizes the global initiatives undertaken since COP21 (Paris Agreement).  

 

Table 1.4: COP Meetings since the Paris Agreement  

Location Session Focal Issue  

Sharm el-Sheikh, Egypt COP 27 Effort to boost low emissions 

energy; increased funding to low 

income nations for GHG emission 

reduction 

Glasgow, United Kingdom of Great 

Britain and Northern Ireland 

COP 26 Glasgow Climate Pact to reaffirm 

the Paris Agreement; plan to reduce 

coal power; focus on the 1.5 °C 

limit 

Madrid, Spain COP25 Rules for a carbon market and other 

international agreements 

Katowice, Poland COP 24 Rules to implement the Paris 

Agreement, to come into effect in 

2020 

Bonn, Germany COP 23 First meeting after US withdrawal; 

outline steps for Paris Agreement 

Marrakech, Morocco COP 22 First meeting of parties to Paris 

Agreement; Water scarcity, water 
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cleanliness, water-related 

sustainability 

 

COP 28 will take place November 30 through December 12, 2023, in Expo City, Dubai. 

 

1.5 Movement to Net-Zero Emissions 

 After the signing of the Paris Agreement, countries needed to begin implementing 

strategies to reduce emissions to achieve a net-zero goal. Over the last few decades, there have 

been frequent weather events that have reached extreme levels. The Intergovernmental Panel on 

Climate Change (IPCC) has argued that with the temperature rise having reached 1 °C by 2017 

and the prediction is that the 1.5 °C level will be reached between 2030 and 2052. If the 1.5 °C 

level is surpassed, then we will possibly incur damage to our natural and human systems 

(Wimbadi & Djalante, 2020).  

 The movement to a net-zero emissions comes in many forms, however the main driver in 

reducing emissions is through the reduction of fossil fuel burning. The powering of a country’s 

economy would come by using clean energy. However, there are still many factors to consider if 

the goal of net-zero will be reached. One factor in reaching net-zero emissions is the opposite 

path that takes place between developed countries and those that are still developing. Developed 

countries will see a decrease in CO2 emissions between 2020 and 2050, while due to an energy 

increase demand, developing countries will see an increase in CO2 emissions (Khalifa et al., 

2022).  

 Outside of the fossil fuel burning issue, landfills pose a significant issue regarding GHG 

emissions issues and the move to curb global emissions. Municipal solid waste (MSW) has been 

disposed of in primarily two ways - burning or placing it in a dumpsite. As the global population 
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increased significantly in the 20th century in addition to waste generation per capita, MSW 

generation increased proportionally. With this increase, landfills began to contribute greatly to 

anthropogenic climate change and now account for approximately 5% of GHG emissions (Zhang 

et al., 2019). As the global population was increasing, the main issues with landfills were public 

health and safety issues. In addition to this, landfill gas capture and utilization was also important 

(Lou & Nair, 2009).  

 

1.6 Current Emissions Issues 

It is projected that through the year 2050, global emissions of CO2 from energy related 

sources will continue to increase (see Figure 1.6), thereby contributing to the issue of global 

warming and climate change.  

 

 

Figure 1.6: Global energy-related CO2 emissions through 2050 (EIA Projects Global Energy-Related 

CO2 Emissions Will Increase through 2050, n.d.) 

 



16 
 

Data has shown that industrially developed countries have produced the majority of 

GHGs, but over the last ten to fifteen years, developing countries have exceeded the GHG 

emissions output of developed countries. Much of the energy-related emissions increase has been 

seen in countries such as China and India, and in regions such as Asia, Africa, and the Middle 

East (Shahsavari & Akbari, 2018). Historical data and current projections in Table 1.5, show that 

energy-related CO2 emissions worldwide increase by 1.3% a year from 2007 through 2035. This 

increase is primarily from developing countries, however on a per capita basis, the emissions are 

lower in these developing countries compared to developed countries as shown in Table 1.6 

(Ahiduzzaman & Islam, 2011). 

 

Table 1.5: Carbon dioxide emission in the World by region (1990-2035) (Ahiduzzaman & Islam, 

2011) the numbers are in billion tonne 
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Table 1.6: Carbon dioxide emission per capita in the World by region (1990 – 2035) 

(Ahiduzzaman & Islam, 2011) the numbers are in tonne per person 

 

 

The IPCC has divided global GHG sources into five categories: 1) energy systems; 2) 

industry; 3) buildings; 4) transport; and 5) AFOLU (agriculture, forestry, and other land uses). 

(Lamb et al., 2021). The emissions trends of the five categories at the global level are displayed 

in Figure 1.7 and Figure 1.8 displays the emissions levels at the regional level.  
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Figure 1.7: Total global GHG emissions trends (Lamb et al., 2021) 

 

 
Figure 1.8: Total regional GHG emissions trends (Lamb et al., 2021) 

    
  

In 2016, approximately 49.4 billion tonnes of GHGs were emitted into the atmosphere 

compared to 49.8 billion tonnes in 2019 (Ritchie et al., 2020) (Ge et al., 2020). Of the 49.4 and 

49.8 billion tonnes respectively, the emissions are divided up amongst energy systems, areas that 

utilize energy, and AFOLU. Also included in those areas is waste, which is the focus of this 

research and dissertation. Figure 1.9 displays the areas that GHG emissions were emitted from.  
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Figure 1.9: Global greenhouse gas emissions by sector, 2016 (Ritchie et al., 2020) 

 

The energy sector is the major contributor to GHG emissions. In 2016 the energy sector 

contributed 73% of GHG emissions. This area is then sub-divided into segments to include 

energy use in industry, transport, energy use in buildings, and others. The subsection of energy 

use in buildings encompassed 17.5% of the emissions in the energy sector. Increasing the usage 

of information and communication technology (ICT) could possibly reduce GHG emissions. Use 
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of ICT reduced electrical consumption by 49% and 13% between the companies and increased 

use of ICT could possibly reduce GHGs by 9.1 GtCO2e (Minter, 2013).  

Energy use in industry accounted for 24.2% of the energy sector. The use of electricity in 

the production of materials and goods is the largest source of GHG emissions. One such activity 

within energy use is emissions related to chemicals and petrochemicals. Fertilizer production, or 

the phosphate industry, has experienced a significant rate of expansion, which in turn has had a 

negative impact on the global ecosystem. Like other industries, decarbonation and the move to 

renewable energy within facilities will assist with reducing emissions. Also, the implementation 

of programs to increase energy efficiency, optimization of energy consumption, and technology 

improvements, will move the industry towards low or net-zero emissions (Ouikhalfan et al., 

2022). Recycling also provides a method of reducing energy demands and the production of 

GHG emissions. 

Transportation is another section within energy use that contributes significantly to global 

GHG emissions. The transportation sector accounts for 16.2% of GHG emissions worldwide. To 

reduce emissions within the transportation sector, three ideas have been proposed: 1) improve 

engine efficiency; 2) introduction of low carbon fuels; and 3) reduce vehicular miles traveled. 

Also, policy and regulations are believed to be options that can help reduce GHG emissions. 

Examples of policy and regulatory alternatives are cap and trade, a carbon tax, low carbon fuel 

standards, renewable fuel standards, and CAFE (Corporate Average Fuel Economy) standards 

(Andress et al., 2011). Although road transportation is the largest contributor to GHG emissions 

in the transportation sector, other transportation modes such as aviation, marine, and rail 

contribute to emissions, but in smaller quantities. Railway transportation is recognized as green 

transportation and is considered one of the healthiest form of transportation for the environment 
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(Aminzadegan et al., 2022). Marine shipping has advantages over other shipping methods, 

however high GHG emissions come from this transportation form, primarily in ports and coastal 

areas. The use of heavy fuel oil (HFO), which is the lowest grade oil produced, produces high 

emissions. The alternative of renewable fuels is becoming increasingly available at a commercial 

level to assist in reducing emissions (Ni et al., 2020). 

  The AFOLU sector contributed 18.4% of GHG emissions in 2016 which include 

livestock, agricultural soils, deforestation, and crop burning. The agriculture sector produces a 

large quantity of emissions worldwide. These emissions are at every step of production, 

beginning with soil preparation, seed planting, harvesting, storage, and distribution (Gołasa et al., 

2021). Figure 1.10 shows the connection between agriculture, emissions, and climate change 

while Figure 1.11 shows the output of GHG emissions from energy inputs and its products 

during the full crop cycle. Energy efficiency is crucial at every step of agriculture production to 

reduce GHG emissions even though the requirement of energy is lower for agriculture compared 

to manufacturing and other production sectors (Alluvione et al., 2011). 

 

 

Figure 1.10: Inter-linkages between agriculture and climate change (Pant, 2009) 
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Figure 1.11: Energy inputs, greenhouse gas emissions, and products during crop cultivation 

(Mohammadi et al., 2014) 

 

The main sources of emissions from agriculture come from enteric fermentation, soil and 

manure management, and consumption of fossil fuels. Nitrogenous fertilizer use has increased 

the emissions of N2O in the agricultural sector (Pant, 2009). The U.S. EPA reported that CO2, 

CH4, and N2O are the primary gases of concern as it relates to agriculture. Research shows that 

enteric fermentation at 21% and manure management at 8% are the greatest contributors to CH4 

emissions. Rice paddies and agricultural burning provides small contributions to CH4 emissions 

(Johnson et al., 2007).  As it relates to other sectors of greenhouse gas emissions, agriculture is 

different because it is both an emitter of GHGs and it serves as a sink. In the fight against GHG 

emissions, agriculture can operate from the supply side and demand side. In its operation from 

the supply side to mitigate emissions, this can occur with items such as crop rotation, improving 

nutrients, improving manure management, and water management. From the demand side, 

opportunities such as carbon sequestering, bio-energy crops, and reducing food waste can 

mitigate emissions (Pathak, 2015).  
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Deforestation, particularly across the tropics, is a large source of GHG emissions 

accounting for approximately 2.6 gigatonnes of CO2 emissions per year (Pendrill et al., 2019). 

Although deforestation and forest degradation make up 2.2% of AFOLU emissions, the 4-5 

million hectares (ha) of forest that is lost per year causes the percentage to be viewed much 

higher. The largest deforestation rate, approximately 50%, takes place in two countries, 

Indonesia and Brazil, approximately 700,000 ha and 2 million ha respectively (Meijer, 2015). 

There are many underlying drivers as it relates to deforestation and the emissions that are 

produced. Those drivers have been documented ranging from single postulate to complex models 

as shown in Figure 1.12 (Goers et al., 2009). 

 

Figure 1.12: Drivers of deforestation for agriculture (Goers et al., 2009) 

 

As the demand for food continues to increase, particularly in developing countries, food 

production has increased which has also led to increased GHGs and other pollutants. In countries 

such as India, which accounts for 17% of the world’s population, to continue to quickly turnover 

fields for crop production, crop burning or paddy burning has become frequent, which has also 

led to copious environmental problems to include GHG emissions and raised levels of particulate 

matter (PM) (Bhuvaneshwari et al., 2019). Rice is an important agricultural product in countries 
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such as Egypt, China, India, and Thailand. It is estimated by the IPCC in its 2007 report that 

paddy fields had an annual global emission rate of 60 Tg/yr of CH4. This burning also emits 

CO2, N2O, CO, and PM (Radwan, 2013).  

In the 2016 data report of worldwide GHG emissions, waste made up 3.2% of global 

GHG emissions. This was primarily between two sources, wastewater, and landfills. Wastewater 

was 1.3% of the total emissions and these are direct emissions from biological processes during 

treatment consisting of CO2, CH4, and N2O. Due to the production of CO2, CH4, and N2O, 

wastewater treatment plants (WWTPs) are considered one of the largest of the minor GHG 

emissions generators (Kyung et al., 2015). During the operation of WWTPs, there are indirect 

emissions, primarily CO2 that result from energy generation within the plant. Improved energy 

efficiency is the proposition to reduce emitted CO2 during production (Campos et al., 2016). 

Landfill GHG emissions, which is the research topic of this dissertation, accounted for 

1.9% of waste GHG emissions in 2016 data. More importantly, landfills are the third largest 

emitter of anthropogenic methane emissions in the U.S., accounting for approximately 14.5 

percent of these emissions in 2020 (US EPA, 2016c). Landfills, which were labeled “sanitary 

landfill” during the 1930s, were necessary creations to ease both environmental and health 

problems. However, landfills have also become significant contributors to climate change 

through the release of GHGs. CH4, N2O, and CO2 are GHGs that are generated from anaerobic 

(Figure 1.13) and aerobic biodegradation of municipal solid waste (MSW) (Zhang et al., 2019). 

It is estimated that the approximately 3 billion people living in urban areas generate nearly 1.3 

billion tonnes of solid waste each year. The MSW is estimated to increase to 4 billion tonnes by 

2100. From this comes both possible detriment and opportunity if managed correctly (Pour et al., 

2018). 



25 
 

 

 

Figure 1.13: Process of anaerobic decomposition (Mitchell & Gu, 2009) 

 

In the determination of GHGs from landfills, CH4 is the only gas accounted for although 

CO2 and N2O are also released (see Figure 1.14). There is an agreement that due to the CO2 that 

emits from waste is biogenic, then it does not add to GHG emissions. Even when landfills are 

closed between years 21 and 25, GHGs will continue to be emitted for possibly 200 plus years as 

seen in Figure 1.15 (Lou & Nair, 2009). 
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Figure 1.14: Landfill gas (LFG) emissions generated from landfilled organic waste (Dincă et al., 2018) 

 

 

Figure 1.15: Trend of CH4 emissions from landfills pre and post closure (Lou & Nair, 2009) 

 

Industry has two primary contributors to GHG emissions - chemicals and cement. 

Regarding cement, this is a direct manufacturing process in which during the cement production 

phase, limestone decomposition emits CO2. Limestone primarily consists of calcium carbonate, 
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the main ingredient, and magnesium carbonate. The breakdown and emitting of CO2 is shown in 

equations 1.3 and 1.4 (Ma et al., 2016).                                  

CaCO3 = CaO + CO2 ↑        Equation 1.3 

MgCO3 = MgO + CO2 ↑                                  Equation 1.4 

                 

 There are two factors in the research regarding climate change and driving forces of such 

research. One direction in the research of climate change is how human use and behavior 

towards land-use has created a changing ecosystem, which in turn has caused a rise in emission 

levels. The second research on climate change is how at a national level, households and their 

behavior have contributed significantly to the growing emissions rate (Rosa & Dietz, 2012).  

 In the research as it relates to land-use, the changing eco-system, and GHG emissions, a 

study by Kim and Kirschbaum in 2015 reviewed the impact of land-use changes and the 

environmental impacts from GHGs. Even though fossil fuels are the primary factor for the 

greenhouse gas effect, land-use change, i.e., deforestation, is a factor that contributes to the 

increase in GHG emissions (Kim & Kirschbaum, 2015). Figure 1.16 displays the change in 

emissions between conversions of various land usage. In the figure, as land-use is converted, the 

green arrows indicate a reduction in GHG emissions, while red arrows indicate an increase in 

emissions. With the increase in global population, continued deforestation for additional 

cropland, will continue to increase GHG emissions (Niu et al., 2020) (Verburg et al., 2009). With 

an increase in emissions, comes the probability of climate change. Due to climate change, there 

is a chance for lower agricultural yields, and when this occurrence takes place, the further 

clearing of lands for agricultural purposes will probably occur (Schmidhuber & Tubiello, 2007). 
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Figure 1.16: Land-use change and contribution to global warming (Kim & Kirschbaum, 2015) 

 

 The second research on climate change, which has studied at a national level on how 

household behaviors contribute to the growing emissions rate, has focused on several areas to 

include consumption, population, number of households, age structure, and rate of growth (Rosa 

& Dietz, 2012). Most research that primarily focused on GHG emissions was directed towards 

the production level, which resulted in fewer studies on how consumers played a part in GHG 

emissions. One study believed that imports driven by developed countries, and the high GHG 

emissions that come from the consumption of these goods, does not assist with an 

environmentally friendly goal of responsible consumption. By placing much of the blame on the 

producers, there is a shift as to who should be responsible for GHG emissions (Feng et al., 2017) 

(Bastianoni et al., 2004) (Wackernagel & Rees, 1998). There are two principles regarding GHG 

emissions: 1) the production-based principle states that producers take on the responsibility of 

GHG emissions; 2) the consumer-based principle states that consumers are responsible for GHG 

emissions that are calculated by an input-output model. The main thought from these two 

principles is that consumers are the drivers of emissions, but with the access to technology that 
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involves cleaner production, producers are more than capable to share in the responsibility of 

GHG emissions (Feng et al., 2017) (Bastianoni et al., 2004) (Lenzen et al., 2007). 

 

1.7 Research Objectives 

 Due to the crisis of AGW and climate change, there are problems that must be solved in 

the most economically efficient way and in an expedient fashion. If MSW rates are going to 

continue to increase and there are no efforts to reduce the rates sustainably, then alternatives 

must continue to be put forth to solve these problems. Even though some of these methods are 

currently in existence, changes, both by addition and subtraction, can be made. The concept of 

this dissertation came about in several steps:  

1) Recycling and composting are waste diversion options designed to keep waste out of 

landfills, but what if there are no diversion options? 

2) If most refuse items, including recyclable items, are going to landfills, and there is a 

drive to reduce methane emissions, what options can be used to solve this problem? 

3) How can emissions be calculated based on different waste management scenarios? 

4) With the move to reduce fossil fuel usage, how can landfill methane emissions be 

utilized in energy production? 

5) What program(s) can be utilized to determine the emissions from the type of MSW 

scenario utilized? 

6) What program(s) can be utilized to determine methane production from MSW 

generated? 
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In many communities, there are little to no recycling opportunities, and this reduces or  

eliminates the opportunity to contribute to the reduction of GHG emissions. With this lack of an 

option, MSW landfills continue to fill with potential recyclable, source reduced, and 

compostable materials, therefore increasing GHG emissions. The availability of this extra waste 

material creates an opportunity to generate energy through various renewable options and 

possible new technologies, while contributing to a reduction in GHG emissions. This dissertation 

will analyze different scenarios based on factors that consider the amount of MSW generation 

and its material percentages, then calculate GHG emissions based on how the MSW will be 

disposed of. After the emissions calculations, MSW tonnage will be utilized to calculate landfill 

methane gas, which will then analyze the potential energy production. The emissions calculator 

will come from the EPAs Waste Reduction Model (WARM) and the landfill methane calculator 

will come from the EPAs Landfill Gas Model (LandGEM). The emissions from both models will 

be used to estimate the potential energy from the landfill and analyze the differences between the 

two projections. 

 

1.8 Research Questions 

 This dissertation will review the following research questions: 

1) What combination of MSW treatment strategies will result in the theoretical 

maximum GHG emissions avoidance and energy savings? 

2) What combination of MSW treatment strategies can provide maximum GHG 

emissions avoidance and energy savings utilizing actual data if minimal to 

zero alternatives are available and are they comparable to the theoretical 

strategies? 
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3) What is the theoretical energy production that can be achieved from the 

landfill using the emissions produced? 

 

With landfills both contributing to methane emissions and sourcing potential energy, the 

opportunity to harness and utilize a potential hazard will be analyzed. Having a source that has a 

negative and a potential positive has created two hypotheses. The first hypothesis is: an optimal 

mix of MSW treatment strategies (source reduction, recycling, combustion, landfilling, and 

composting) to create a maximum GHG emissions avoidance, while maximizing energy savings, 

can be modeled to match individual landfills. The second hypothesis is: waste-to-energy and 

landfilling can be used as the primary method in the absence of recycling, source reduction, and 

composting as a realistic option to achieve maximum GHG emissions and expand renewable 

energy production. 
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CHAPTER TWO:  LITERATURE REVIEW 

 

2.1 Municipal Solid Waste Introduction  

 The purpose of this section is to review the various strategies that have been proposed to 

reduce GHG emissions from landfills while also generating energy. Landfilling is the most 

common way to handle MSW, however there are methods associated with landfills to reduce 

GHG emissions. As waste continues to increase worldwide, additional landfills will be 

developed, thereby increasing the amount of GHGs emitted to the atmosphere. With the need to 

reduce GHGs from landfills, there also comes an opportunity to produce waste-to-energy 

pathways that can reduce GHGs from landfills, utilize available renewable energy sources, and 

decrease the need for fossil fuels.        

   

2.2 Municipal Solid Waste and GHG Emissions  

  Due to the continued increase in MSW disposal, countries have explored various ways to 

utilize their waste. As waste continues to increase, GHGs will also continue to increase. Kumar 

and Samadder (2017) outlined MSW to energy using thermal conversion, biological conversion, 

and landfilling as the pathways (Figure 2.1). Their work stated that energy demands at the end of 

the century are expected to be six times greater than the current demand, and that alternatives are 

needed to replace fossil fuels and reduce climate change, thereby WTE is a favorable option (A. 

Kumar & Samadder, 2017). 
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Figure 2.1: Municipal solid waste treatment options (A. Kumar & Samadder, 2017) 

              

 A study by Psomopoulos and others in 2009 stated that WTE provides substantial 

benefits compared to fossil fuel utilization, while reducing environmental hazards. It was 

estimated that WTE reduced GHG emissions by 1 tonne of CO2 per tonne of waste that was 

combusted rather than landfilled without gas recovery. Also, combustion of MSW in WTE to 

facilities potentially reduced emissions by 26 million tonnes of CO2 (Table 2.1) (Psomopoulos et 

al., 2009). 
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Table 2.1: A comparison of air emission – waste-to-energy and fossil fuel plants (Psomopoulos et 

al., 2009) 

 

 Mukherjeee and others (2020) wrote that in 2015, the EPA reported that 238.5 million 

tonnes of MSW was generated in the U.S., in which there has been a significant increase over the 

last ten to twenty years. The U.S. is the largest generator of MSW in the world, however only 

approximately 12.8% of the waste is used for energy recovery. Of the 765 MSW based WTE 

plants worldwide, the U.S. operated only 86 of these facilities across 25 states. These facilities 

are rare in the U.S. due to the large capital costs and the lack of support from local governments 

(Mukherjee et al., 2020). 

 As shown in Figure 2.1, there are thermal, non-thermal, and biological options regarding 

MSW to energy options. An important factor regarding WTE is the composition of the waste. In 

the Mukherjee and others, 2020, report, the authors stated that elemental analysis of MSW from 

the ten U.S. EPA regions shown in Figure 2.2 needs to be conducted to determine WTE potential 

and identify gaps that might exist. A study by Bradfield, 2014, focused on “thermochemical 

conversion, specifically pyrolysis of solid wastes as a means of energy product recovery. Before 

a specific waste stream can be used in WTE or RDF (refuse derived fuels) contexts, its 

composition and degradation behavior needs to be investigated” (Bradfield, 2014). Kumar and 
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Samaddar (2017) stated that the most effective WTE pathway was dependent on the type of 

MSW. Figure 2.3 displays three different WTE pathways and the streams to make those 

pathways most effective. The best components for anaerobic digestion, which produces LFG, 

would be food and yard waste. Gasification is the best option to treat plastics, and incineration is 

the best method for any waste streams (A. Kumar & Samadder, 2017). 

 

Figure 2.2: MSW-to-energy landscape of the ten US EPA regions in 2015 (Mukherjee et al., 2020) 
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Figure 2.3: Energy recovery potential of different WTE technologies for different MSW stream (A. Kumar 

& Samadder, 2017) 

 

 Kaur and others (2021) documented that WTE created eight positive outcomes from 

producing energy from MSW (Figure 2.4). The first outcome of less dependence on fossil fuel is 

a universally held belief. Weitz and others in 2002 concluded that producing electricity from 

MSW in a WTE facility would avoid 5 MMTCE that would have been produced by fossil fuel 

energy generation. It also avoided 6 MMTCE of GHG emissions from landfill emissions (Weitz 

et al., 2002). 

The second outcome that was stated by Kaur and others (2021) is that sustainable cities 

and communities will be achieved with WTE. Ismail and Dincer (2022) studied the use of a 

multigeneration integrated system to produce hydrogen from waste to meet the needs of a 

community regarding electricity, heat, and fresh water to address clean energy and sustainability. 

The multigeneration integrated system used solar power as the energy source to power a 

pyrolysis reactor converting plastic waste to syngas. The system generated 21,610 kW of 



37 
 

electricity, which is comparable to powering 6 average homes for a year. The produced methane 

was processed to produce hydrogen at a total rate of 0.6 kg/s (Ismail & Dincer, 2022). 

Outcome number three by Kaur and others relates to responsible consumption and 

production (Kaur et al., 2021). Sustainable Development Goals are 12 targets created by the 

United Nations to sustain the livelihoods of current and future generations. The responsible 

consumption and production goal is to rationalize, restructure, and phase out harmful fossil fuel 

subsidies. Fossil fuel subsidies boost wasteful energy production and consumption, which 

intensifies climate change. Enhancing production of clean energy would end the subsidies and 

sustain consumption (Arora & Mishra, 2023). 

The fourth outcome by Kaur and others is related to climate action (Kaur et al., 2021). 

Fernandez-Gonzalez and others (2017) stated that pyrolysis and gasification would not only 

produce necessary energy, but it would also reduce greenhouse gas emissions. The paper also 

stated that with population growth and the continued use of landfills, alternatives such as 

pyrolysis will become the best option in the future (Fernández-González et al., 2017) 

(Psomopoulos et al., 2009). 

The fifth outcome by Kaur and others is the employment opportunities that arise from 

energy production from MSW (Kaur et al., 2021). Demirbas (2009), stated that power generation 

from renewables instead of fossil fuels creates lasting, important socioeconomic impacts for 

local economies. These impacts include increases in employment, and other factors that affect 

local and regional economies (Demirbas, 2009). 

The sixth outcome of energy from MSW is the economic growth that is created by this 

form of renewables (Kaur et al., 2021). To enhance growth of WTE from MSW, states can 
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provide incentives and tax credits to those who hold Renewable Obligation Certificates (ROCs) 

who practice renewable energy (Mukherjee et al., 2020). 

The seventh outcome of energy from MSW is clean water and segregation. Properly 

controlled landfills that control the collection, segregation, LFG, and leachate can reduce 

infiltration into groundwater. With the proper treatment of landfill leachate, energy can be 

generated and groundwater protected (Roy et al., 2022). 

The eighth outcome of energy from MSW is good health and well-being (Kaur et al., 

2021). Controlled and engineered landfills can provide protection against hazards that would 

take place in open-dumping or uncontrolled landfills. These landfills protect against infiltration 

of leachates into groundwater and against environmental pollution and health risks. Controlled 

landfills also provide systems to capture LFG that would otherwise emit into the air and produce 

energy from this captured gas (Siddiqua et al., 2022). 

 

Figure 2.4: Eight outcomes of energy from municipal solid waste (Kaur et al., 2021) 
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2.2.1 Landfill Gas Capture and GHG Emissions  

 Landfill gas capture (LFG) is one method that is utilized to capture emissions escaping 

into the air. This gas capture can be converted and utilized as renewable energy. This also assists 

in reducing odors and additional hazards that contribute to global climate change. A study by 

Johari and others in 2012 found that in Malaysia, with landfilling as the primary MSW disposal 

method with open dumping, most of the GHGs escape to the atmosphere. The MSW generation 

in Malaysia in 2010 was approximately 8.2 million tonnes, which had an estimated 310,000 

tonnes per year of CH4 released with a CO2 equivalent of 6.5 million tonnes. Utilizing the 

captured methane in a Clean Development Mechanism (CDM) or other renewable energy 

project, a carbon credit of 257 million Malaysian Ringgit ($85 million US dollar equivalent) 

would have been realized. Along with the carbon credit, electrical generation of 1.9 x 109 kWh 

would have been achieved, thereby generating RM570,000,000 or $190,000,000 in US dollars 

(Johari et al., 2012). A study by Larson and others, 2021, of U.S. landfills, highlighted that LFG 

capture not only served to conserve resources, but it has also been designated as a renewable 

resource, which qualifies it for electricity production tax credits (Larson et al., 2021). The study 

by Johari et.al (2012) did not utilize the WARM or LandGEM models to calculate methane 

emissions, it utilized methodology from the IPCC (Johari et al., 2012) 

 As of 2015 in Oman, there were 300 dumpsites and seven engineered landfills, which 

would account for high amounts of GHGs being released into the atmosphere. A study by 

Abushammala and others in 2015 researched the amounts of MSW generated and disposed in the 

dumpsites and landfills and calculated the predicted CH4 emissions in addition to equivalent CO2 

emissions between the years 2016 and 2030 using the IPCC model. The research agreed with that 

performed by others to include Rosa and Dietz 2012, that as population increased, consumption 
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would also increase, thereby causing an increase in GHG emissions in landfills in developing 

countries. Between 2016 and 2030, it is estimated that although CH4 and CO2 emissions will 

increase due to population growth, an estimated that carbon reduction could bring in revenue of 

128 million Omani Riyal (OMR) or US$333 million. The sale of electricity would bring in 

OMR112 million or US$291 million during the aforementioned period and as shown in Table 

2.2 (Abushammala et al., 2016). 

 

Table 2.2: Economic benefits of captured CH4 in Oman (Abushammala et al., 2016) 

 

 

 A report by Scarlat (2015) and others performed research on LFG from MSW in African 

nations. They first stated that “energy is a critical issue for Africa, where a large number of 

people do not have access to energy.” This is where MSW to energy by LFG can be utilized. The 

researchers were in line with what Lou and Nair (2009) proposed as it relates to LFG collection 

after a landfill opens and can continue well after the landfill closes as shown in Figure 2.11. As it 

relates to methane potential from the landfills, Scarlat (2015) and others utilized several models, 
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as shown in Table 2.3, however in conducting the potential methane generated to estimate 

potential energy recovered, the IPCC method was utilized. The study estimated that if waste 

increased as projected, then the amount of energy recovered in 2012 would be 155 PJ and 366 PJ 

in 2025. From this energy recovery, electricity generation in 2012 could reach 62.5 TWh and 

122.2 TWh in 2025 (Scarlat et al., 2015). 

 

 

Figure 2.11: Landfill life cycle, LFG generation vs LFG collection (Scarlat et al., 2015) 

 

Table 2.3: Methane potential from landfill (Scarlat et al., 2015) 
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 Even though landfilling is the more economical way of waste disposal, landfills in the 

United States can recover landfill gas as a generator for both electricity and heat (Mukherjee et 

al., 2020). LFG projects can be used to generate electricity, it can be used both on-site for power 

generation or sold directly to other users, and as a power source for alternative fuel vehicles. 

LFG also has environmental benefits that include direct emissions reduction by turning methane 

into CO2 by either burning or flaring, or avoided emissions by utilizing the methane to supply 

power that would have been used by fossil fuels (S. Li et al., 2015). 

 

2.2.2 Combustion to Energy Pathway 

 The United States Environmental Protection Agency (USEPA) stated that in 2018, 34.6 

million tons of MSW was combusted or incinerated in the United States. This is approximately 

12 percent of the total 292.4 million tons of MSW generated in the U.S. (US EPA, 2017). There 

has been both support and opposition to the combustion of MSW. The supporters of combustion 

believe that the modern process of combustion is a more environmentally friendly method of 

waste disposal than landfilling, while the opponents of combustion state that the process requires 

a substantial investment in the infrastructure development. Opponents also argue that combustion 

will dissuade opportunities such as recycling to reduce MSW (Karim & Corazzini, 2019).  

In 2014 there were 80 waste-to-energy (WTE) incinerators operating in the United States 

(Makarichi et al., 2018). However, by 2018, there were only 75 of these WtE facilities operating 

in the United States, having a daily MSW throughput of 94,243 tons and a gross electric capacity 

of 2,534 MW (Michaels & Krishnan, 2018). Even though there has been a decline in WtE 

facilities in the United States, worldwide there has been an increase of WtE facilities. This is due 
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to the process having overcome most its limitations, in addition to declining space for landfills, 

and new technology for environmental protection (Makarichi et al., 2018). 

 Incineration systems operational in the United States utilize either mass burn, refuse 

derived fuel (RDF), or modular systems. These systems have both their advantages and 

disadvantages. The advantages are they can utilize unprocessed or unsorted MSW and they 

reduce solid waste volume and divert waste from landfills. The disadvantages of incineration 

systems are they require air pollution control systems that are expensive, rigorous environmental 

permitting, and there can be some pre-drying that is required of the feedstock, which then leaves 

pollutants that require landfilling (Mukherjee et al., 2020). 

 A study by Ram and others state that incineration is a technology that is an effective and 

sound technology, however they believe that the challenges that still lie with incineration are 

characterization, valorization, heavy metal removal from ash, and air emissions. Their study, 

which primarily focused on incineration in China, stated that there are problems with the MSW 

composition, mainly that it has high moisture content and low calorific value (LCV), which is 

opposite of fossil fuels. However, new methods have been proposed to assist with raising the 

LCV and lowering the moisture content, which in turn has reduced the use of fossil fuels and has 

allowed incineration technology to surpass landfilling (Ram et al., 2021). 

 Kaur and others concluded in their study that incineration had both its advantages and 

disadvantages. Advantages of incineration is that it can be incinerated on site, it needs less space 

than a landfill, and even though incineration can be more costly than landfilling, the cost can be 

recovered through power generation. Disadvantages of incineration are the high setup cost, 

skilled labor is needed, and not all materials are combustible due to high moisture content. There 

are also factors to be considered during the consideration of electrical generation which are the 
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loss of energy due to fuel moisture, non-combusted carbon, and the loss of energy through the 

walls of the container (Kaur et al., 2021). 

 

2.2.3 Other MSW to Energy Pathways 

Gasification 

Gasification is another process in the pathway of producing energy from MSW. The 

thermochemical process is achieved through heating in an oxygen-lean or free environment, to 

convert the large molecules in solid form into gaseous, smaller molecules (Lee, 2022). The 

gasification process, due to the elevated temperature at which it takes place, releases a mixture of 

carbon monoxide and hydrogen which is known as syngas, as well as other gases (Vaish et al., 

2019).  A comparison of the gasification and incineration processes is shown in Table 2.4. 

 

Table 2.4: Comparison of energy characteristics of gasification and combustion processes (Vaish 

et al., 2019) 

 

The Termiska process is a technology that combines bubbling and a circulating fluidized bed that 

is operating at 850°C, while the Battelle gasification process is a technology that utilizes a 
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circulating fluidized bed of sand, reacting with steam at near atmospheric pressure (Vaish et al., 

2019).  

 The study by Lee concluded that gasification is a technique that can be utilized in a larger 

commercialized setting by reducing operational costs. Also, the removal of CO2 is crucial in the 

increase of the H/CO content of the syngas for high-value products (Lee, 2022). Vaish and others 

concluded that gasification is attractive because it can solve two problems, management of MSW 

and energy recovery from MSW due to its sustainable and environmentally friendly process 

(Vaish et al., 2019).  

 Kaur and others stated that with using the Fischer Tropsch process, syngas can be used in 

the production of items such as hydrogen, methanol, and other synthetic fuels. In treating mixed 

MSW with a higher quality of inorganic waste, syngas is the most sustainable technology 

compared to incineration due to the production of large amounts of heat, energy, and multiple 

secondary fuels. Another positive reason for using gasification, particularly at a small scale, is 

that if gasification systems have internal combustion engines, the engine can be operated for 

prolonged periods, giving off minimal emissions and having higher electricity efficiency (Kaur 

et al., 2021). 

 

Plasma Gasification 

 The use of plasma in gasification of MSW is gaining interest in the United States due to 

the ability to use an assortment of waste, including standard MSW, tires, and others, to include 

hazardous and non-hazardous. The advantages of using plasma in gasification include it being a 

cleaner and more efficient WTE technology, more syngas production, and due to the high 

operating temperatures, inorganic waste is removed as slag, and there are lower toxic materials in 



46 
 

syngas compared to incineration. The main disadvantage of plasma use is that there is no 

commercial technology currently in operation in the United States, however, the military is 

studying how feasible plasma gasification would be for waste management at military 

installations (Mukherjee et al., 2020). 

 The researchers believe that there are greater benefits to utilizing plasma gasification in 

the WTE process. Their conclusions regarding plasma gasification are that due to the high 

temperatures used, bonds of the waste will dissociate, which will then allow any type of waste to 

be used. Also, dust and gases, both toxic and non-toxic, are not released to the environment due 

to the plasma gasification taking place inside a completely closed system (Kaur et al., 2021). 

 

Pyrolysis 

 Pyrolysis is a process where materials are heated in the absence of oxygen, usually above 

500 °C. Due to the lack of oxygen, there is no combustion but rather decomposition into gases 

and bio-char (USDA, 2021). Due to global energy demands and an unstable fuel market, 

pyrolysis is a sustainable and efficient way to treat MSW and provide a solution to energy 

demands (Al-Salem et al., 2017). 

 One study evaluated three pyrolysis processes and detailed the recovery products of each, 

as shown in Table 2.5. All three methods, slow, fast, and flash, produce syngas, however, flash 

pyrolysis will produce the highest percentage of syngas, but it also generates high quantities of 

oxygen, heavy metals, and nitrogen (Hasan et al., 2021). 
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Table 2.5: The parameters and product yields for three pyrolysis processes (Hasan et al., 2021) 

 

 

 Ram and others stated that pyrolysis generates various chemicals and fuels through its 

treatment of MSW. Their analysis is that pyrolysis provides a cleaner process over incineration 

by generating lower amounts of air pollutants which can easily be washed from the syngas, 

which avoids the release of the pollutants into the atmosphere (Ram et al., 2021). 

 Hasan et al. conducted a study on energy recovery from MSW using pyrolysis technology 

which determined that pyrolysis can be a promising option for reducing environmental impacts 

from MSW. They also stated that pyrolysis offers ready-to-use fuel, easily and securely. 

However, they indicated that pyrolysis is complicated and has several factors influencing the 

process, including temperature, heating rate, and the composition of the MSW. Pyrolysis also 

emits toxic gases such as HCl, H2S, SO2, and NH3 during its process (Hasan et al., 2021). 

A study by Bhatt and others in 2021 reviewed using the plasma pyrolysis process to 

minimize MSW and produce energy. Their study stated that the plasma process generated a 

considerable amount of hydrogen without harming the environment. The process has high 
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development, operational, and maintenance cost, but maintaining these costs are offset by the 

length of generation of syngas and hydrogen from the process (Bhatt et al., 2022). 

 

2.3 Modeling of Emissions and Methane Generation 

EPA Waste Reduction Model (WARM) 

The Waste Reduction Model (WARM) was created by the Environmental Protection 

Agency (EPA) to “provide high-level estimates of potential greenhouse gas (GHG) emissions 

reductions, energy savings, and economic impacts from several different waste management 

practices” (US EPA, 2016a).  

A study by Mohareb and others analyzed the WARM model along with the Federation of 

Canadian Municipalities-Partners for Climate Protection (FCM-PCP) quantification tool, the 

Intergovernmental Panel on Climate Change (IPCC) 1996 guidelines, and the IPCC 2006 

guidelines. The authors stated that the WARM model views items such as carbon emissions and 

sinks in a unique fashion. The model uses a simple method in understanding the carbon balance 

of waste operations (Mohareb et al., 2011).  

A 2021 study by Castigliego and others studied the emissions of commercial and 

residential solid waste streams in Boston, MA. The work estimated environmental impacts in the 

city and included a quantification of lifecycle GHG emissions. The WARM model was used to 

assess the impact of the waste; however, it was stated that the model was limited in its capability 

to determine how waste management decisions would affect overall systems over a long period. 

The study utilized waste audits and non-mappable WARM materials were excluded from the 

study, which was approximately 13% of the MSW stream (Castigliego et al., 2021). 
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Dengler and others (2022) undertook a study to understand how results are affected when 

different emissions factors are involved. Emissions factors from the EPA’s Factors Hub and the 

UK’s Department for Environment, Food & Rural Affairs (DE-FRA) were employed, then 

placed into WARM for Factors Hub and MELMod for DEFRA. WARM provided results across 

a complete life cycle and calculated both positive and negative CO2E results when recycling and 

landfilling or recycling and incineration were combined. However, WARM provided GHG 

emission results that were incompatible with GHG data reporting per GHG Protocol. The authors 

also pointed out that WARM is superior to US EPA Factors Hub when comparative waste 

management strategies with potential alternatives are needed (Dengler et al., 2022). 

A 2019 study by Muth and others, analyzed the environmental and economic effects of 

food loss and waste interventions in the United States. Their study did not utilize the full scope 

of WARM, but they observed that WARM could generate estimates of the environmental impact 

of food loss and waste (FLW). They noted that multiple third parties utilize WARM estimates of 

environmental impact to educate organizations about how food waste can impact the 

environment and also use it to change people’s behavior towards food waste (Muth et al., 2019). 

Jobson and Khosravi performed a review in 2019 of volatile organic compound data and 

an estimation of GHG emissions in compost facilities in Washington state. The authors utilized 

the WARM model in an exercise of GHG emission accounting for Washington State landfill 

data. This exercise would perform a comparative analysis of how GHGs would be affected if 

organic waste had been composted instead of landfilled. The study calculated that if food waste 

is landfilled instead of composted, then there is a net gain of 0.71 CO2e per ton of GHGs to the 

atmosphere. Landfills with LFG recovery were analyzed separately from those without LFG 

recovery. The landfills with no LFG recovery are shown in Table 2.6, while those with LFG 
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recovery are in Table 2.7. The total waste in each landfill is needed to help calculate GHG 

emissions (net MT CO2e). A breakdown of organic material by type and its total weight is shown 

in Table 2.8, while Table 2.9 shows the net CO2 of diverting organic material from landfills to 

composting. The work concluded that with food waste being the largest source of landfilled 

material and composting being a significant decreasing factor of GHGs, WARM calculates that 

composting organic material is a better option than landfilling to reduce GHGs. 

 

Table 2.6: Landfills in Washington State with no LFG collection system (Jobson & Khosravi, 

2019) 

 

Table 2.7: Landfills in Washington State with LFG collection system (Jobson & Khosravi, 2019) 
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Table 2.8: Organic waste weight by material type used in WARM model for two landfilling types: 

landfilling with and without LFG collection system (Jobson & Khosravi, 2019) 

 

 

Table 2.9: Net CO2 equivalent emission in mega tonnes (MT CO2e) from diversion of organic 

waste from landfilling to composting (Jobson & Khosravi, 2019) 

 
 
 

EPA Landfill Gas Emissions (LandGEM) 

 The EPA Landfill Gas Emissions (LandGEM) model “is an automated estimation tool 

with a Microsoft Excel interface that can be used to estimate emissions rates for total landfill gas, 

methane, carbon dioxide, nonmethane organic compounds, and individual air pollutants from 

municipal solid waste landfills” (US EPA, 2005). 

 LandGEM is based on a first-order decomposition rate as follows: 

QCH4 = Σ𝑖=1     
𝑛 Σ𝑗=0.1

1  𝑘 𝐿0 (
𝑀𝑖

10
) ∗  𝑒−𝑘𝑡𝑖𝑗  Equation 2.1 

 Where: QCH4 = annual methane generation in the calculation year (m3/year); 

    i = 1 year time increment; 

    n = (calculation year) – (initial year of waste acceptance); 
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    j = 0.1 year time increment; 

      k = methane generation rate (year-1); 

    L0 = potential methane generation capacity (m3/Mg); 

    Mi = mass of waste accepted in the ith year (Mg); 

    tij = age of the jth section of waste mass Mi accepted in the ith year (decimal   

                                 years, eg. 3.2 years)  

 

 Dinca and others conducted a study analyzing LandGEM against three other simulation 

models: Afvalzorg, GasSim, and EPER model France. Each model predicts methane generation 

and uses first-order kinetics in the predictions. The study also concluded that LandGEM is the 

most used of the automated estimation tools, and through simulation, predicts a higher volume of 

gas production over time, as shown in Figure 2.12. It also states that the components of the waste 

are a very important part of methane generation (Dincă et al., 2018). 

 

 

Figure 2.12: Comparison of GasSim, LandGEM, and HELGA simulations (Dincă et al., 2018) 
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 A 2019 study by Sun et al. evaluated the optimal model parameters for predicting 

methane generation in a group of landfills in the United States. The study collected data from 21 

U.S. landfills to estimate the best-fit k, the first-order decay rate. However, instead of utilizing 

the previous LandGEM formula, where QCH4 is the amount of methane generated for a specific 

year, the study used a redeveloped formula. The formula was changed to account for a time-

varying collection efficiency (Sun et al., 2019). The new equation is: 

Qm = 
𝑘𝐿0

12
 Σ𝑖=1     

𝑛 Σ𝑗=0.1
1  𝛼𝑖𝑗 𝑀𝑖  ∙  𝑒−𝑘(

𝑚−𝑖

12
)
 

Equation 2.2 

                              

 Where: Qm = Calculated CH4 collection for a specific month m (m3 CH4 month-1); 

    Mi = the mass of waste accepted in the ith month (Mg), i ranges from one to m; 

    (m-i)/12 = age of waste buried in the ith month (yr); 

    αij = is the collection efficiency for the ith month’s waste placement, in the jth 

            month since the first month when CH4 collection data were available; 

    n = number of months during which the CH4 collection were available (Wang et   

                                al., 2013) (Sun et al., 2019). 

 

 In the Sun et al. study, the primary focus was to determine the best-fit values for L0 and 

k, where L0 is an assumed value, and k is a function of it. Methane generation and collection are 

estimated by these values. The characteristics of the landfills in the study were that they had at 

least ten years of MSW disposal data and five years of volume and composition data on the 

collected gas, except for two wells only had four years of data. Sun et al. concluded that L0 in its 

definition as CH4 potential, factors in other parameters which include the moisture content of the 

waste, operations, and the climate (Sun et al., 2019). 
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 The study by Jobson and Khosravi (2019) also evaluated CO2e emissions from CH4 

emissions from landfilling activities and the CO2e emissions using CH4 and N2O emissions from 

composting activities. The study used assumptions of constant annual tonnage and the default 

LandGEM values for k and L0. Although materials differ between landfills and compost 

facilities, the organic degradable carbon value between the two was similar. Using a period of 

fifty years and a 75% capture efficiency, the total amount of methane generated during that time 

period was 1.2 x 109 kg CO2E shown in Figure 2.13 (Jobson & Khosravi, 2019). 

 

Figure 2.13: Methane emissions from a municipal landfill with a 50-year operating life. Lower green 

curve shows emissions assuming 75% capture of methane on site (Jobson & Khosravi, 2019) 

  

 Amornsamankul (2019) and others evaluated the LandGEM model against three other 

models including the TNO model, based on waste characteristics in the Netherlands; the 

Afvalzorg model, which is similar to the TNO model, except for the conversion factor; and the 

EPER Germany model, which factors the degradable carbon and waste amount. Their study 
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concluded that the LandGEM model was advantageous because of its user-friendly spreadsheet 

environment, but its disadvantage is that the model used confusing and complicated mathematics 

(Amornsamankul et al., 2019).  

 Faour and others (2007) set out to determine first-order model parameters using data 

from 29 wet landfills that had short-term waste placement and long-term gas collection data. The 

study concluded that the LandGEM model fit the data well, and the model parameters are highly 

dependent on environmental conditions such as moisture and temperature, along with capture 

efficiency (Faour et al., 2007). 

 

2.4 Waste-to-Energy Policy in the United States 

 The United States presently does not have a written policy to address WTE. There are 

many policies and legislation in place to address emissions and the move to net zero emissions 

from LFG while promoting clean energy at the same time. The 2011 study by Amini and 

Reinhart stated that the creation of a long-term policy for renewable energy, particularly from 

LFG, would require a reliable estimation of the energy potential. Economic benefits from LFG 

production could be increased by drafting legislation or creating policy (Amini & Reinhart, 

2011). 

 A study by Chai et al. (2016) reported on the US Renewable Fuel Standard, which was 

authorized in 2005 and expanded in 2007, which required over 100 billion L of renewable fuels 

by 2022. In 2008, the Energy Improvement Act allowed local governments developing LFG 

projects to qualify for tax credits instead of paying interest. (Chai et al., 2016). 

 Li and others in 2015 concluded that to get owners of landfills to commit to LFG 

projects, four policies must be implemented. The first policy is investment tax credits (ITC) that 
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cover a portion of the fixed costs. The second policy is production tax credits (PTC) which are 

energy output based. The third policy is state-level grants for renewable energy, and the fourth 

policy is Renewable Portfolio Standards (RPS), which would require a utility to generate or 

acquire a minimum percentage of electricity from renewable sources (S. Li et al., 2015). 

 

2.5 Waste Management in the United States  

Municipal Solid Waste in the United States 

 In 2018, 292.4 million tonnes of solid waste were generated, which was an increase from 

the 268.7 million tonnes that was generated in 2017. Figure 2.14 displays the breakdown by 

percentage of the different types of materials placed in landfills (US EPA, 2017). 

 

 

Figure 2.14: Total MSW generated in the United States in 2018 (US EPA, 2017) 

 

Figure 2.15 shows the breakdown of how solid waste has been managed in the United States 

between the years 1960 and 2018. Of the 292.4 million tonnes of solid waste generated in 2018, 

landfilling is still the most popular option for management of waste. Over one hundred forty-six 



57 
 

(146) million tonnes of generated waste were landfilled. Recycling was the second most popular 

way of handling waste. Over sixty-nine (69) million tonnes of MSW in the United States was 

recycled, while thirty-four (34) million tonnes was combustion for energy recovery, and 

composting made up close to twenty-five (25) million tonnes (US EPA, 2017).  

 The United States is the world's largest economy at approximately 25.5 trillion dollars 

(United States GDP 1990-2022, 2023), it generates the largest amount of MSW at approximately 

292.4 million tonnes per 2018, but only develops about 11.8% of MSW for energy recovery 

compared to countries such as Japan at 75%, Scandinavia at 76%, and France at 38% (Figure 

2.16) (Mukherjee et al., 2020) (US EPA, 2017) (Waste-to-Energy (MSW) - U.S. Energy 

Information Administration (EIA), 2022) 

  

 

Figure 2.15: Municipal solid waste management: 2016-2011 by methodology (US EPA, 2017). 
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Figure 2.16: Percent of total municipal solid waste that is burned with energy recovery in selected 

countries (Waste-to-Energy (MSW) - U.S. Energy Information Administration (EIA), 2022) 

Recycling 

 In 2018, more than 69 million tons of MSW was recycled in the United States. Figure 

2.17 displays the breakdown by material of goods recycled. Figure 2.18 shows how recycling has 

increased over the years with tonnage and by products and materials (US EPA, 2017). 

 

 

Figure 2.17: Total MSW recycling by material (US EPA, 2017) 
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Figure 2.18: Recycling tonnages by material, 1960-2018 (US EPA, 2017) 

  

 Attention to the growing issue of recycling in the United States has been pointed out by 

those who work in the solid waste industry and those that cover it in the main-stream media. The 

prevalent issue is that prices have fallen for recycled goods and that it is no longer economical 

for processing to occur and ship to predominantly Asian markets (Rogoff & Ross, 2016). Renee 

Cho stated in a 2020 article that the recycling system in the United States is broken due to 

several factors. One, is that many items are not recyclable, such as plastic straws, bags, and 

eating utensils, which are either landfilled or incinerated. A second factor is the ban by China in 

handling over half of the world’s waste. Contamination caused much of this material to be either 

strewn across the landscape or disposed of in the ocean (Cho, 2020). 

 McMahon stated in a 2021 article that recycling is failing for three reasons. The first 

reason is that there is underinvestment. The second reason is under-participation from producers, 
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and the third reason is the unchanging laws that were enacted thirty to forty years ago 

(McMahon, 2021).  

 The EPA has recently studied removing circular arrows due to possible misleading labels 

about items that can and cannot be recycled. Also, there is a surplus of plastics with low value 

that end up in processing plants. With an abundance of plastics and no place to send them due to 

China banning these items, these plastics end up in either a landfill or an incinerator (Ajasa, 

2023). 

 When China stopped receiving “recyclables” from the United States, there was a pile-up 

of so-called plastics in many communities. Due to this ban, many recycling programs closed, 

which sent more refuse to landfills and incinerators. There is a belief that additional steps need  

to be taken in collecting recyclables, primarily cardboard and plastics, which has led to the 

designing of a recycling roadmap by the EPA for a national recycling strategy (Calma, 2021). 

 One option to improve recycling rates would be the building of a materials recovery 

facility. Materials recovery facility, or “MRF” (murf), is a facility that collects and separates 

materials for recycling, which are then purchased by buyers for secondary manufacturing or 

usage. To attempt to achieve a circular economy, MRFs are vital because they separate waste 

into multiple streams that have different economic value, which in turn reduces waste deposited 

into landfills (Olafasakin et al., 2023). The MRFs can receive waste as either single stream 

recycling (SSR) or dual stream recycling (DSR). Single stream recycling is where the materials 

come from a single source and is normally considered as “dirty”, whereas dual stream recycling 

is where the materials have been sorted by the consumer or commercial source and comes to the 

facility as “clean”. Over the last ten plus years, SSR has increased in popularity due to its ease in 

using just one recycling bin, as opposed to 2 or more recycling bins. This has attracted more 
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participation and it has also reduced the cost for recycling companies. In the U.S., SSR has 

increased from 22% in 2005 to 73% in 2014, and of the MRFs built since 2007, 77% are SSR 

facilities (Damgacioglu et al., 2020).  

 

 

 

Figure 2.19: Diagram of Materials Recovery Facility (MRF) (www.dakotavalleyrecyclingmn.govcom) 
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CHAPTER THREE:  METHODOLOGY 

 

3.1 Introduction 

 The purpose of this research is to use a two-part strategy to calculate avoided GHG 

emissions emitted from landfills while calculating potential energy production from the landfill, 

then performing a comparison of the WARM and LandGEM models for both emissions and 

energy potential. The data source for this study will be historical data from an existing landfill in 

Alabama. Two models will use the data to calculate the GHG emissions and the amount of 

methane that the landfill will generate. The WARM model will calculate the emissions rate and 

the rate change when alternatives are utilized instead of one hundred percent landfilling of 

materials. The WARM model uses a life cycle approach in its evaluation. The LandGEM model 

calculates the actual direct methane from the landfill, along with other emitted gases, which can 

then calculate potential energy by way of an energy potential equation. The energy potential will 

provide an answer in kilowatts per hour, which will then convert to BTUs. The landfill will 

provide data testing the hypothesis and the three research questions. 

 

3.2 Research Design  

 The focus of this study is to evaluate two models that provide emissions data but present 

the findings in different perspectives. The objective is to create a standardized method for cases 

when alternative methods of waste management are limited and landfilling is the conventional 

option, which in turn will simulate the largest quantity of emissions possibly avoided, the largest 

possible energy savings, and greatest renewable energy potential. That method will also review 

which new technologies can also be incorporated into the discussion to assist with both 

maximum GHG avoidance and energy savings. With the calculation of methane generated from 
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the LandGEM model, options for utilizing the energy potential will be analyzed, along with an 

evaluation of emissions from the WARM model, to determine energy potential, and provide a 

comparison. 

 

3.2.1 Data Source  

 The entity for the focus of this study is the sanitary landfill for Montgomery County, AL 

and the landfill data for this research was extracted from the Alabama Department of 

Environmental Management (ADEM) website. 

 

3.2.2 Data Timeline 

 The timeline for the data that was collected for this research is January 1993 through 

December of 2022. The MSW data that was utilized for calculating percentages of material was 

from EPA data from the last year produced, which was 2018. 

 

3.2.3 Research Sequence 

 The research was performed in multiple steps, culminating with answering the research 

questions that were presented in Chapter 1. The first phase in the research was to accumulate the 

data from the Alabama Department of Environmental Management’s (ADEM) website for the 

County of Montgomery, AL sanitary landfill.  

 The second phase of the research was utilizing the EPA’s website containing data 

pertaining to waste generation in the United States. This website, which has data through the 

year 2018, presented a breakdown of the total waste generated by material. The total waste 
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generated data was calculated into a percentage by material and then transferred to an Excel 

spreadsheet. 

 The third phase of the research was to take the landfill data from Montgomery County, 

AL, and place it into the Excel spreadsheet to determine the percentage of each material by 

weight. The Excel spreadsheet was formulated the same as the WARM model, to make for easy 

transferring of data. This phase was necessary due to the WARM model having individual 

materials segmented out and calculating the avoided GHG emissions by the weight of those 

individual materials.  

 The fourth phase of the research was to create various scenarios for the theoretical and 

actual models. From there the tonnage would be placed into each waste management category by 

material to generate results. 

The fifth phase of the research was to transpose the data from the Excel spreadsheet and 

place it in the WARM model. The WARM model has two options that can be utilized. The first 

option is to place the data in the web application, while the second option is the Excel 

spreadsheet option, The Excel spreadsheet option was chosen to it being a simpler option to 

transpose the data from the Excel spreadsheet that was created to the WARM model. 

The sixth phase of the research was to take the calculations from the WARM model and 

place the data into the spreadsheet to perform a GHG emissions analysis, an energy analysis, and 

a wage analysis, for the multiple scenarios that corresponded to the theoretical and actual 

research components. This data was then entered into a second spreadsheet, selecting the most 

appropriate numbers, and then graphing the data. 

The seventh phase of the research after the analyzation of the WARM model results, was 

to place the raw landfill data acquired in the first phase into the LandGEM model to begin 
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calculations of the methane generation over an established period. The LandGEM model accepts 

inputs to include the opening and closing of the landfill, or the model can perform the closing 

year calculation for the landfill. The model also allows for the changing of variables, i.e., 

methane generation rate, potential methane generation capacity, non-methane organic carbon 

(NMOC) concentration, and methane content. The standard variables are aligned with the Clean 

Air Act (CAA) regulations; however, the variables can be changed to include wet conditions, 

which will result in the generation of more gas at a faster rate. Once the data and variables are 

input, the model will perform calculations to include total landfill gas, methane, carbon dioxide, 

and NMOC. 

The seventh phase of research after performing the calculations with the LandGEM 

model, was to introduce the emissions results from the WARM and LandGEM models into the 

energy potential equation to generate results. 

 

3.3 Model Structures  

 This section will describe the models that were utilized in the research and its application 

for each research question. 

 

3.3.1 WARM Model  

 The WARM Model will be used to answer research question number one in combination 

with the template shown in Figure 3.2. As stated in section 3.2, once the landfill data has been 

collected, the parameters or boundaries for the calculations can begin. The user, in this case, the 

researcher, begins to review a series of steps after inputting the data accordingly. WARM gives 

the user the opportunity to create multiple scenarios to determine be best option for avoidance or 

reduction of GHG emissions.  
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Step one, which is the left side of the analysis inputs (Figure 3.4), allows the user to 

describe the baseline waste generation and management for their selected MSW program. The 

user has the option to omit materials that are not generated in their community or materials they 

do not want to analyze. The options for the waste management scenario weights must equal the 

tonnage generated.  

Step two, which is the right side of the analysis inputs section (Figure 3.4), allows for the 

user to create alternative scenarios for waste management that was created in the baseline. The 

only addition that was not in the baseline scenario is the tons source reduced. Also, the model 

states that when generation is increased, then that additional waste should be entered into the 

source reduced column as a negative value. When generation is decreased, that decreased value 

should be entered under the source reduced column as a positive number. 

 

 

Figure 3.4: Steps one and two of WARM analysis inputs (US EPA, 2016a) 
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Step three in the inputs segment is the selection of either the individual state that the 

waste management is taking place in, or a national average can be utilized (Figure 3.5). This 

selection is for the avoidance of electricity-related emissions in the landfilling and combustion 

pathways. The EPA will assign the appropriate regional marginal electricity grid mix emission 

factor that is based on the location of the solid waste management system. 

 

 

Figure 3.5: Step three of WARM analysis inputs (US EPA, 2016a) 

 

The fourth step in the inputs segment allows for the choosing of whether material related 

to source reduction would come from a mix of virgin and recycled materials, or one hundred 

percent (100%) virgin materials (Figure 3.6). The model notes that “the source reduction benefits 

of both the “current mix” and “100% virgin” inputs are the same (US EPA, 2016). 

 

 

Figure 3.6: Step four of WARM analysis inputs (US EPA, 2016a) 
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The fifth step is determining whether the landfill has a landfill gas (LFG) control system 

in place (Figure 3.7). This selection will allow for the calculation of emissions from the landfill. 

If the user does not know if an LFG control mechanism is currently in place, then they can select 

the “National Average” option. The user can then also choose if for LFG recovery or no LFG 

recovery. If there is LFG recovery, then the user moves to step 6a, if not, then they move to step 

eight (8). When the user answers question 6a, they move to question 6b, which will allow the 

user to select the landfill gas collection efficiency, ranging from typical operation to California 

regulatory collection requirements (Figure 3.8).  

 

 

Figure 3.7: Step five of WARM analysis inputs (US EPA, 2016a) 

 

 

Figure 3.8: Step five of WARM analysis inputs (US EPA, 2016a) 
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The sixth step, which is operating under the assumption that the landfill has an LFG 

recovery system, allows for the user to choose moisture conditions, which is associated with the 

decay rate (Figure 3.9). The decay rate (k) defines the rate of change per year of organic waste 

decomposition. The higher the k value, the faster the decomposition of waste takes place in the 

landfill. The rates range from the default, national average of 0.01 to a bioreactor decay rate of 

0.12. 

 

 

Figure 3.9: Step six of WARM analysis inputs (US EPA, 2016a) 

 

The seventh step, or 8a, asks for the user to choose which process is to be utilized in the 

anaerobic digestion method (Figure 3.10). Due to current technology, the wet digestion process 

cannot be modeled for items such as leaves, grass, branches, yard trimmings, or mixed organics, 

due to that method not being in practice nor having the technology for it here in the United 

States. For the materials listed, WARM will only model dry digestion. Section 8b is utilized if 

there is an anaerobic digester utilized (Figure 3.10). The normal practice is that the digestate will 

be cured before applying it back to the land. The options for anaerobic digestion are either cured, 

which is the default, or not cured. This option is only available for food waste and yard 

trimmings. 
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Figure 3.10: Step seven of WARM analysis inputs (US EPA, 2016a) 

 

 The eighth step, 9a, provides the input into the emissions that are generated during the 

transport of materials to the waste management facility (Figure 3.11). There are options to either 

use the default distance of twenty (20) miles, or proceed to step 9b, which is to provide the 

distance for each management option from curb to facility (Figure 3.11).  

 

 

Figure 3.11: Step eight of WARM analysis inputs (US EPA, 2016a) 
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3.3.2 WARM Model Analysis 

Once the last step is completed, WARM has several tabs that provide information 

including summary reports on GHG emissions avoided, energy saved, labor, and wages. The 

avoided GHG emissions, energy savings, and a wage analysis page is created from the calculated 

data. The data is then placed in the spreadsheet for each scenario covered, which highlights the 

scenario which provided the most avoided GHG’s, energy savings, and wage increases. 

 

3.3.3 LandGEM Model 

 The Landfill Gas Emissions Model (LandGEM) first utilizes a series of inputs at the 

beginning of the modeling process to give an identity and size to the landfill. The items needed 

are landfill name, the open year, the closing year, which can be entered by the user or calculated 

by the model if closure year is not known, and waste design capacity (Figure 3.12). 

  

 

Figure 3.12: Step one of LandGEM model inputs (US EPA, 2005) 
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 The next section of the model is to determine its parameters which include the methane 

generation rate (k), the potential methane generation capacity (L0), the NMOC (non-methane 

organic compound concentration) concentration, and the methane content. The model parameters 

input is seen in figure 3.13. 

 

 

Figure 3.13: Step two of LandGEM model inputs (US EPA, 2005) 

 

 The third step in the LandGEM inputs is the choosing of gases or pollutants. When this 

section is being completed, up to four can be modeled at one time. For this study, the methane, 

carbon dioxide, total gases, and NMOCs were selected. Figure 3.14 displays this section of 

inputs.  
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Figure 3.14: Step three of LandGEM model inputs (US EPA, 2005) 

 

 The fourth step in the LandGEM model input is the entering of the waste, which can be 

entered as either Megagrams per year or short tons per year. Once this data has been entered, a 

summary review of the inputs will appear (Figure 3.15). 
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 Figure 3.15: Step four of LandGEM model inputs (US EPA, 2005) 

 

 The final step of the model is the results page which gives the emissions estimates in the 

Excel spreadsheet format. The gases or pollutants that were selected in the third step are 

displayed on the results page as seen in Figure 3.16. 
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 Figure 3.16: Step five of LandGEM model inputs (US EPA, 2005) 

 

3.3.4 Energy Potential  

Once the data from the results page in the LandGEM model has been obtained, the 

methane output will be used to attempt to quantify or calculate the potential energy from the 

landfill gas. A 2022 publication and study by Ramprasad and others researched the quantification 

of landfill gas emissions and energy production potential utilizing the LandGEM model. The 

study used landfill data for the years 2010 through 2019 and the emissions from the landfill were 

determined by the LandGEM model (Ramprasad et al., 2022). The energy potential equation is 

as follows: 
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Ep (kWh per year) = 
𝐿𝐻𝑉∗ 𝑄𝑟𝑔 ∗ 𝐸𝑒 ∗ 𝐸𝑟

𝛾𝑖
 

Equation 3.1 

Where, 

 Ep is the energy potential that can be obtained by the methane gas in kWh per year 

 Qrg is the quantity of recoverable methane gas emitted from the landfill site in  

          cubic meter per year 

 LHV is the low heating value of the methane gas in MJ per cubic meter 

 Ee is the electrical combustion efficiency of the engine element (ICM) in percentage 

 Er is the efficiency of the methane recovery in percentage 

γi is the conversion factor from MJ into kWh (1 MJ is equal to 0.278 kWh)            

(Ramprasad et al., 2022) 

 In the study by Ramprasad and others, they took the above equation and combined values 

from a study by Chandrasekaran and Busetty in 2022 to modify the equation to use a coefficient 

and constant value to convert from MJ to kWh. The new equation is, 

 

Ep  = 
0.9 ∗ 𝑄𝑚𝑒𝑡ℎ𝑎𝑛𝑒 ∗ 𝐿𝐻𝑉𝑚𝑒𝑡ℎ𝑎𝑛𝑒 ∗ 𝜂 ∗ 𝜆

3.6
 

Equation 3.2 

 

       Where, 

η is the combustion efficiency of the engine element (ICM) in percentage 

 λ is the efficiency of the methane recovery in percentage 

 3.6 is the conversion factor from MJ to kWh 

 0.9 is a constant value 
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3.4 Assumptions and Limitations 

 Landfill emissions and methane production are subjects that have been studied for quite 

some time in various fashions. However, in the United States, with the move to further reduce 

GHG emissions and produce cleaner energy, the need to perform additional studies to assist with 

these changes is needed. The research performed in this study made assumptions to generate 

reasonable data and conclusions.  

Some of the assumptions that were made were regarding the research were: 

• The percentages regarding the material distribution were pulled from EPA data 

(US EPA, 2018), as the makeup of material percentages within the studied landfill 

was unknown. 

• In the theoretical modeling, an assumption was made that one hundred (100) 

percent of materials were utilized in each waste management scenario. 

• In the actual modeling, an assumption was made that the landfill utilizes a typical 

gas collection efficiency due to that information not being published. 

• In each WARM model analysis, the default distance was utilized instead of 

specific distances. In future research, specific distances would generate different 

outcomes for each pathway. 

• The LandGEM model did not have the same corresponding k value, 0.06, as the 

WARM model, so the default value of 0.05, which is a conventional landfill, was 

used.   

• The potential energy calculation used a combustion efficiency (η) of 40%, a 

methane recovery efficiency (λ) of 70%, and a lower heating value (LHV) of 18, 

following the same parameters as the study by Ramprasad and others. 
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There were a few limitations within the research and the modeling of the waste management 

which are as follows: 

• The WARM model produced data one year at a time, compared to multiple year 

generation of data from the LandGEM model. 

• Not knowing the exact makeup of the MSW could create possible problems with 

tonnage issues on both the generated side, depending on the makeup, and on the 

alternative side.  
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CHAPTER FOUR: MODELING RESULTS 

  

4.1 Introduction 

 Chapter four will present the data that was computed from the insertion of the waste 

tonnage into the models, beginning with a theoretical calculation to determine the best waste 

management practice for certain materials. This step will correspond to research question 

number 1. The next step in the modeling phase will use the current waste management practices 

for the State of Alabama and Montgomery County, AL, while employing the waste tonnage from 

the landfill, to determine which waste management practice will correspond to research question 

number 2. The data will conclude with the energy potential production, corresponding to 

research question number 3.  

 The basis for the modeling was the Montgomery County Landfill located in Montgomery 

County, Alabama. This landfill accepts approximately 116,000 tons per year municipal solid 

waste as seen in Figure 4.1 

 

 

Figure 4.1: MSW annual tonnage - Montgomery County, AL landfill (M. Richburg 2023) 
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4.2 WARM Model Data 

 There are several technologies used to treat MSW, which include biochemical and 

thermochemical processes. While landfilling is a more cost-effective method of waste disposal, 

there can be impacts on water, soil, and air, particularly if there is no recovery for energy 

production occurring (Engelmann et al, 2022). 

 In the theoretical analysis of the MSW using the WARM model, the components were 

segmented into the type of material and the waste management scenario and its alternatives. 

Since the Montgomery County Landfill does not segregate and measure the quantities of each 

type of material it collects, as stated in Chapter 3, EPA data was used to estimate the various 

quantities of each type of material accepted into the landfill. Monthly averages for the year 2022 

are given in Table 4.1. The impact of each material with regards to emissions avoided, energy 

potentially saved, and the wages associated with the waste management scenario was calculated 

for landfill with and without gas recovery. Baseline numbers for the current landfill operation 

without landfill gas recovery are presented in Table 4.2 

 

Table 4.1: Montgomery County, AL landfill 2022 monthly average 

Material Current Landfill Tonnage (Tons) 

Paper 2,644 

Food Waste 2,743 

Yard Trimmings 1,385 

Mixed Plastics 1,396 

Electronics 103 

Metals 1,002 
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Glass 481 

Carpet 132 

Tires 252 

Mixed MSW 1,683 

 

Table 4.2: Current landfill conditions based upon WARM model calculations 

 
GHG Emission, 

MTCO2E 

Energy Use, 

MMBtu 

Employment, 

USD 

Paper 3,750 709 122,025 

Food Waste 3,446 663 114,106 

Yard 

Trimmings 

297 372 63,918 

Mixed Plastics 28 375 64,425 

Electronics 2 28 4,753 

Metals 20 269 46,219 

Glass 10 129 22,189 

Carpet 3 35 6,073 

Tires 5 68 11,621 

Mixed MSW 2,138 451 77,652 
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4.2.1 WARM Model - Theoretical Calculation 

This section will outline the data that was modeled in a theoretical manner to determine 

what would be the most impactful options, to achieve the maximum emissions avoidance, 

potential energy savings, and wage impact for various materials. During the modeling, some 

materials could not be managed in the manner as others. For example, the scenario of landfill to 

recycle could be performed for paper, however this scenario could not take place for food waste 

due to the material not being recyclable.  

The first option of landfill to landfill describes the option of taking no alternative and not 

capturing or flaring any gas. From this scenario, a baseline waste management number was 

generated and each alternative was measured from this baseline number to the ending number for 

the alternative. The change between those numbers would determine the emissions avoidance 

and energy savings. Negative numbers indicate avoidance and savings, while positive numbers 

indicate actual emissions emittance and energy used. 

 

4.2.2 Theoretical Paper Data 

According to the paper analysis, each waste management alternative creates an avoidance 

of GHG emissions, except for keeping the material in the landfill, which causes no effect on 

emissions. There are three options for emissions avoidance with paper: landfilling, recycling, and 

combustion. Each alternative offers significant avoidance of emissions; however, the largest 

avoidance of emissions comes from the recycling of paper which is 12,158 MTCO2E as seen in 

Table 4.3.  The change in emissions comes from calculating the number of emissions avoided of 

the alternative minus the emissions generated from the baseline method of waste generation. A 

positive number indicates that emissions are given off from the waste management method, 
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while a negative number indicates that emissions are avoided with that method. A graphical 

representation of the chart is shown in Figure 4.2 which highlights the scenarios and the change 

in emissions between the alternative and baseline waste management numbers. 

 

Table 4.3: Theoretical GHG emissions avoided - paper 

Material Waste 

Management 

Scenario 

Baseline Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – Base) 

MTCO2E 

 

Paper      

 Landfill to 

Landfill 

 

3,750 3,750 0  

 Landfill to 

Recycle 

 

3,750 (8,409) 

 

(12,158) 

 

 

 Landfill to 

Combustion 

 

3,750 (1,318) 

 

(5,067) 

 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

3,750 (378) 

 

(4,128) 
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Figure 4.2: Theoretical GHG emissions avoided – paper (M. Richburg, 2023) 

 

The energy savings analysis was performed the same as the emissions analysis, in that a 

baseline was created by performing a landfill-to-landfill calculation, which resulted in a change 

of zero (0) million BTU savings. The initial landfill scenario is used as the baseline to compare 

the alternatives to. As with the potential GHG emissions avoided, landfill-to-recycling represents 

the greatest potential of energy saved. In the calculation of the energy savings, it is shown in 

Table 4.4 and graphically represented in Figure 4.3. Utilizing recycling will result in a final 

energy savings or reduction of 40,079 million BTU.  
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Table 4.4: Theoretical energy savings - paper  

Material Waste 

Management 

Scenario 

Energy Use 

Baseline Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Paper      

 Landfill to 

Landfill 

 

709  

 

709  

 

0  

 Landfill to 

Recycle 

 

709  

 

(40,079) 

 

(40,788) 

 

 

 Landfill to 

Combustion 

 

709  

 

(17,893) 

 

(18,602) 

 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

709  

 

(647) 

 

(1,356) 

 

 

 

 

Figure 4.3: Theoretical energy savings – paper (M. Richburg, 2023) 
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 The wage analysis section for paper created a uniform amount across the board, except 

for landfilling-to-recycling. In the EPA calculations of economic factors for waste disposal, the 

agency utilized a 2011 Tellus Institute study named “More Jobs, Less Pollution: Growing the 

Recycling Economy in the U.S.” Landfilling and combustion creates smaller impacts on 

employment, wages, and taxes, as compared to the diversion of waste (US EPA, 2020). For the 

wage analysis, there are no savings involved in recycling, primarily due to its labor intensity as 

shown in Table 4.5 and Figure 4.4. In the analysis, recycling offers the only change in wages, an 

output amounting to $378,683, compared to no change in the other scenarios.  

 

Table 4.5: Theoretical wages impact - paper  

Material Waste 

Management 

Scenario 

Wages from 

Baseline Waste 

Management  

US Dollar ($) 

Wages from 

Alternative 

Waste 

Management 

 US Dollar ($) 

Change               

(Alt. – Base)  

US Dollar ($) 

 

Paper      

 Landfill to 

Landfill 

 

122,025  

 

122,025  

 

0  

 Landfill to 

Recycle 

 

122,025  

 

500,708  

 

378,683  

 

 

 Landfill to 

Combustion 

 

122,025  

 

122,025  

 

0 

 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

122,025  

 

122,025  

 

0 
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Figure 4.4: Theoretical wages impact – paper (M. Richburg, 2023) 

 

4.2.3 Theoretical Food Waste Data 

 Food waste is one of the leading producers of methane emissions in landfills. This is due 

to the anaerobic digestion by bacteria of the waste (Sanciolo et al., 2022). The alternatives to 

landfilling food waste are combustion, composting, and anaerobic digestion. Another alternative 

for food waste management is to capture the gas if one of the other options is not chosen. In the 

analysis of GHG emissions each scenario, except for continuous landfilling with no gas 

recovery, offers emissions avoidance, however, even if landfilling with gas recovery is chosen, 

the emissions avoidance does not put the MTCO2E in the negative as compared to the other 

options. All three options are very similar in the avoidance of emissions, but landfill-to-

combustion gives a slightly greater emission avoidance of 3,793 MTCO2E as seen in Table 4.6 

and Figure 4.5. 
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Table 4.6: Theoretical GHG emissions avoided - food waste  

Material Waste 

Management 

Scenario 

Baseline Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – Base) 

MTCO2E 

 

Food Waste      
 Landfill to 

Landfill 

 

3446 

 

3446 

 

0  

 Landfill to 

Combustion 

 

3446 

 

(347) 

 

(3,793) 

 
 

 Landfill to 

Compost 

 

3446 

 

(286) 

 

(3,732) 

 
 

 Landfill to 

Anaerobic 

Digestion 

3446 

 

(115) 

 

(3,561) 

 
 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

3446 

 

1,000 (2,446) 

 
 

 

 

Figure 4.5: Theoretical GHG emissions avoided – food waste (M. Richburg, 2023) 
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 The energy analysis calculations from the WARM model concluded similar results as the 

possible avoided emissions. Table 4.7 shows that each scenario except for composting, creates 

energy savings, with combustion having the greatest energy potential savings at 6,386 million 

BTU. The graphical representation for food waste is shown in Figure 4.6. 

 

Table 4.7: Theoretical energy savings - food waste  

Material Waste 

Management 

Scenario 

Energy Use 

Baseline Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Food Waste      

 Landfill to 

Combustion 

 

663 

 

(5723) 

 

(6,386) 

 

 

 Landfill to 

Compost 

 

663 

 

1798 

 

1134 

 

 

 Landfill to 

Anaerobic 

Digestion 

663 

 

(3722) 

 

(4385) 

 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

663 

 

(122) (785) 
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Figure 4.6: Theoretical energy savings - food waste (M. Richburg, 2023) 

 

 The wages associated to the waste management of food waste revolve primarily around 

those items that are not labor intensive. Both composting and anaerobic digestion are considered 

waste diversion, therefore WARM categorizes these activities as less labor intensive than 

landfilling and combustion. Both composting and anaerobic digestion do not need the amount of 

labor that is required for landfilling, thereby these two waste management practices create wage 

savings of $50,216 for composting and $29,044 for anaerobic digestion. Table 4.8 and Figure 4.7 

show the savings and changes compared to each baseline. 
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Table 4.8: Theoretical wages impact - food waste 

Material Waste 

Management 

Scenario 

Wages From 

Baseline Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – Base) 

US Dollar ($) 

 

Food Waste      

 Landfill to 

Combustion 

 

114,106  

 

114,106  

 

0 

 

 

 Landfill to 

Compost 

 

114,106  

 

63,889  

 

(50,216) 

 

 

 Landfill to 

Anaerobic 

Digestion 

114,106  

 

85,062  

 

(29,044) 

 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

114,106  

 

114,106  

 

0 

 

 

 

 

Figure 4.7: Theoretical wages impact – food waste (M. Richburg, 2023) 
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4.2.4 Theoretical Yard Trimmings Data 

 The handling of yard trimmings for waste management can be assessed in five different 

ways. Those ways are landfilling with no gas recovery (landfill-to-landfill), combustion, 

composting, anaerobic digestion, and landfilling with gas recovery. As it relates to GHG 

emissions, the methods used a baseline of 297 MTCO2E, which was determined by the WARM 

analysis of landfill-to-landfill, which is essentially a do-nothing method. When other alternatives 

are presented, they each provide similar avoidance of emissions as shown in Table 4.9, however, 

the most effective form of waste management treatment for yard trimmings would be to landfill 

the material with a gas recovery system. This method shows a change, or avoidance of emissions 

of 629 MTCO2E, resulting in a final emission of -332 MTCO2E. Figure 4.8 gives a graphical 

representation of the change in emissions. 

 

Table 4.9: Theoretical GHG emissions avoided – yard trimmings  

Material Waste 

Management 

Scenario 

Baseline Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – Base) 

MTCO2E 

 

Yard 

Trimmings 

     

 Landfill to 

Landfill 

 

297 

 

297 

 

0  

 Landfill to 

Combustion 

 

297 

 
(241) 

 

(538) 
 

 

 Landfill to 

Compost 

 

297 

 
(74) 

 

(371) 
 

 

 Landfill to 

Anaerobic 

Digestion 

297 

 
(125) 

 

(422) 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

297 

 
(332) 

 

(629) 
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Figure 4.8: Theoretical GHG emissions avoided – yard trimmings (M. Richburg, 2023) 

 

 In the analysis of energy savings, the same five methods were used, but the landfill-to-

landfill scenario produced a baseline of positive 372 Million BTUs. The WARM method 

calculated for the energy analysis that the landfill-to-combustion scenario provided the largest 

change or savings at 4,159 Million BTU. Each method provided an energy savings, but the 

combustion method proved to be the most significant as shown in Table 4.10 and Figure 4.9. 
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Table 4.10: Theoretical energy savings – yard trimmings  

Material Waste 

Management 

Scenario 

Energy Use 

Baseline Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Yard 

Trimmings 

     

 Landfill to 

Landfill 

 

372  
 

372  
 

0  

 Landfill to 

Combustion 

 

372  
 

(3,787) 
 

(4,159) 
 

 

 Landfill to 

Compost 

 

372  
 

358  
 

(14) 
 

 

 Landfill to 

Anaerobic 

Digestion 

372  
 

(257) 
 

(628) 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

372  
 

176  
 

(195) 
 

 

 

 

Figure 4.9: Theoretical energy savings – yard trimmings (M. Richburg, 2023) 
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As for the wage analysis, yard trimmings and the scenarios that are used to manage this 

type of waste act in the same manner as food waste. Composting and anaerobic digestion are the 

two waste management methods that provide changes in wages compared to the other methods. 

Composting provides the largest change in wages at $28,129, while anaerobic digestion provides 

a change of $19,550 as seen in Table 4.11 and Figure 4.10.  

 

Table 4.11: Theoretical wages impact – yard trimmings  

Material Waste 

Management 

Scenario 

Wages From 

Baseline Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – Base) 

US Dollar ($) 

 

Yard 

Trimmings 

     

 Landfill to 

Landfill 

 

63,918  
 

63,918  
 

0  

 Landfill to 

Combustion 

 

63,918  
 

63,918  
 

0 
 

 

 Landfill to 

Compost 

 

63,918  
 

358  
 

(28,129) 
 

 

 Landfill to 

Anaerobic 

Digestion 

63,918  
 

(257) 
 

(19,550) 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

63,918  
 

63,918  
 

0 
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Figure 4.10: Theoretical wages impact – yard trimmings (M. Richburg, 2023) 
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emissions analysis, the scenario that provides the largest avoidance of emissions is landfilling to 

recycling/landfilling. This scenario provides an avoidance of 822 MTCO2E of emissions. The 

recycling/combustion provides an avoidance as well, but combustion of plastics does not provide 

an avoidance of emissions. This data can be found in Table 4.12 and Figure 4.11.  

 

Table 4.12: Theoretical GHG emissions avoided – mixed plastics  

Material Waste 

Management 

Scenario 

Baseline Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – Base) 

MTCO2E 

 

Mixed 

Plastics 

     

 Landfill to Landfill 

 
28  

 

28  
 

0  

 Landfill to 

Combustion 

 

28  
 

1,733  
 

1,705  
 

 

 Landfill to 

Recycle/Landfill 

 

28  
 

(794) 
 

(822) 
 

 

 Landfill to 

Recycle/Combustion 
28  

 

(217) 
 

(245) 
 

 

 Landfill (no gas rec) 

to Landfill (with gas 

rec) 

 

28  
 

28  
 

0 
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Figure 4.11: Theoretical GHG emissions avoided – mixed plastics (M. Richburg, 2023) 

 

For the analysis of energy savings, only the landfill gas scenarios do not provide a form 

of energy savings. The combustion, recycling/landfill, and recycle/combustion scenarios provide 

a large energy savings when utilized. The recycle/combustion method provides the greatest 

energy savings of 45,606 Million BTU, while the recycle/landfill scenario provides a savings of 

37,062 Million BTU, as shown in Table 4.13 and Figure 4.12.  
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Table 4.13: Theoretical energy savings – mixed plastics  

Material Waste 

Management 

Scenario 

Energy Use 

Baseline Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Mixed 

Plastics 

     

 Landfill to Landfill 

 
375 

 

375 
 

0  

 Landfill to 

Combustion 

 

375 
 

(23,855)  
 

(24,229)  
 

 

 Landfill to 

Recycle/Landfill 

 

375  
 

(36,688) 
 

(37,072) 
 

 

 Landfill to 

Recycle/Combustion 
28  

 

(45,231) 
 

(45,606) 
 

 

 Landfill (no gas rec) 

to Landfill (with gas 

rec) 

 

375 
 

375  
 

0 
 

 

 

 

Figure 4.12: Theoretical energy analysis – mixed plastics (M. Richburg, 2023) 
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 The finding of the wage analysis for mixed plastics reveals that the only scenarios which 

produce an impact are the ones that involve some form of recycling. The recycling/landfill 

scenario and the recycle/combustion scenario both provide a wage impact of $1,205,605. This is 

due to the labor involved with recycling. These values can be seen in Table 4.14 and Figure 4.13. 

 

Table 4.14: Theoretical wages impact – mixed plastics 

Material Waste 

Management 

Scenario 

Wages From 

Baseline Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – Base) 

US Dollar 

($) 

 

Mixed 

Plastics 

     

 Landfill to Landfill 

 
64,425 

 

64,425 
 

0 
 

 

 Landfill to 

Combustion 

 

64,425 
 

64,425 
 

0 
 

 

 Landfill to 

Recycle/Landfill 

 

64,425 
 

1,270,030 
 

1,205,605 
 

 

 Landfill to 

Recycle/Combustion 
64,425 

 

1,270,030 
 

1,205,605 
 

 

 Landfill (no gas rec) 

to Landfill (with gas 

rec) 

 

64,425 
 

64,425 
 

0 
 

 

 



101 
 

 

 Figure 4.13: Theoretical wages impact – mixed plastics (M. Richburg, 2023) 

 

4.2.6 Theoretical Electronics Data 

 There are four waste management scenarios that are utilized in the WARM analysis for 

electronics. Landfilling, no gas recovery, combustion, recycling, and landfilling with gas 

recovery make up the four options for electronics. In the GHG emissions analysis, it was seen 

that all scenarios for dealing with electronics had a negligible effect on GHG emissions. 

Recycling is the only option that has emissions avoidance. Recycling produces a change of -83 

MTCO2E, compared to combustion at 37 MTCO2E. Landfilling has zero emissions avoidance. 

These values can be seen in Table 4.15 and Figure 4.14. It should be noted that although 

recycling of electronics has only a small effect on GHG emissions, recycling of electronics is 

very important for the recovery of the high-value metals contained in these materials. 
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Table 4.15: Theoretical GHG emissions avoided – electronics 

Material Waste 

Management 

Scenario 

Baseline Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – Base) 

MTCO2E 

 

Electronics      
 Landfill to 

Landfill 

 

2  
 

2 
 

0  

 Landfill to 

Combustion 

 

2 
 

39  
 

37  
 

 

 Landfill to 

Recycle 

 

2 
 

(81) 
 

(83) 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

2 
 

2 
 

0 
 

 

 

 

Figure 4.14: Theoretical GHG emissions avoided – electronics (M. Richburg, 2023) 
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 With the analysis of energy savings for electronics, both combustion and recycling offer 

negative reductions in energy at -598 and 1,232 Million BTU, respectively. Neither option of 

landfilling offers an energy savings, whether gas recovery or not, as both have a zero change in 

Million BTU as shown in Table 4.16 and Figure 4.15. 

 

Table 4.16: Theoretical energy savings – electronics 

Material Waste 

Management 

Scenario 

Energy Use 

Baseline Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Electronics      

 Landfill to 

Landfill 

 

28 
 

28 
 

0  

 Landfill to 

Combustion 

 

28 
 

(570)  
 

(598) 
 

 

 Landfill to 

Recycle 

 

28 
 

(1,204) 
 

(1,232) 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

28 
 

28 
 

0 
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Figure 4.15: Theoretical energy savings – electronics (M. Richburg, 2023) 

 

 With the analysis of wages for electronics, recycling is the only waste management 

option that provides any impact or change, whether positive or negative. Recycling, due to its 

labor intensity, creates a $247, 220 impact on wages, as shown in Table 4.17 and Figure 4.16.  
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Table 4.17: Theoretical wages impact – electronics 

Material Waste 

Management 

Scenario 

Wages From 

Baseline Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – Base) 

US Dollar ($) 

 

Electronics      
 Landfill to 

Landfill 

 

4,753  
 

4,753  
 

0  

 Landfill to 

Combustion 

 

4,753  
 

4,753  
 

0 
 

 

 Landfill to 

Recycle 

 

4,753  
 

251,973 
 

247,220 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

4,753  
 

4,753  
 

0 
 

 

 

 

 

Figure 4.16: Theoretical wages impact – electronics (M. Richburg, 2023) 
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4.2.7 Theoretical Metals Data 

 The WARM model used the same scenarios for the metals calculations as it did for 

electronics, which is landfilling, combustion, recycling, and landfilling with gas recovery. The 

avoided emissions calculation yielded results like electronics, in that recycling is the best option 

for avoidance of emissions. The total MTCO2E avoided for metals is 4,520, which is more than 

3,000 MTCO2E better than the next option of combustion. Landfilling with either no gas 

recovery or gas recovery yielded no change in emissions. Table 4.18 and Figure 4.17 show the 

initial, final, and change in MTCO2E.  

Table 4.18: Theoretical GHG emissions avoided – metals 

Material Waste 

Management 

Scenario 

Baseline Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – Base) 

MTCO2E 

 

Metals      
 Landfill to 

Landfill 

 

20  
 

20 
 

0  

 Landfill to 

Combustion 

 

20 
 

(999) 
 
 

(1,019) 
 
 

 

 Landfill to 

Recycle 

 

20 
 

(4,500) 
 

(4,520) 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

20 
 

20 
 

0 
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Figure 4.17: Theoretical GHG emissions avoided – metals (M. Richburg, 2023) 

 

 The WARM calculations determined that the best scenario for potential energy savings 

was to recycle any metals in waste management. In recycling metals, it was evaluated that a 

potential 68,773 BTUs could be saved utilizing this alternative or scenario. Combustion would 

also realize a savings of 11,223 BTUs, but this is over six times less than recycling metal. 

Landfilling does not provide any potential energy savings when utilized as shown in Table 4.19 

and Figure 4.18. 
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Table 4.19: Theoretical energy savings – metals 

Material Waste 

Management 

Scenario 

Energy Use 

Baseline Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Metals      
 Landfill to 

Landfill 

 

269  
 

269 
 

0  

 Landfill to 

Combustion 

 

269 
 

(10,954) 
 

(11,123) 
 

 

 Landfill to 

Recycle 

 

269 
 

(68,504) 
 

(68,773) 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

269  
 

269 
 

0  

 

 

Figure 4.18: Theoretical energy savings – metals (M. Richburg, 2023) 
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 The WARM model determined in the analysis of metals that recycling is the only 

alternative that creates some type of impact regarding wages in waste management. Metals create 

a wage impact of $1,462,262, compared to a zero change with the other alternatives or scenarios, 

as shown in Table 4.20 and Figure 4.19. 

 
 Table 4.20: Theoretical wages impact – metals 

Material Waste 

Management 

Scenario 

Wages From 

Baseline Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – Base) 

US Dollar ($) 

 

Metals      
 Landfill to 

Landfill 

 

46,219  
 

46,219  
 

0  

 Landfill to 

Combustion 

 

46,219  
 

46,219  
 

0 
 

 

 Landfill to 

Recycle 

 

46,219  
 

1,508,681  
 

1,462,462  
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

46,219  
 

46,219  
 

0 
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 Figure 4.19: Theoretical wages impact – metals (M. Richburg, 2023) 

 

4.2.8 Glass Data 

 In determining the emissions, energy, and wages within the WARM model, four 

scenarios were utilized to evaluate the best alternative for waste management. The four scenarios 

for the management of glass are landfilling, combustion, recycling, and landfilling with gas 

recovery. The emissions calculations determined that of the four options, recycling yields the 

best results with 142 MTCO2E of emissions avoided. The other alternatives produced little to no 

change, for instance, the emissions emitted from glass were very small, 3 MTCO2E, as seen in 

Table 4.21 and Figure 4.20. 
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Table 4.21: Theoretical GHG emissions avoided – glass 

Material Waste 

Management 

Scenario 

Baseline Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – Base) 

MTCO2E 

 

Glass      
 Landfill to 

Landfill 

 

10  
 

10 0  

 Landfill to 

Combustion 

 

10 13 
 
 

3 
 
 

 

 Landfill to 

Recycle 

 

10 (133) 
 

(142) 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

10 10 0 
 

 

 

 

 

Figure 4.20: Theoretical GHG emissions avoided – glass (M. Richburg, 2023) 
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 As with other materials and scenarios, the WARM model calculated that for energy 

savings, recycling is the best scenario for the waste management of glass. Applying the recycling 

alternative creates a potential energy savings of 1,151 Million BTUs, while combustion only 

creates a saving of 19 Million BTUs. The landfill options do not create any potential energy 

savings as seen in Table 4.22 and Figure 4.21. 

 

Table 4.22: Theoretical energy savings – glass 

Material Waste 

Management 

Scenario 

Energy Use 

Baseline Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Glass      

 Landfill to 

Landfill 

 

129  
 
 

129  
 

0  

 Landfill to 

Combustion 

 

129  
 

110  
 

(19) 
 

 

 Landfill to 

Recycle 

 

129  
 

(1,022) 
 

(1,151) 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

129  
 

129  
 

0 
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Figure 4.21: Theoretical energy savings – glass (M. Richburg, 2023) 

 

 For the wage analysis, the WARM model performed calculations that concluded that 

recycling is the best option for the waste management of glass. Glass creates a wage impact of 

$213, 231 compared to $0 impact for the other scenarios, as seen in Table 4.23 and Figure 4.22.  
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Table 4.23: Theoretical wages impact – glass 

Material Waste 

Management 

Scenario 

Wages From 

Baseline Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – Base) 

US Dollar ($) 

 

Glass      
 Landfill to 

Landfill 

 

22,189  
 

22,189  
 

0  

 Landfill to 

Combustion 

 

22,189  
 

22,189  
 

0 
 

 

 Landfill to 

Recycle 

 

22,189  
 

235,420  
 

213,231  
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

22,189  
 

22,189  
 

0 
 

 

 

 

 Figure 4.22: Theoretical wages impact – glass (M. Richburg, 2023) 
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4.2.9 Carpet Data 

 The WARM modeling for carpet was performed using the same four alternatives that 

were used for electronics, metals, and glass. Landfill options for carpet produced no avoided 

emissions, while the combustion alternative produced a non-savings of emissions at 139 

MTCO2E. Recycling was once again the method that avoided emissions at 316 MTCO2E, as 

shown in Table 4.24 and Figure 4.23. 

 

Table 4.24: Theoretical GHG emissions avoided – carpet 

Material Waste 

Management 

Scenario 

Baseline Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – Base) 

MTCO2E 

 

Carpet      
 Landfill to 

Landfill 

 

3 
 

3 
 

0  

 Landfill to 

Combustion 

 

3 
 

142 
 
 

139 
 
 

 

 Landfill to 

Recycle 

 

3 
 

(313) 
 

(316) 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

3 
 

3 
 

0 
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Figure 4.23: Theoretical GHG emissions avoided – carpet (M. Richburg, 2023) 

 

 The landfill to combustion and landfill to recycle alternatives both produced energy 

savings compared landfilling the material. The combustion alternative produced a savings of 

1,012 BTUs, while the recycling alternative produced a savings of 2,860 BTUs. These numbers 

can be seen in Table 4.25 and Figure 4.24. 
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Table 4.25: Theoretical energy savings – carpet 

Material Waste 

Management 

Scenario 

Energy Use 

Baseline Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Carpet      
 Landfill to 

Landfill 

 

35 
 
 

35 
 

0  

 Landfill to 

Combustion 

 

35 
 

(977) 
 

(1,012) 
 

 

 Landfill to 

Recycle 

 

35 
 

(2,825) 
 

(2,860) 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

35 
 

35 
 

0 
 

 

 

 

 

Figure 4.24: Theoretical energy savings – carpet (M. Richburg, 2023) 

 The recycling of carpet is the only alternative of the four used by WARM that will have a 

wage impact during the waste management process. The wage impact of recycling is $59,435 
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compared to the other alternatives, which produces no change in wages. The data can be seen in 

Table 4.26 and Figure 4.25. 

 

Table 4.26: Theoretical wages impact – carpet 

Material Waste 

Management 

Scenario 

Wages From 

Baseline Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – Base) 

US Dollar ($) 

 

Carpet      
 Landfill to 

Landfill 

 

6,073  
 

6,073  
 

0  

 Landfill to 

Combustion 

 

6,073  
 

6,073  
 

0 
 

 

 Landfill to 

Recycle 

 

6,073  
 

65,508  
 

59,435  
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

6,073  
 

6,073  
 

0 
 

 

 

 

 

 Figure 4.25: Theoretical wages impact – carpet (M. Richburg, 2023) 
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4.2.10 Tires Data 

 Recycling is the continuing trend when it comes to waste management and the WARM 

model. In modeling the best way to manage tire waste, landfilling, combustion, and recycling 

were the options presented. From the calculation of the waste stream, recycling was the only 

outcome that produced emissions avoidance. The calculation produced 100 MTCO2E compared 

to combustion, which produced a positive emissions impact of 100 MTCO2E, and landfilling, 

which produced no change. The data can be seen in Table 4.27 and Figure 4.26.  

 
Table 4.27: Theoretical GHG emissions avoided – tires 

Material Waste 

Management 

Scenario 

Baseline Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – Base) 

MTCO2E 

 

Tires      
 Landfill to 

Landfill 

 

5 
 

5 
 

0  

 Landfill to 

Combustion 

 

5 
 

126 
 
 

121 
 
 

 

 Landfill to 

Recycle 

 

5 
 

(95) 
 

(100) 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

5 
 

5 
 

0 
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Figure 4.26: Theoretical GHG emissions avoided – tires (M. Richburg, 2023) 

 

 In the calculation of energy savings, combustion and recycling were the only two options 

out of the four that provided energy savings. The savings determined from the combustion of 

tires was 7,317 Million BTUs and 975 BTUs from the recycling tires. As seen in the previous 

materials in the WARM modeling, landfilling does not provide energy savings due to the change 

being zero (0). Table 4.28 and Figure 4.27 display the data from the tire calculations. 
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Table 4.28: Theoretical energy savings – tires 

Material Waste 

Management 

Scenario 

Energy Use 

Baseline Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Tires      
 Landfill to 

Landfill 

 

68 
 
 

68 
 

0  

 Landfill to 

Combustion 

 

68 
 

(7,249) 
 

(7,317) 
 

 

 Landfill to 

Recycle 

 

68 
 

(907) 
 

(975) 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

68 
 

68 
 

0 
 

 

 

 

Figure 4.27: Theoretical energy savings – tires (M. Richburg, 2023) 
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 The WARM model produced data that was consistent with the other materials and forms 

of waste management. Recycling is the scenario that will produce wage changes when utilized 

with materials such as tires, carpet, glass, and electronics. The wage change for recycling was 

calculated at $89,533, while the other forms of waste management yielded $0 change. The 

changes can be seen in Table 4.29 and Figure 4.28.  

 
Table 4.29: Theoretical wages impact – tires 

Material Waste 

Management 

Scenario 

Wages From 

Baseline Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – Base) 

US Dollar ($) 

 

Tires      
 Landfill to 

Landfill 

 

11,621  
 

11,621  
 

0  

 Landfill to 

Combustion 

 

11,621  
 

11,621  
 

0 
 

 

 Landfill to 

Recycle 

 

11,621  
 

101,174  
 

89,553  
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

11,621  
 

11,621  
 

0 
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 Figure 4.28: Theoretical wages impact – tires (M. Richburg, 2023) 

 

4.2.11 Mixed MSW Data 

 Mixed MSW is seen as a catch all for the evaluation of materials in solid waste 

management. In the evaluation of emissions, energy, and wages, three alternatives are used to 

produce the values of those alternatives, which are landfill with no gas recovery, combustion, 

and landfill with gas recovery. In the analysis of GHG emissions avoided, both the combustion 

and landfill with gas recovery, produce an acceptable GHG emissions avoided number. 

Combustion has an emissions avoidance value of 2,144 BTUs and landfill with gas recovery has 

a value of 1,890 BTUs, while landfilling with no gas recovery does not produce an avoidance of 

emissions as seen in Table 4.30 and Figure 4.29. 
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Table 4.30: Theoretical GHG emissions avoided – mixed MSW 

Material Waste 

Management 

Scenario 

Baseline Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – Base) 

MTCO2E 

 

Mixed MSW      
 Landfill to 

Landfill 

 

2,138  
 

2,138 
 

0  

 Landfill to 

Combustion 

 

2,138  
 

(6) 
 
 

(2,144) 
 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

2,138  
 

248 
 

(1,890) 
 

 

 

 

Figure 4.29: Theoretical GHG emissions avoided – mixed MSW (M. Richburg, 2023) 
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has an energy savings of 8,668 Million BTUs, while landfilling with gas recovery saves 637 

BTUs. This data can be seen in Table 4.31 and Figure 4.30. 

 

Table 4.31: Theoretical energy savings – mixed MSW 

Material Waste 

Management 

Scenario 

Energy Use 

Baseline Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Mixed MSW      
 Landfill to 

Landfill 

 

451  
 
 
 

451  
 
 

0  

 Landfill to 

Combustion 

 

451  
 
 

(8,217) 
 

(8,668) 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

451  
 
 

(186) 
 

(637) 
 

 

 

 

Figure 4.30: Theoretical energy savings – mixed MSW (M. Richburg, 2023) 
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 Because of the inability to recycle mixed MSW, there are no wage changes when 

performing waste management for this material for any of the scenarios. As with the previous 

analysis of materials, landfilling nor combustion provides any changes as seen in Table 4.32. No 

figure was provided due to zero change in the wages. 

 

Table 4.32: Theoretical wages impact – mixed MSW 

Material Waste 

Management 

Scenario 

Wages From 

Baseline Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – Base) 

US Dollar ($) 

 

Mixed MSW      
 Landfill to 

Landfill 

 

77,652  
 

77,652  
 

0  

 Landfill to 

Combustion 

 

77,652  
 

77,652  
 

0 
 

 

 Landfill (no gas 

rec) to Landfill 

(with gas rec) 

 

77,652  
 

77,652  
 

0 
 

 

 

4.2.12 Summary of Theoretical Calculations 

 Tables 4.33 – 4.35 provide a summary of WARM model calculations. As a reminder, 

these data are calculated based upon the monthly average of MSW delivered to the Montgomery 

County Landfill in 2021. The best treatment scenario for each waste segment can easily be seen 

from this data. Recycling is generally the best option for GHG emission reduction and energy 

saving, with combustion being a good option when recycling is not available. Recycling 

typically represents the largest impact on wages due to the labor intensity of most recycling 

operations. In terms of types of waste streams, effectively dealing with paper, food waste, 

metals, and mixed MSW are the most important for avoiding GHG emissions. Paper, plastics, 
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metals and mixed MSW offer the greater potential for energy savings; however, significant 

energy savings can be realized from most of the waste streams. Recycling of metals, papers and 

electronics are the most labor intensive. 

 

Table 4.33: Summary of GHG emissions for the theoretical case 

  LFG  Recycle Combustion Compost Anaerobic 

Digestion 

Paper (4,128) (12,158) (5,067) N/A N/A 

Food Waste (2,446) N/A (3,793) (3,732) (3,561) 

Yard 

Trimmings 

(629) N/A (538) (371) (422) 

Mixed Plastics 0 See Note 1,705 N/A N/A 

Electronics 0 (83) 37 N/A N/A 

Metals 0 (4,520) (1,019) N/A N/A 

Glass 0 (142) 3 N/A N/A 

Carpet 0 (316) 139 N/A N/A 

Tires 0 (100) 121 N/A N/A 

Mixed MSW (1,890) N/A (2,144) N/A N/A 

 

Table 4.34: Summary of energy savings for the theoretical case 

  LFG Recycle Combustion Compost Anaerobic 

Digestion 

Paper (1,356) (40,788) (18,602) N/A N/A 

Food Waste (785) N/A (6,386) 1134 (4,385) 

Yard 

Trimmings 

(195) N/A (4,159) (14) (628) 

Mixed Plastics 0 See Note (24,229) N/A N/A 

Electronics 0 (1,232) (598) N/A N/A 

Metals 0 (68,773) (11,123) N/A N/A 

Glass 0 (1,151) (19) N/A N/A 

Carpet 0 (2,860) (1,012) N/A N/A 

Tires 0 (975) (7,317) N/A N/A 

Mixed MSW (637) N/A (8,668) N/A N/A 
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Table 4.35: Summary of the wage impact for the theoretical case 

 
LFG Recycle Combustion Compost Anaerobic 

Digestion 

Paper 0 378,683 0 N/A N/A 

Food Waste 0 N/A 0 (50,216) (29,044) 

Yard 

Trimmings 

0 N/A 0 (28,129) (19,550) 

Mixed Plastics 0 See Note 0 N/A N/A 

Electronics 0 247,220 0 N/A N/A 

Metals 0 1,462,462 0 N/A N/A 

Glass 0 212,231 0 N/A N/A 

Carpet 0 59,435 0 N/A N/A 

Tires 0 89,553 0 N/A N/A 

Mixed MSW 0 0 0 N/A N/A 

 

4.3 WARM Model – “Business as Usual” Calculations 

This section will outline the data that was modeled to the current waste management 

practices utilizing the same tonnage for the theoretical models. This modeling was performed to 

determine the emissions avoidance and energy savings for each material, in addition to wage 

impact, could be expected if the waste management alternatives such as recycling, combustion, 

composting, and anaerobic digestion are minimal to zero. The current recycling rate for the State 

of Alabama is sixteen (16) percent and assumptions were made as seen in Table 4.36 for the 

“Business as Usual” methodology.  
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Table 4.36: “Business as Usual” research methodology assumptions 

 Landfill Recycle Combustion Compost Digestion 

Paper 84% 16% 0% 0% 0% 

Food Waste 100% 0% 0% 0% 0% 

Yard Trimmings 100% 0% 0% 0% 0% 

Mixed Plastics 84% | 100% 16%|0% 0% 0% 0% 

Electronics 84% 16% 0% 0% 0% 

Metals 84% 16% 0% 0% 0% 

Glass 84% 16% 0% 0% 0% 

Carpet 84% 16% 0% 0% 0% 

Tires 84% 16% 0% 0% 0% 

Mixed MSW 100% 0% 0% 0% 0% 

 

4.3.1 “Business as Usual” Paper Data  

 The scenarios that will be used for the practical calculations are like those performed for 

the theoretical calculations, therefore a combination of landfill and recycling will be used. Each 

scenario for paper creates an emissions avoidance, however the highest emissions avoidance 

comes from the scenario of landfill/landfill with gas recovery at 4,128 MTCO2E. Table 4.37 and 

figure 4.31 display the scenarios and emissions avoidance numbers. 
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Table 4.37: “Business as Usual” GHG emissions avoided - paper 

Material Waste Management 

Scenario 

Baseline 

Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – 

Base) 

MTCO2E 

 

Paper      
 Landfill to Landfill 3,750  

 

3,750  
 

0  

 Landfill to Landfill/Recycle 3,750  
 
 

1,804  
 

(1,945) 
 

 

 Landfill to Landfill (with gas 

recovery) 

 

3,750  
 

(378) (4,128) 
 

 

 

 

Figure 4.31: “Business as Usual” GHG emissions avoided – paper (M. Richburg, 2023) 

 

 The best scenario for energy savings from paper was the landfill/recycling option which 

created a savings of 6,526 BTUs as shown in table 4.38 and figure 4.32.  

 

 

3,750 3,750 

(4,128)

(1,945)

(378)

1,804 

(5,000)
(4,000)
(3,000)
(2,000)
(1,000)

0
1,000
2,000
3,000
4,000
5,000

La
n

d
fi

ll 
to

 L
FG

La
n

d
fi

ll 
to

La
n

d
fi

ll/
R

e
cy

cl
e

M
TC

O
2

E

"Business as Usual" Avoided Emissions - Paper

Initial Emissions Change Final Emissions



131 
 

Table 4.38: “Business as Usual” energy savings – paper 

Material Waste Management 

Scenario 

Energy Use 

Baseline Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Paper      

 Landfill to Landfill 709 709 0  

 Landfill to Landfill/Recycle 709 (5,817) (6,526)  

 Landfill to Landfill (with gas 

recovery 
709 (647) (1,356)  

 

 

Figure 4.32: “Business as Usual” energy savings – paper (M. Richburg, 2023) 

 

 

 

709 709 

(1,356)

(6,526)

(647)

(5,817)(7,000)

(6,000)

(5,000)

(4,000)

(3,000)

(2,000)

(1,000)

0

1,000

2,000

La
n

d
fi

ll 
to

 L
FG

La
n

d
fi

ll 
to

La
n

d
fi

ll/
R

e
cy

cl
e

M
ill

io
n

 B
TU

"Business as Usual" Energy Savings - Paper

Initial Energy Change Final Energy



132 
 

 In calculating the wage impact, only the landfill/recycle method will have a wage change 

due to recycling being a labor-intensive process, as seen in table 4.39 and figure 4.33. 

 

Table 4.39: “Business as Usual” wages impact – paper 

Material Waste Management 

Scenario 

Wages From 

Baseline 

Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – 

Base) US 

Dollar ($) 

 

Paper      

 Landfill to Landfill 122,025 122,025 0  

 Landfill to Landfill/Recycle 122,025 182,614 60,859  

 Landfill to Landfill (with gas 

recovery) 

122,025 122,025 0  

 

 

 Figure 4.33: “Business as Usual” wages impact – paper (M. Richburg, 2023) 
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4.3.2 “Business as Usual” Food Waste Data  

 Food waste utilizes two scenarios in its modeling due to recycling not being applicable to 

this form of waste management. Within the management of food waste, landfill with gas 

recovery is the only method to have a change in emissions of 2,446 MTCO2E. Continual 

landfilling, with no gas recovery option, continually emits emissions to the atmosphere with no 

ability for avoidance. The data for food waste is shown in table 4.40 and figure 4.34. 

 

Table 4.40: “Business as Usual” GHG emissions avoided - food waste 

Material Waste Management 

Scenario 

Baseline 

Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – 

Base) 

MTCO2E 

 

Food 

Waste 

     

 Landfill to Landfill 3,446  
 

3,446  
 

0  

 Landfill to Landfill/Recycle n/a n/a 
 

n/a 
 

 

 Landfill to Landfill (with gas 

recovery) 
3,446  

 

1,000 (2,446)  
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Figure 4.34: “Business as Usual” GHG emissions avoided – food waste (M. Richburg, 2023) 

 

 For “Business as Usual” food waste, landfilling with gas recovery produces an energy 

savings of 785 Million BTUs, while landfilling with no gas recovery has zero savings as shown 

in table 4.41 and figure 4.35.  

 

Table 4.41: “Business as Usual” energy savings – food waste 

Material Waste Management 

Scenario 

Energy Use 

Baseline 

Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Food Waste      

 Landfill to Landfill 663  
 

663 
 

0  

 Landfill to Landfill/Recycle n/a 
 

n/a 
 

n/a 
 

 

 Landfill to Landfill (with gas 

recovery) 

663 (112) (785)  
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Figure 4.35: “Business as Usual” energy savings – food waste (M. Richburg, 2023) 

 

 Due to there not being any recycling associated with food waste, the wage impact for this 

material and its associated waste management scenarios is zero as shown in table 4.42. 

 

Table 4.42: “Business as Usual” wages impact – food waste 

Material Waste Management 

Scenario 

Wages From 

Baseline 

Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – 

Base) US 

Dollar ($) 

 

Food 

Waste 

     

 Landfill to Landfill 114,106  
 

114,106  
 
 

0  

 Landfill to Landfill/Recycle n/a 
 

n/a 
 

n/a 
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4.3.3 “Business as Usual” Yard Trimmings Data  

 Yard trimmings will perform in the same manner as food waste, in that the scenarios to 

be considered are landfilling and landfill with gas recovery. Table 4.43 and figure 4.36 shows the 

landfill gas recovery is the only scenario that has a change of emissions compared to no gas 

recovery which has zero change in emissions avoided. 

 

Table 4.43: “Business as Usual” GHG emissions avoided – yard trimmings 

Material Waste Management 

Scenario 

Baseline 

Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – 

Base) 

MTCO2E 

 

Yard 

Trimmings 

     

 Landfill to Landfill 297 297 0  

 Landfill to Landfill/Recycle n/a 
 

n/a 
 

n/a 
 

 

 Landfill to Landfill (with gas 

recovery) 

297 (332) (628)  
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Figure 4.36: “Business as Usual” GHG emissions avoided – yard trimmings (M. Richburg, 2023) 

 

 Within the potential energy savings calculations, only the landfill with gas recovery had 

energy savings, which amounted to 196 Million BTUs. The data for the potential energy savings 

is displayed in table 4.44 and figure 4.37. 

 

Table 4.44: “Business as Usual” energy savings – yard trimmings 

Material Waste Management 

Scenario 

Energy Use 

Baseline 

Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Yard 

Trimmings 

     

 Landfill to Landfill 372 372 0  

 Landfill to Landfill/Recycle n/a 
 

n/a 
 

n/a 
 

 

 Landfill to Landfill (with gas 

recovery) 

372 176 (196)  
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Figure 4.37: “Business as Usual” energy savings – yard trimmings (M. Richburg, 2023) 

 

 With no recycling taking place in the waste management options for yard trimmings, 

table 4.45 displays that there are no wage impacts for these scenarios and there is no graphical 

representation for the wage impact. 

 

Table 4.45: “Business as Usual” wages impact – yard trimmings 

Material Waste Management 

Scenario 

Wages From 

Baseline 

Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – 

Base) US 

Dollar ($) 

 

Yard 

Trimmings 

     

 Landfill to Landfill 63,918  
 
 

63,918  
 
 

0  

 Landfill to Landfill/Recycle n/a 
 

n/a 
 

n/a 
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4.3.4 “Business as Usual” Mixed Plastics Data  

 As previously stated, plastics do not have the emitting values in terms of MTCO2E that 

paper and food waste have (they do not decompose in the landfill), and they are the most 

common item that come up when emissions are mentioned. Landfilling/Recycling is the only 

scenario of mixed plastics that will have an emissions avoidance which is due to the recycling 

component, compared to the landfill option which has no emittance (see table 4.46 and figure 

4.38). 

 

Table 4.46: “Business as Usual” GHG emissions avoided – mixed plastics 

Material Waste Management 

Scenario 

Baseline 

Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – 

Base) 

MTCO2E 

 

Mixed 

Plastics 

     

 Landfill to Landfill 28 28 0  

 Landfill to Landfill/Recycle 28 
 

(103) 
 

(132) 
 

 

 Landfill to Landfill (with gas 

recovery) 

28 28 0  
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 Figure 4.38: “Business as Usual” GHG emissions avoided – mixed plastics (M. Richburg, 2023) 

 

 With the potential energy savings, the landfill/recycle and landfill with gas recovery 

scenarios contribute energy savings for mixed plastics. The landfill/recycling scenario has an 

energy savings of 5,930 Million BTUs while the landfill with gas recycling has a potential 

savings of 199 BTUs. Table 4.47 and figure 4.39 show this data.  
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Table 4.47: “Business as Usual” energy savings – mixed plastics 

Material Waste Management 

Scenario 

Energy Use 

Baseline 

Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Mixed 

Plastics 

     

 Landfill to Landfill 375 375 0  

 Landfill to Landfill/Recycle 375 (5,555) 
 

(5,930) 
 

 

 Landfill to Landfill (with gas 

recovery) 

375 176 (199)  

 

 

Figure 4.39: “Business as Usual” energy savings – mixed plastics (M. Richburg, 2023) 

 

 In the data calculations for mixed plastics, the wages impact is affected due to recycling 

being a part of two of the scenarios. Both landfill/recycling and landfill/recycling/combustion 

375 375 375 0 

(5,930)

(199)

375 

(5,555)

176 

(7,000)
(6,000)
(5,000)
(4,000)
(3,000)
(2,000)
(1,000)

0
1,000

La
n

d
fi

ll 
to

 L
an

d
fi

ll

La
n

d
fi

ll 
to

La
n

d
fi

ll/
R

e
cy

cl
e

La
n

d
fi

ll 
(n

o
 g

as
 r

ec
) 

to
La

n
d

fi
ll 

(w
it

h
 g

as
 r

ec
)

M
ill

io
n

 B
TU

"Business as Usual" Energy Savings - Mixed Plastics

Initial Energy Change Final Energy



142 
 

have a wages impact of $192,897, compared to the zero wages impact that the landfills with and 

without gas recovery, and combustion have. This data is shown in table 4.48 and figure 4.40. 

 

Table 4.48: “Business as Usual” wages impact – mixed plastics 

Material Waste Management 

Scenario 

Wages From 

Baseline 

Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – 

Base) US 

Dollar ($) 

 

Mixed 

Plastics 

     

 Landfill to Landfill 64,425 
 
 

64,425 
 
 

0  

 Landfill to Landfill/Recycle 64,425 
 

257,322  
 

192,897 
 

 

 Landfill to Landfill (with gas 

recovery) 

 

64,425 
 

64,425 
 

0  

 

 

 Figure 4.40: “Business as Usual” wages impact – mixed plastics (M. Richburg, 2023) 
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4.3.5 “Business as Usual” Electronics Data 

 Within the waste management scenarios for electronics, the landfill/recycling scenario is 

the only method to have emissions avoidance. The landfill/recycle option provides an emissions 

avoidance of 13 MTCO2E. The remaining options do not provide the emissions avoidance as 

seen in table 4.49 and figure 4.41. 

  

Table 4.49: “Business as Usual” GHG emissions avoided – mixed electronics 

Material Waste Management 

Scenario 

Baseline 

Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – Base) 

MTCO2E 

 

Electronics      

 Landfill to Landfill 2 2 0  

 Landfill to Landfill/Recycle 2 
 

(11) 
 

(13) 
 

 

 Landfill to Landfill (with gas 

recovery) 

2 2 0  
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Figure 4.41: “Business as Usual” GHG emissions avoided – electronics (M. Richburg, 2023) 

 The recycling scenario provides an energy savings when disposing of electronics, 

primarily due to the materials within them having value. The scenario of landfill/recycling has a 

potential energy savings of 197 Million BTUs as shown in table 4.50 and figure 4.42. 

 

Table 4.50: “Business as Usual” energy savings – electronics 

Material Waste Management 

Scenario 

Energy Use 

Baseline 

Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Electronics      

 Landfill to Landfill 28  
 

28  
 

0  

 Landfill to Landfill/Recycle 28  
 

(169) 
 

(197) 
 

 

 Landfill to Landfill (with gas 

recovery) 
28  

 

28  
 

0  
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Figure 4.42: “Business as Usual” energy savings – electronics (M. Richburg, 2023) 

 Table 4.51 and figure 4.43 show that recycling is the only component that will produce a 

change in wages impacted. When combined with landfilling, the overall change for the waste 

management scenario is $39,555. 

 

Table 4.51: “Business as Usual” wages impact – electronics 

Material Waste Management 

Scenario 

Wages From 

Baseline 

Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – Base) 

US Dollar 

($) 

 

Electronics      

 Landfill to Landfill 4,753  
 
 

4,753  
 
 

0  

 Landfill to Landfill/Recycle 4,753  
 

44,309 
 

39,555 
 

 

 Landfill to Landfill (with gas 

recovery) 

 

4,753  
 

4,753  
 

0  
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Figure 4.43: “Business as Usual” wages impact – electronics (M. Richburg, 2023) 

4.3.6 “Business as Usual” Metals Data 

 For GHG emissions, the landfill/recycle combination provides the only opportunity for 

avoidance at 723 MTCO2E. Landfilling does not provide an emissions change or avoidance. The 

information can be seen in table 4.52 and figure 4.44. 

 

Table 4.52: “Business as Usual” GHG emissions avoided – metals 

Material Waste Management 

Scenario 

Baseline 

Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – Base) 

MTCO2E 

 

Metals      

 Landfill to Landfill 20 20 0  

 Landfill to Landfill/Recycle 20 
 

(703) 
 

(723) 
 

 

 Landfill to Landfill (with gas 

recovery) 

20 20 0  
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 Figure 4.44: “Business as Usual” emissions avoided – metals (M. Richburg, 2023) 

 The opportunity for energy savings with the waste management of metal comes from 

utilizing the landfill/recycle scenario. Landfilling the materials solely does not produce an energy 

savings due to the production of metal being an energy intensive process. Landfilling/recycling 

has a potential for energy savings of 11,004 BUTs as seen in table 4.53 and figure 4.45. 
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Table 4.53: “Business as Usual” energy savings – metals 

Material Waste Management 

Scenario 

Energy Use 

Baseline 

Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Metals      

 Landfill to Landfill 269  
 

269  
 
 

0  

 Landfill to Landfill/Recycle 269  
 
 

(10,735) 
 

(11,004) 
 

 

 Landfill to Landfill (with gas 

recovery) 
269  

 
 

269  
 
 

0  

 

 

Figure 4.45: “Business as Usual” energy savings – metals (M. Richburg, 2023) 

 As some of the previous materials have shown, recycling must be involved for a wage 

impact to be seen. Table 4.54 and figure 4.46 display that a wage impact of $233,994 happens 

when recycling is tied into landfilling. 
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Table 4.54: “Business as Usual” wages impact – metals 

Material Waste Management 

Scenario 

Wages From 

Baseline 

Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – Base) 

US Dollar 

($) 

 

Metals      

 Landfill to Landfill 46,219  
 
 

46,219  
 
 

0  

 Landfill to Landfill/Recycle 46,219  
 

280,213  
 

233,994  
 

 

 Landfill to Landfill (with gas 

recovery) 

 

46,219  
 

46,219  
 

0  

 

 

Figure 4.46: “Business as Usual” wages impact – metals (M. Richburg, 2023) 

4.3.7 “Business as Usual” Glass Data 

 The waste management of glass has only one method that provides a small opportunity 

to have an emissions avoidance. Landfill/recycle has an avoidance of 23 MTCO2E, while 

landfilling solely does not provide emissions avoidance as seen in table 4.55 and figure 4.47. 
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Table 4.55: “Business as Usual” GHG emissions avoided – glass 

Material Waste Management 

Scenario 

Baseline 

Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – 

Base) 

MTCO2E 

 

Glass      

 Landfill to Landfill 10 
 

10 
 

0  

 Landfill to Landfill/Recycle 10 
 

(13) 
 

(23) 
 

 

 Landfill to Landfill (with gas 

recovery) 

 

10 10 0  

 

 

 Figure 4.47: “Business as Usual” GHG emissions avoided – glass (M. Richburg, 2023) 

  

Energy savings is seen through only one of the waste management scenarios for glass. 

Landfill/recycling provides an energy savings of 184 MTCO2E, while landfilling only provides 

no emissions avoidance (see table 4.56 and figure 4.48). 
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Table 4.56: “Business as Usual” energy savings – glass 

Material Waste Management 

Scenario 

Energy Use 

Baseline 

Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Glass      

 Landfill to Landfill 129 
 

129 
 

0  

 Landfill to Landfill/Recycle 129 
 

(55) 
 

(184) 
 

 

 Landfill to Landfill (with gas 

recovery) 

 

129 129 0  

 

 

Figure 4.48: “Business as Usual” energy savings – glass (M. Richburg, 2023) 

 

 The wages in the waste management of glass are impacted by the scenario that has 

recycling involved with it. The landfill/recycle scenario impacts wages by $34,117 (see table 

4.57 and figure 4.49) compared to zero impact when landfilling only. 
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Table 4.57: “Business as Usual” wages impact – glass 

Material Waste Management 

Scenario 

Wages From 

Baseline 

Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – 

Base) US 

Dollar ($) 

 

Glass      

 Landfill to Landfill 22,189 
 

22,189 
 

0  

 Landfill to Landfill/Recycle 22,189 
 

56,306 
 

34,117 
 

 

 Landfill to Landfill (with gas 

recovery) 

 

22,189 22,189 0  

 

 

 Figure 4.49: “Business as Usual” wages impact – glass (M. Richburg, 2023) 

4.3.8 “Business as Usual” Carpet Data 

 The waste management of carpet has only one scenario that creates an opportunity for the 

avoidance of emissions which is the landfill/recycle scenario at 51 MTCO2E. Landfilling creates 

no change in emissions avoidance (see table 4.58 and figure 4.50). 
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Table 4.58: “Business as Usual” GHG emissions avoided – carpet 

Material Waste Management 

Scenario 

Baseline 

Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – 

Base) 

MTCO2E 

 

Carpet      

 Landfill to Landfill 3 
 

3 
 

0  

 Landfill to Landfill/Recycle 3 
 

(48) 
 

(51) 
 

 

 Landfill to Landfill (with gas 

recovery) 

 

3 (38) 0  

 

 

 Figure 4.50: “Business as Usual” GHG emissions avoided – carpet (M. Richburg, 2023) 

 As with mixed plastics, electronics, metals, and glass, the recycling component is the 

only method, combined with landfilling, that provides an opportunity for energy savings. The  
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landfill/recycle scenario has a savings of 458 Million BTUs, The landfill only options do not 

produce any change or savings in BTUs (see table 4.59 and figure 4.51 ). 

Table 4.59: “Business as Usual” energy savings – carpet 

Material Waste Management 

Scenario 

Energy Use 

Baseline 

Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Carpet      

 Landfill to Landfill 35 
 

35 
 

0  

 Landfill to Landfill/Recycle 35 
 

(422) 
 

(458) 
 

 

 Landfill to Landfill (with gas 

recovery) 

 

35 35 0  

 

 

Figure 4.51: “Business as Usual” energy savings – carpet (M. Richburg, 2023) 
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 The only scenario that will have an impact on wages is the landfill/recycle. This scenario 

has a wage impact of $9,510 whereas the landfill only option will see no change as shown in 

table 4.60 and figure 4.52. 

 

Table 4.60: “Business as Usual” wages impact – carpet 

Material Waste Management 

Scenario 

Wages From 

Baseline 

Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – 

Base) US 

Dollar ($) 

 

Carpet      

 Landfill to Landfill 6,073 
 

6,073 
 

0  

 Landfill to Landfill/Recycle 6,073 15,583 
 

9,510 
 

 

 Landfill to Landfill (with gas 

recovery) 
6,073 

 

6,073 
 

0  

 

 

 Figure 4.52: “Business as Usual” wages impact – carpet (M. Richburg, 2023) 
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4.3.19 “Business as Usual” Tires Data 

 Recycling is the main waste management method that will produce the opportunity for 

avoidance of emissions. Landfill/recycling has an emissions avoidance of 16 MTCO2E while the 

landfill only scenarios have zero change (see table 4.61 and figure 4.53) 

 

 Table 4.61: “Business as Usual” GHG emissions avoided – tires 

Material Waste Management 

Scenario 

Baseline 

Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – 

Base) 

MTCO2E 

 

Tires      

 Landfill to Landfill 5 
 

5 
 

0  

 Landfill to Landfill/Recycle 5 
 

(11) 
 

(16) 
 

 

 Landfill to Landfill (with gas 

recovery) 

 

5 5 0  

 

 

Figure 4.53: “Business as Usual” GHG emissions avoided – tires (M. Richburg, 2023) 
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 The energy savings for tires is created by the landfill/recycling waste management 

scenario in which an energy savings of 156 BTUs is realized as seen in table 4.62 and figure 4.54 

compared to zero for landfilling only.  

 

Table 4.62: “Business as Usual” energy savings – tires 

Material Waste Management 

Scenario 

Energy Use 

Baseline 

Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Tires      

 Landfill to Landfill 68 
 

68 
 

0  

 Landfill to Landfill/Recycle 68 
 

(88) 
 

(156) 
 

 

 Landfill to Landfill (with gas 

recovery) 

 

68 68 0  

 

 

Figure 4.54: “Business as Usual” energy savings – tires (M. Richburg, 2023) 
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 The wages impact for tires comes from the scenario that employs recycling as part of the 

waste management method. For tires, the landfill/recycle scenario has wages impacted of 

$14,328 (see table 4.63 and figure 4.55). Landfilling by itself produces no change or wages 

impacted. 

 

Table 4.63: “Business as Usual” wages impact – tires 

Material Waste Management 

Scenario 

Wages From 

Baseline 

Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – 

Base) US 

Dollar ($) 

 

Tires      
 Landfill to Landfill 11,621 

 

11,621 
 

0  

 Landfill to Landfill/Recycle 11,621 
 

25,949 
 

14,328 
 

 

 Landfill to Landfill (with gas 

recovery) 

 

11,621 11,621 0  

 

 

 Figure 4.55: “Business as Usual” wages impact – tires (M. Richburg, 2023) 
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4.3.10 “Business as Usual” Mixed MSW Data 

 Mixed MSW only has two scenarios in its waste management to calculate emission 

avoided, energy savings, and wages impacted. The available options are landfill/landfill with no 

gas recovery and landfill/landfill with gas recovery. Only the landfill/landfill with gas recovery 

provides an emissions avoidance, which is 1,890 MTCO2E. The landfill/landfill (no gas 

recovery) has zero change in emission (see table 4.64 and figure 4.56). 

 

Table 4.64: “Business as Usual” GHG emissions avoided – mixed MSW 

Material Waste Management 

Scenario 

Baseline 

Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – Base) 

MTCO2E 

 

Mixed 

MSW 

     

 Landfill to Landfill 2,138 
 

2,138 
 

0  

 Landfill to Landfill/Recycle n/a 
 

n/a 
 

n/a 
 

 

 Landfill to Landfill (with gas 

recovery) 

 

2,138 248 (1,890)  
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Figure 4.56: “Business as Usual” GHG emissions avoided – mixed MSW (M. Richburg, 2023) 

 The landfill with gas recovery scenario has the potential for energy savings in the waste 

management process of 637 Million BTUs (see table 4.65 and figure 4.57), while the 

landfill/recycle scenario cannot be utilized with mixed MSW. 

 

Table 4.65: “Business as Usual” energy savings – mixed MSW 

Material Waste Management 

Scenario 

Energy Use 

Baseline 

Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

Mixed 

MSW 

     

 Landfill to Landfill 451 

 

451 

 

0  

 Landfill to Landfill/Recycle n/a 

 

n/a 

 

n/a 

 

 

 Landfill to Landfill (with gas 

recovery) 

 

451 (186) (637)  
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Figure 4.57: “Business as Usual” energy savings – mixed MSW (M. Richburg, 2023) 

 With there being no recycling involved in the handling of mixed MSW, there are no 

wages impacting waste management and all the scenarios involved have a change of zero (table 

4.66). 

 

Table 4.66: “Business as Usual” wages impact – mixed MSW 

Material Waste Management 

Scenario 

Wages From 

Baseline 

Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – Base) 

US Dollar 

($) 

 

Mixed 

MSW 

     

 Landfill to Landfill 77,652 

 

77,652 

 

0  

 Landfill to Landfill/Recycle n/a 

 

n/a 

 

n/a 

 
 

 Landfill to Landfill (with gas 

recovery) 

 

77,652 77,652 0  
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4.3.11 Summary of “Business as Usual” Calculations 

 Tables 4.67 – 4.69 provide a summary of WARM model “Business as Usual” 

calculations. As a reminder, these data are calculated based upon the monthly average of MSW 

delivered to the Montgomery County Landfill in 2021. The presented data displays avoided 

emissions, energy savings, and wages from the current waste management practices.  

 

Table 4.67: Summary of GHG emissions for the “Business as Usual” case 

 
LFG 

(MTCO2E) 

Recycle 

(MTCO2E) 

Paper (4,128) (1,945) 

Food Waste (2,446) N/A 

Yard Trimmings (629) N/A 

Mixed Plastics 0 (132) 

Electronics 0 (13) 

Metals 0 (723) 

Glass 0 (23) 

Carpet 0 (51) 

Tires 0 (16) 

Mixed MSW (1,890) N/A 
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Table 4.68: Summary of energy savings for the “Business as Usual” case 

  LFG 

(Million BTU) 

Recycle 

(Million BTU) 

Paper (1,356) (6,526) 

Food Waste (785) N/A 

Yard Trimmings (195) N/A 

Mixed Plastics 0 (5,930) 

Electronics 0 (197) 

Metals 0 (11,004) 

Glass 0 (184) 

Carpet 0 (458) 

Tires 0 (156) 

Mixed MSW (637) N/A 

 

Table 4.69: Summary of the wage impact for the “Business as Usual” case  

 
LFG 

(US Dollar) 

Recycle 

(US Dollar) 

Paper 0 60,859 

Food Waste 0 N/A 

Yard Trimmings 0 N/A 

Mixed Plastics 0 192,897 

Electronics 0 39,555 

Metals 0 233,994 

Glass 0 34,117 

Carpet 0 9,510 

Tires 0 14,328 

Mixed MSW 0 0 

 

4.4 WARM Model – “Business as Usual” Full Generation Calculations 

 In the full generation “Business as Usual” calculation section, the full MSW tonnage for 

2021 was applied to the entire WARM model, instead of by material isolation, to generate data to 

determine the total emissions avoided, potential energy savings, and the wages impact from the 
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selected waste management method. The models that were run are in accordance with the current 

state of waste management in Alabama. The selected waste management methods are those that 

were presented in table 4.36. The scenarios for the full generation “Business as Usual” are 

landfill to landfill (no gas recovery), landfill to landfill (with gas recovery), and landfill to 

landfill/recycle (with gas recovery). 

 

4.4.1 “Business as Usual” Full Generation Emissions Avoided 

 The landfill/recycle scenario with gas recovery provides an emissions avoidance of 

11,583 MTCO2E, compared to that of landfilling with gas recovery, which has an emissions 

avoidance of 9,357 MTCO2E. Landfilling with no gas recovery provides no emissions 

avoidance, as seen in table 4.70 and figure 4.58. 

 

 Table 4.70: “Business as Usual” full generation GHG emissions avoided  

Material Waste 

Management 

Scenario 

Baseline Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – Base) 

MTCO2E 

 

      

 Landfill to Landfill 

(no gas recovery) 

9,698  

 

9,698 

 

0  

 Landfill to 

Landfill/Recycle 

(gas recovery) 

9,698  

 

(1,885) 

 

(11,583) 

 
 

 Landfill to Landfill 

(gas recovery) 

9,698  

 

341 (9,357)  
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Figure 4.58: “Business as Usual” GHG emissions avoided – full generation (M. Richburg, 2023) 

4.4.2 “Business as Usual” Full Generation Energy Savings 

 The landfill/recycle scenario provides an energy savings of 27,282 Million Btu, from 

which the large savings can be attributed to the recycling of metal. With the production of metals 

being energy intensive, recycling the metals can reduce the energy that is used early in the life 

cycle of the material. Landfill with gas recovery also provides an energy savings of 3,051 

Million BTU, but landfill with no gas recovery does not provide an energy savings (see table 

4.71 and figure 4.59). 
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Table 4.71: “Business as Usual” full generation energy savings  

Material Waste Management 

Scenario 

Energy Use 

Baseline 

Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – Base) 

Million BTU 

 

      

 Landfill to Landfill (no gas 

recovery) 

3,098 

 

3,098 

 

0  

 Landfill to Landfill/Recycle 

(gas recovery) 

3,098  

 

(24,184) 

 

(27,282) 

 
 

 Landfill to Landfill (gas 

recovery) 

3,098 

 

47 (3,051)  

 

 

Figure 4.59: “Business as Usual” full generation energy savings (M. Richburg, 2023) 
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there are no changes between the baseline and the alternative, as seen with the landfill scenarios. 

Recycling, when combined with landfilling, produces a wage impact of $584, 990 (table 4.72 

and figure 4.60). 

 

Table 4.72: “Business as Usual” full generation - wages impact  

Material Waste Management 

Scenario 

Wages From 

Baseline 

Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – Base) 

US Dollar 

($) 

 

      

 Landfill to Landfill (no gas 

recovery) 

532,982 

 

532,982 

 

0 

 
 

 Landfill to Landfill/Recycle 

(gas recovery) 

532,982 

 

1,117,971 

 

584,990 

 
 

 Landfill to Landfill (gas 

recovery) 

532,982 

 

532,982 0 

 
 

 

 

Figure 4.60: “Business as Usual” full generation wages impact (M. Richburg, 2023) 
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4.4.4 Summary of “Business as Usual” Full Generation Calculations 

 Table 4.73 provides a summary of WARM model “Business as Usual” full generation 

calculations. As a reminder, these data are calculated based upon the monthly average of MSW 

delivered to the Montgomery County Landfill in 2021. The monthly average for each material 

was input for the full waste management stream to generated data for avoided emissions, energy 

savings, and wages. 

 

Table 4.73: Summary of “Business as Usual” full generation case 

Waste Management 

Scenario 

Emissions Avoided 

(MTCO2E) 

Energy Savings 

(MTCO2E) 

Employment 

(USD) 

Landfill to Landfill    (No 

Gas Recovery) 

0 0 0 

Landfill to 

Landfill/Recycle     (Gas 

Recovery 

(11,583) (27,282) 584,990 

 

Landfill to Landfill    

(Gas Recovery) 

(9,357) (3,051) 0 

 

4.5 WARM Model - Practical Modeling 

 This section will utilize the average monthly tonnage data for 2021 from the Montgomery 

County, AL landfill and model the data in a practical methodology. The practical methodology 

will use assumptions based on current waste management methods, while assessing additional 

methods that will provide emissions avoidance, potential energy savings, and detail wage or 

employment impacts. In this analysis, it was assumed that a MRF could be added at the landfill 

site to separate the MSW into streams that could then potentially be recycled. Table 4.74 outlines 

the assumptions that are made for emissions avoidance and energy savings with additional 

details for each stream provided in the ensuring discussion. 
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Table 4.74: Practical research methodology assumptions 

  Landfill Recycle Combustion Compost Digestion 

Paper  10%  80%  10%  0 0 

Food Waste  10%  0%  90%  0 0 

Yard 

Trimmings 

 10% 0%  90%  0 0 

Mixed Plastics  5% | 10%  90% | 0%  5% | 90%  0 0 

Electronics  5%  90%  5%  0 0 

Metals  5%  90%  5%  0 0 

Glass  10%  90%  0  0 0 

Carpet  5%  90%  5%  0 0 

Tires  5%  90%  5%  0 0 

Mixed MSW  10% 0  90  0  0  

 

 For the practical research method, percentages were assigned to each material and the 

selected waste management method. Recycling is the preferred waste management method, but 

in most scenarios, it will be combined with both landfilling and combustion. It is the primary 

goal to keep materials out of the landfill, therefore material percentages for landfilling will be 

kept at 10% or lower. Paper products were assigned its percentage due to the number of 

emissions avoided when this process takes place and the energy savings primarily shown during 

the theoretical research phase. Also, a greater than 80% recovery stream for paper was reported 
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in the United States, but approximately 20% of the paper stream is still unable to be recycled 

(Sharma et al., 2019).  

 Food waste is unable to be recycled, therefore, to keep landfilling at a minimum, 90% of 

the material will be thermally converted, which is combustion for this research. Yard trimmings 

will be treated in the same manner as food waste. The theoretical research states that combustion 

is the best option for food waste and yard trimmings as it relates to emissions avoidance and 

energy savings.  

 Mixed plastics with its various types can be handled in two different ways. The first is 

when recyclable plastics are managed, which is at 90%, the other 10% is divided between 

landfilling and combustion. Some of the plastics will “slip through the cracks” and end up in 

either the landfill or combustion chamber. The plastics that cannot be recycled will primarily be 

combusted (90%) and the remaining landfilled (10%). The remaining materials, electronics, 

metals, glass, carpet, and tires will be recycled at a rate of 90%, with the remaining 10% split 

between landfill and combustion. The exception is glass, which the theoretical research states 

that there is no emissions avoidance and the energy savings is negligible. The remaining material 

is mixed MSW, in which there is no option for recycling. As previously stated, to reduce landfill 

capacity, the majority of MSW will be diverted, of which 90% will be combusted, while the 

remaining 10% will be landfilled.  

 

4.5.1 Practical Modeling – Emissions Avoided 

 With the practical modeling, two scenarios are presented, which are landfill to 

landfill/recycle (no gas recovery) and landfill to landfill/recycle (with gas recovery). A baseline 
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of landfill to landfill without recycling or gas recovery was created to determine and compare the 

change in emissions as shown in table 4.75 and figure 4.61.  

 

Table 4.75: Practical model – emissions avoided 

Material Waste 

Management 

Scenario 

Baseline Waste 

Management 

(MTCO2E) 

Alternative 

Waste 

Management 

(MTCO2E) 

Change               

(Alt. – Base) 

MTCO2E 

 

      

 Landfill to Landfill 

(no gas recovery) 

9,698  

 

9,698 

 

0  

 Landfill to 

Landfill/Recycle   

(no gas recovery) 

9,698  

 

(11,208) 

 

(20,907) 

 
 

 Landfill to 

Landfill/Recycle 

(gas recovery) 

9,698 (12,144) (21,842)  

. 

 

Figure 4.61: Practical model – emissions avoided (M. Richburg, 2023) 
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4.5.2 Practical Modeling – Energy Savings 

 The energy savings is calculated using two scenarios, with the landfill-to-landfill servings 

as the baseline method. Table 4.76 and figure 4.62 display that gas recovery at the landfill does 

not provide a distinct difference from not having a gas recovery system. Although there is not 

much difference between the two, the gas recovery system is still important for the landfill due to 

not being able to recycle materials such as food waste and yard trimmings. 

 

Table 4.76: Practical research – energy savings 

 Material Waste Management 

Scenario 

Energy Use 

Baseline Waste 

Management 

Million BTU 

Energy Use 

Alternative 

Waste 

Management 

Million BTU 

Change               

(Alt. – 

Base) 

Million 

BTU 

 

      

 Landfill to Landfill 

(no gas recovery) 

3,098 

 

3,098 

 

0  

 Landfill to 

Landfill/Recycle    

(no gas recovery) 

3,098  

 

(159,012) 

 

(162,110) 

 
 

 Landfill to 

Landfill/Recycle   

(gas recovery) 

3,098 

 

(159,317) (162,415)  
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Figure 4.62: Practical model – energy savings (M. Richburg, 2023) 

 

4.5.3 Practical Modeling – Wages Impact 

 In the practical modeling regarding wages or employment, recycling is a labor-intensive 

effort, which is the reasoning behind the large change from the baseline to the alternative 

method. Also, the addition of a MRF would cause an additional increase in wages or 

employment due to the labor involved in the process.  
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Table 4.77: Practical model - wages impact  

Material Waste Management 

Scenario 

Wages From 

Baseline 

Waste 

Management 

US Dollar ($) 

Wages From 

Alternative 

Waste 

Management 

US Dollar ($) 

Change               

(Alt. – Base) 

US Dollar 

($) 

 

      

 Landfill to Landfill            

(no gas recovery) 

532,982 

 

532,982 

 

0 

 
 

 Landfill to Landfill/Recycle 

(no gas recovery) 

532,982 

 

3,785,683 

 

3,252,701 

 
 

 Landfill to Landfill/Recycle   

(gas recovery) 

532,982 

 

3,785,683 

 

3,252,701 

 

 

 

 

 

Figure 4.63: Practical model – wages impact (M. Richburg, 2023) 
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4.5.4 Practical Modeling – Summary 

 Table 4.78 displays the summary table for the Practical Modeling within the WARM 

model. As a reminder, these data are calculated based upon the monthly average of MSW 

delivered to the Montgomery County Landfill in 2021. The presented data displays avoided 

emissions, energy savings, and wages from the current waste management practices. The 

modeling shows that due to the shift from landfilling to recycling, there is only a small difference 

between employing and not employing a gas recovery system at the landfill. For the emissions 

avoided there is only a 936 MTCO2E difference and for the energy usage or savings, the 

difference is only 305 Million BTU. However, the gas recovery system is still important because 

of the materials that cannot be recycled such as food waste, yard trimmings, and non-recyclable 

plastics, although the plastics do not decompose, there would need to be another method of 

management for those plastics, which is why combustion was figured in. 

 

Table 4.78: Practical model - summary 

Waste Management 

Scenario 

Emissions Avoided     

(MTCO2E) 

Energy Usage              

(MMBTU) 

(Employment)          

(USD) 
    

Landfill to 

Landfill/Recycle (No Gas 

Recovery) 

(20,906) 

  

(162,110) 

  

3,785,683 

Landfill to 

Landfill/Recycle (with 

Gas Recovery) 

(21,842)  

  

(162,415) 

  

3,785,683 
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 The use of a MRF was significant in determining the recycling component. Although the 

life cycle does not factor in the use of a MRF, it was a factor in determining the recycling 

percentages for the Practical Modeling due to the recovery of recycled materials at the facility. 

  

4.6 LandGEM Model Data 

 While the WARM model utilizes the life-cycle approach and presents the GHG 

emissions/avoidance across the whole life-cycle of each material, the LandGEM model can give 

an estimate of the actual direct emissions from the landfill. The first step in determining gas 

results within the LandGEM model was to input characteristics for the landfill. The landfill had 

an opening year of 1993 and it is to have a closing year of 2043, thereby giving it a fifty-year 

lifespan. The next step was to determine the parameters of the model. The landfill was assigned a 

k value of 0.05, which is the same as was given in the WARM model, the L0 was assigned the 

Clean Air Act (CAA) conventional of 170, the methane content was assigned a CAA 50% 

volume, and the NMOC was given the inventory value of 600. Part 3, or the third step was to 

select the gases or pollutants, which the gases chosen were the total landfill gas, methane, carbon 

dioxide, and NMOC. The fourth step was to first select the units for the waste acceptance rates, 

which in this case is short tons/year, and the second part was to input the waste tonnage (table 

4.79). 

 

Table 4.79: Montgomery County Landfill waste acceptance per year 

Year 
Input Units 

(short tons/year) 

1993 317,499 

1994 309,243 

1995 397,178 

1996 246,938 
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1997 212,338 

1998 308,212 

1999 370,605 

2000 461,544 

2001 439,021 

2002 305,653 

2003 249,322 

2004 189,376 

2005 326,520 

2006 234,679 

2007 231,402 

2008 247,902 

2009 129,955 

2010 127,098 

2011 128,427 

2012 114,724 

2013 111,102 

2014 85,779 

2015 100,955 

2016 116,225 

2017 101,336 

2018 102,303 

2019 103,668 

2020 127,374 

2021 137,359 

2022 132,302 

 

 The landfill waste acceptance generated the total landfill gas, landfill methane, carbon 

dioxide, and NMOC which can be seen in figures 4.64 and 4.65, while figure 4.66 gives a 

graphical representation of the gases. 
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Figure 4.64: LandGEM model data sheet – landfill gas & methane (M. Richburg, 2023) 
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Figure 4.65: LandGEM model data sheet – carbon dioxide and NMOC (M. Richburg, 2023) 
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Figure 4.66: LandGEM model – gas emissions (M. Richburg, 2023) 

 

4.7 Landfill Gas Energy Potential Data 

 The landfill gas energy potential was estimated based upon the amount of gas that could 

be produced from the landfill over a specific period, which for this study would be 2009 through 

2022. As the LandGEM model provides an estimate of the direct methane emissions, as opposed 

to the life-cycle approach from the WARM model, results from the LandGEM model are used 

for the Landfill Gas Energy Potential calculations. For the calculation of energy potential, the 

assumed values made are in line with the EPA’s Landfill Methane Outreach Program (LMOP), 

however, a comparison will be made to the research conducted for energy potential by 

Ramprasad et al. (2022).  

• The Lower Heating Value (LHV) for methane ranges between 15-35 MJ/m3. For 

the present research, a median LHV of 25 MJ/m3 was considered. The Ramprasad 

et al. (2022) study chose a value of 18 MJ/m3. 
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• The combustion efficiency (η) of the engines range between 30 and 40 percent, 

with a value of 30% chosen for this research. The Ramprasad et al. (2022) study 

chose a value of 40%. 

• The methane recovery efficiency (λ) is 75% which is the average for LFG projects 

in the United States, with efficiencies ranging from 50 to 95 percent. The 

Ramprasad et al. (2022) study chose a value of 70%. 

 

 The LandGEM calculated the energy potential in kWh per year and to have a similar 

reference, the kWh was converted to BTUs. As the model calculates a methane decline over 

time, the energy potential equation determines that the energy potential will also decline over 

time, as shown in figure 4.67. Figure 4.68 shows the decline curve reaching a peak production in 

2009 and then beginning its decline thereafter. 
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Figure 4.67: Energy potential - LandGEM (M. Richburg, 2023) 

 

 

 

Figure 4.68: Energy potential decline curve -. LandGEM (M. Richburg, 2023) 

Year Waste Accepted

Methane 

(short ton/yr)

Methane 

cubic meter

Energy Potential 

(Ep) (kWh/yr)

Energy Potential 

(Ep) (BTU/yr)

2009 129,955 20,718 28,231,152 39,700,058 135,456,596,492

2010 127,098 20,372 27,760,207 39,037,791 133,196,944,440

2011 128,427 20,028 27,290,895 38,377,821 130,945,125,805

2012 114,724 19,712 26,860,914 37,773,160 128,882,022,657

2013 111,102 19,324 26,332,271 37,029,756 126,345,529,118

2014 85,779 18,935 25,801,719 36,283,667 123,799,871,755

2015 100,955 18,401 25,073,473 35,259,572 120,305,659,386

2016 116,225 17,998 24,524,632 34,487,763 117,672,248,995

2017 101,336 17,720 24,145,598 33,954,747 115,853,597,087

2018 102,303 17,359 23,654,231 33,263,762 113,495,956,414

2019 103,668 17,026 23,200,209 32,625,294 111,317,504,148

2020 127,374 16,721 22,784,949 32,041,335 109,325,035,486

2021 137,359 16,591 22,607,868 31,792,314 108,475,376,833

2022 132,302 16,535 22,531,232 31,684,545 108,107,666,380
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CHAPTER FIVE: MODELING ANALYSIS & DISCUSSION 

 

5.1 Introduction 

 Chapter four presented the raw data, to include the theoretical, practical, and full 

generation calculation from the application of the WARM model. In addition to the application 

of the WARM model, data generated by the LandGEM model was also presented, along with 

estimating energy potential from gases produced from the landfill. Chapter five will analyze and 

interpret the data that was computed. The objective of this chapter is to summarize the data to 

address the rationale for this research and answer the research questions posed in Chapter one.  

 

5.2 Theoretical Modeling Analysis & Discussion 

 The theoretical work produced in the WARM model analyzed varied materials separately 

instead of the full MSW tonnage. The weight of each material was determined by percentages 

calculated from the EPA 2018 MSW National Overview: Facts and Figures on Materials, Wastes 

and Recycling. The collected data will assist in determining the best strategies for emissions 

avoidance and energy savings. Also, wages will be presented, analyzed, and discussed, although 

they were not part of the research question. The focus of this section will revolve around 

Research Question one. 

 

5.2.1 Theoretical Emissions Avoided 

 The first Research Question presented in Chapter one asked “what combination of MSW 

strategies will result in the theoretical maximum GHG emissions avoided and energy savings?” 

In focusing on the emissions avoided, each material, beginning with paper, and ending with 
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mixed MSW, was analyzed for its emissions avoidance by different waste management 

scenarios. 

  

5.2.2 Theoretical Paper Emissions Avoidance 

  In Section 4.2.2, the theoretical data on paper emission avoidance was calculated, with 

four options in managing paper waste. The scenario of landfill-to-recycling is the waste 

management option that provides the largest number of emissions avoided at 12,158 MTCO2E. 

Paper products have a larger emissions avoidance in the landfill-to-recycling scenario due to 

recycling offsetting some GHGs in the manufacturing and transportation of virgin products, and 

it helps to increase carbon stored in forests. With recycling, the remanufactured product or 

material is considered a closed loop process with the final product being made into the same 

product also assists with the emissions avoidance.  

 

5.2.3 Theoretical Food Waste Emissions Avoidance 

 The emissions avoidance for food waste was discussed in Section 4.2.3, in which there 

were five scenarios for managing food waste as displayed in Table 4.6. Each scenario for food 

waste management created an emissions avoidance, with combustion and composting having 

only an approximately 60 MTCO2E difference. Also, anaerobic digestion was very close in its 

emissions avoidance. Landfill-to-combustion had an emissions avoidance of 3,793 MTCO2E, 

while landfill-to-compost had an emissions avoidance of 3,732 MTCO2E. The emissions from 

combustion are estimated from those that occur from the manufacturing of the initial products, 

the transportation of products to the WTE facility, and non-biogenic CO2 and N2O combustion at 
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the facility. This is offset by the avoidance emissions from electric utilities from the WTE and 

recovered steel at the WTE facility that can be recycled. 

 

5.2.4 Theoretical Yard Trimmings Emissions Avoidance 

 Yard trimmings emissions avoidance has the same five waste management scenarios as 

food waste, in addition to each of the scenarios providing emissions avoidance to where any of 

the waste management scenarios could be utilized. The landfill-to-landfill with gas recovery is 

the scenario that provides the largest emissions avoidance at 629 MTCO2E due to two primary 

factors. The first factor is that the yard trimmings in the landfill are considered carbon storage, 

while the second factor is the avoided utility emissions because of the conversion of the landfill 

gas to energy. 

 

5.2.5 Theoretical Mixed Plastics Emissions Avoidance 

 With the mixed plastics theoretical avoidance, there are five scenarios that can be 

considered; however, recycling is combined with landfilling and with combustion for these 

scenarios. As described in Section 4.2.5., there are plastics that can be recycled, such as HDPEs, 

PETs, PPs, and mixed plastics, and those that cannot such as LDPEs, LLDPEs, PSs, and PVC. 

Only the landfill-to-landfill/recycle and landfill-to-recycle/combustion scenarios have emissions 

avoidance. The landfill-to-recycle/landfill has the largest avoidance with 822 MTCO2E. This is 

due to those recyclable plastics being re-manufactured back into the same usable products and 

avoiding the manufacturing process of new materials. The plastics that cannot be recycled are 

landfilled with zero emissions which is what is seen with landfilling only. 
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5.2.6 Theoretical Electronics Emissions Avoidance 

 The theoretical electronics emissions avoidance in the WARM model used four methods 

or scenarios to manage the waste stream. From the WARM calculations, landfill-to-recycle is the 

scenario that will have the largest emissions avoidance, avoiding 83 MTCO2E. Electronic 

recycling is considered an open-loop process due to the recycled product being different than the 

initial product. The positive of recycling electronics to reduce GHGs is that the avoided 

emissions result from the avoidance of new (virgin) materials in the manufacturing of the 

secondary product from the recycled product.  As seen in Table 4.15, landfilling electronics will 

not produce any emissions due to the electronics being of a non-carbon source, and combustion 

releases emissions during the process due to its non-carbon sources. 

 

5.2.7 Theoretical Metals Emissions Avoidance 

  There are two scenarios that produce large emissions avoidance numbers, recycling, and 

combustion as seen in Table 4.18. The recycling of metals has an emissions avoidance of 4,520 

MTCO2E, which provides the largest avoidance, while combustion avoids 1,019 MTCO2E of 

emissions. Recycling of metal is considered a closed-loop process due to the metal being 

processed back into the same product. The emissions avoidance comes from the avoidance of 

producing a new product equal to the secondary product using all virgin materials in the process.  

 

5.2.8 Theoretical Glass Emissions Avoidance 

 The landfill-to-recycling scenario is the only waste management option for glass that has 

emissions avoidance. The emissions avoidance for glass is 142 MTCO2E. Glass is a close loop 

process due to glass being made into glass again from the recycling process.  
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5.2.9 Theoretical Carpet Emissions Avoidance 

 The landfill-to-recycling scenario, as with glass and electronics, is the only scenario for 

carpet that has emissions avoidance. The emissions avoidance for carpet is 316 MTCO2E, while 

combustion gives off 139 MTCO2E, as shown in Table 4.24. Carpet recycling is an open-loop 

process and the avoided emissions come from not manufacturing the secondary product with 

virgin materials but instead with the recycled products. 

 

5.2.10 Theoretical Tire Emissions Avoidance 

 The waste management scenario of landfill-to-recycle at 100 MTCO2E is the selected 

method for emissions avoidance for tires. Combustion is the only other scenario that has a 

change in MTCO2E, however that change is an increase in emissions, not a reduction. Tires can 

be recycled into many other products; therefore, it is an open-loop process.  

 

5.2.11 Theoretical Mixed MSW Emissions Avoidance 

 Mixed MSW emissions avoidance has three scenarios, but landfill-to-combustion is the 

option that provides the largest emissions avoidance at 2,144 MTCO2E, compared to the 

avoidance of 1,890 MTCO2E from landfill gas recovery as shown in Table 4.30. Mixed MSW is 

defined as normal or typical waste that is disposed of by households and collected curbside (US 

EPA - ICF, 2020). Mixed MSW is a compilation of the entire municipal solid waste stream, 

therefore it uses each of the materials in its calculation of emissions avoided with food waste and 

paper helping to offset much of the emissions, and the recycling of metals that occur before 

combustion. Landfill gas recovery provides a significant amount of emissions avoidance due to 

the recovery of emissions at the landfill site that is then provided for energy. 
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5.2.11 Theoretical Emissions Avoidance Summary 

 Each of the materials began with a landfill-to-landfill baseline for waste management, 

and then the optional scenarios were calculated to determine the maximum emissions avoided. 

Table 5.1 summarizes the materials and the scenario that provides the largest emissions avoided 

for each material. 

 

Table 5.1: Theoretical MSW treatment by material for maximum emissions avoided 

Material Waste Management Scenario Emissions Avoided (MTCO2E) 

Paper Landfill-to-Recycle 12,158 

Food Waste Landfill-to-Combustion 3,793 

Yard Trimmings Landfill-to-Landfill (gas recovery) 629 

Mixed Plastics Landfill-to-Recycle  822 

Electronics Landfill-to-Recycle 83 

Metals Landfill-to-Recycle 4,520 

Glass Landfill-to-Recycle 142 

Carpet Landfill-to-Recycle 316 

Tires Landfill-to-Recycle 100 

Mixed MSW Landfill-to-Combustion 2,144 

 

 Research Question number one posed the question, “what combination of MSW 

treatment strategies will result in the maximum GHG emissions avoided and energy savings?” 

The first part of the question regarding maximum GHG emissions avoided is a combination of 

treatment strategies as shown in Table 5.1. For this combination to occur, there must be either 
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the infrastructure in place or the ability to develop the infrastructure, to manage the multiple 

ways that would be required to dispose of the waste so that the maximum number of emissions 

can be avoided. From the table, there are four methods required to reach the maximum number 

and it may or may not be feasible for some areas to develop all the required mechanisms 

necessary for this to occur. Of the ten materials listed, six state that recycling provides the largest 

number of emissions avoided. To achieve the goal of reducing or avoiding emissions, recycling 

is an alternative that must be put in place. Due to the sum of MTCO2E that are avoided between 

paper and metals, avoiding these items in landfills is highly recommended, however landfilling 

of paper can be substituted for recycling because there are emissions avoided, just not at the level 

of recycling. 

 

5.3 Theoretical Energy Savings 

 The first Research Question presented in Chapter one asked “what combination of MSW 

strategies will result in the theoretical maximum GHG emissions avoided and energy savings?” 

In focusing on the energy savings, each material, beginning with paper, and ending with mixed 

MSW, was analyzed for the energy savings that occur by different waste management scenarios. 

Also, the equivalency of the savings to households’ annual energy consumption, barrels of oil, 

and gallons of gasoline will be presented. Energy savings for the equivalency presentation is 

savings across many types of fuels to include petroleum, coal, electricity, and natural gas.  

  

5.3.1 Theoretical Paper Energy Savings 

 The largest energy savings for paper is with the landfill-to-recycling scenario, in which 

40,788 million BTUs are saved, as shown in Table 4.4. Each of the various components that fall 
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under paper have different net energy impacts within the WARM model. The impact of the 

energy associated with the acquisition and production of raw materials to manufacture new paper 

products factors into the large number of BTUs saved when the alternative of recycling occurs. 

The processing of the recycled products back into the same products, or close-loop recycling, 

like the emissions avoided assists with producing the large savings. Figure 5.1 shows the 

conservation equivalency of 40,788 million BTUs saved because of recycling. 

 

 
Figure 5.1: Energy savings equivalency – paper (M. Richburg, 2023) 

 

5.3.2 Theoretical Food Waste Energy Savings 

 Landfill-to-combustion for food waste produces an energy savings of 6,386 million 

BTUs, which is better than anaerobic digestion and landfilling with gas recovery, as seen in 

Table 4.7. Composting is the only scenario that does not have an energy savings. The landfill-to-

combustion scenario has an energy savings due to either the energy produced being reused at the 

facility or being sold to the energy grid, which avoids other raw materials to be used in electrical 

generation. Figure 5.2 shows the conservation equivalency of 6,386 million BTUs saved from 

the combustion of food waste. 
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Figure 5.2: Energy savings equivalency – food waste (M. Richburg, 2023) 

 
 

5.3.3 Theoretical Yard Trimmings Energy Savings 

 Each of the scenarios for yard trimmings produces an energy savings, however, the 

landfill-to-combustion scenario produces the largest energy savings of 4,159 million BTUs as 

seen in Table 4.10. Yard trimmings perform like food waste in that the energy produced from 

combustion can either fuel the combustion system or be sold to the electrical grid. Figure 5.3 

shows the conservation equivalency of 4,159 million BTUs saved from the combustion of food 

waste.  

 

 

Figure 5.3: Energy savings equivalency – yard trimmings (M. Richburg, 2023) 

 

5.3.4 Theoretical Mixed Plastics Energy Savings 

 Each scenario with mixed plastics, except for landfilling, creates an energy savings. The 

largest savings comes from the landfill-to-recycle/combustion scenario. This scenario creates a 
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savings of 45,606 million BTUs as shown in Table 4.13. This savings comes from recycling 

those items that can be recycled and re-made back into the same item, which saves from using 

energy to remake the same product, while combusting the non-recyclable plastics to produce 

energy. In the manufacturing of plastics, petroleum, which is a main ingredient of plastic, is 

considered as energy saved during the recycling process. Figure 5.4 shows the conservation 

equivalency of 45,606 million BTUs saved from the combination of recycling and combustion. 

  

 
Figure 5.4: Energy savings equivalency – mixed plastics (M. Richburg, 2023) 

 

 

5.3.5 Theoretical Electronics Energy Savings 

 The landfill-to-recycling scenario creates the largest energy savings for the waste 

management of electronics at 1,232 million BTUs. The savings for electronics are small due to 

electronics being an open-loop recycling process, and the recycled materials are made into 

secondary items, not the primary item that originated. Some energy will have to go into the raw 

materials acquisition process as well as the manufacturing process, therefore a reduction in 

energy savings is realized. Figure 5.5 shows the conservation equivalency of 1,232 million BTUs 

saved from recycling. 
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Figure 5.5: Energy savings equivalency – electronics (M. Richburg, 2023) 

 

5.3.6 Theoretical Metals Energy Savings 

 The largest energy savings for metals comes from the landfill-to-recycling scenario. This 

scenario provides a savings of 68,773 million BTUs of energy as seen in Table 4.19. Recycling 

metals and manufacturing the same items is a less energy intensive process than producing metal 

from virgin inputs. Figure 5.6 shows the conservation equivalency of 68,773 million BTUs saved 

from recycling. 

 

 

Figure 5.6: Energy savings equivalency – metals (M. Richburg, 2023) 

 

 

5.3.7 Theoretical Glass Energy Savings 

 To achieve substantial energy savings in the waste management of glass, the material 

must be recycled instead of landfilled. This scenario creates a savings of 1,151 million BTUs of 
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energy as shown in Table 4.22. The recycling process of glass created a small savings due to the 

large energy component, electricity, which is needed to manufacture the product. Figure 5.7 

displays the conservation equivalency of 1,151 million BTUs saved from recycling. 

 

 

Figure 5.7: Energy savings equivalency – glass (M. Richburg, 2023) 

 

 

5.3.8 Theoretical Carpet Energy Savings 

 The largest energy savings for carpet comes from the landfill-to-recycle scenario, where 

2,860 million BTUs of energy are saved (see Table 4.25). The recycled carpet provides 

substantial energy savings due to the energy required to manufacture the secondary products. 

Figure 5.8 shows the conservation equivalency of 2,860 million BTUs saved from recycling. 

 

 

Figure 5.8: Energy savings equivalency – carpet (M. Richburg, 2023) 
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5.3.9 Theoretical Tires Energy Savings 

 The waste management scenario that provides the largest energy savings for tires is the 

landfill-to-combustion method. This method produces a savings of 7,317 million BTUs as shown 

in Table 4.28. The energy savings comes from the use of petroleum products in tire 

manufacturing that could be avoided, plus the combustion of the tires produces fuel for operating 

cement kilns, boilers, and pulp and paper mills. This offsets energy that would be used from 

other energy sources. Figure 5.9 displays the conservation equivalency of 7,317 million BTUs 

saved from combustion. 

 

 

Figure 5.9: Energy savings equivalency – tires (M. Richburg, 2023) 

 

 

5.3.10 Theoretical Mixed MSW Energy Savings 

 The largest energy savings for mixed MSW comes from the landfill-to-combustion 

scenario. This method provides a savings of 8,668 million BTUs as seen in Table 4.31. The 

savings is due to the make-up of the mixed MSW, which comprises normal household waste, and 

although some items are recycled or removed from the combustion process, the remaining items 
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help to provide fuel that can be re-supplied to the system or sold to the grid. Figure 5.10 shows 

the conservation equivalency of 8,668 million BTUs saved from combustion. 

 

 

Figure 5.10: Energy savings equivalency – mixed MSW (M. Richburg, 2023) 

 

 

5.3.11 Theoretical Energy Savings Summary 

 Table 5.2 as seen below, summarizes the materials and the scenario that provides the 

largest energy savings for each material.  

 

Table 5.2: Theoretical MSW treatment by material for maximum energy savings 

Material Waste Management Scenario Energy Savings (Million BTUs) 

Paper Landfill-to-Recycle 40,788 

Food Waste Landfill-to-Combustion 6,386 

Yard Trimmings Landfill-to-Combustion 4,159 

Mixed Plastics Landfill-to-Recycle/Combustion 45,606 

Electronics Landfill-to-Recycle 1,232 

Metals Landfill-to-Recycle 68,773 
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Glass Landfill-to-Recycle 1,151 

Carpet Landfill-to-Recycle 2,860 

Tires Landfill-to-Combustion 7,317 

Mixed MSW Landfill-to-Combustion 8,668 

 

Research Question number one posed the question, “what combination of MSW 

treatment strategies will result in the maximum GHG emissions avoided and energy savings?” 

The second part of the question regarding maximum energy savings is a combination of 

treatment strategies as shown in Table 5.2. To reach the maximum energy savings, the methods 

and infrastructure must be in place, such as recycling and combustion facilities, which will 

require significant investment to reach these savings.  

 

5.4 “Business as Usual” Modeling Analysis & Discussion 

 This section will review and analyze the practical data that was presented beginning in 

Section 4.3. The methodology for this section made assumptions based on the current waste 

management practices in the State of Alabama and Montgomery County, AL. Table 4.36 

displays that landfilling and recycling are the two current forms of waste management, therefore 

the two practices are considered “business as usual” and will addresses Research Question 

number two; “what combination of MSW treatment strategies can provide maximum GHG 

emissions avoidance and energy savings utilizing actual data if minimal to zero alternatives are 

available?”  
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5.4.1 Emissions Avoided, Energy Savings, and Wages Impact 

 For the “business as usual” section, the first step was to calculate the materials separately 

by the average monthly tonnage during the year 2021. Tables 4.67 through 4.69 display the 

emissions avoidance, energy savings, and wages impact for each material based on landfilling 

with gas recovery and a combination of landfilling and recycling, in which 84% of the material 

went to the landfill and 16% was recycled. When landfilling is the primary waste management 

method, an opportunity is missed to have a larger number of avoided emissions. Landfilling is 

the only option for food waste, yard trimmings, and mixed MSW due to those materials not 

being recyclable.  

For the energy savings with the “business as usual” modeling, with landfilling 

comprising most of the waste management method, only lesser amounts of energy are saved 

compared to if recycling was the dominant waste management practice. The items that would 

contribute to larger amounts of energy saved if recycled such as paper, mixed plastics, and 

metals, require substantial amounts of energy in their production, but that energy would be saved 

if the process were not consistently repeated. 

If recycling constituted a larger percentage of the waste management practice, the wages 

or employment would be higher but the percentage is weighted more towards landfilling which 

has a lower labor intensity than recycling. 

Within the “business as usual” modeling, a full generation calculation is performed. The 

summary for the full generation is shown in table 4.73. The calculation is performed by 

distributing the data across the full model instead of isolating each material. Three scenarios are 

presented for the full generation; however, the landfill-to-landfill was used as a baseline for the 

landfill-to-landfill (with gas recovery) and landfill/recycling (with gas recovery). For the 
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emissions avoided, the difference between the landfill (with gas recovery) and the 

landfill/recycling is small, however being able to recycle materials has a greater impact than 

landfilling only. With the energy savings, having a recycling component provides nine times 

greater energy savings than a 100% landfilling of the material.  

Recycling has a significant impact on waste management as it relates to wages compared 

to landfilling solely. Recycling is a more labor-intensive component compared to landfilling; 

therefore, additional labor is needed to accomplish this task which nearly doubles that of 

landfilling. 

 

5.5 Practical Modeling  

 The summary for the practical model is shown in section 4.5.4 and table 4.78. Two ideas 

can be deduced from the practical model are: 1) recycling must be included in waste 

management to reach significant avoided emissions and energy savings values and 2) with 

reducing landfilling to avoid emissions and achieve higher energy savings, there is little 

difference between having or omitting a gas recovery system at the landfill. Having a gas 

recovery system would only enhance the energy that can be recovered from the landfill and there 

is still opportunity to increase the avoidance of emissions. The relative impact of adding the 

MRF can be seen by comparing the Business-as-Usual Case with the Practical Case as shown in 

Table 5.3. Avoided GHG emissions are nearly double that realized using the current practices 

being implemented in Alabama today. In fact, by using a MRF to separate the MSW to allow for 

a combination of recycling and combustion, the GHG avoidance approaches the theoretical 

optimal. With regards energy usage, the potential saving in energy is 5 times higher when a MRF 

is added to the landfill and reaches 87% of the theoretical optimal. Achieving these significant 
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improvements will result in an additional $3.2 million per month of employment to Montgomery 

County.  

 

Table 5.3: Comparison of modeling results  

Waste Management 

Scenario 

Emissions Avoided 

(MTCO2E) 

Energy Usage             

(MMBTU) 

Wages Impact    

(USD) 

Business as Usual - 

No Recycle (no Gas 

Recovery) 

0 

  

0 

  

0 

Business as Usual – 

w/Recycle            

(w/Gas Recovery) 

(8,443)  

  

(149,742) 

  

4,189,169 

  

Business as Usual - 

No Recycle      

(w/Gas Recovery) 

(9,348)  

  

(3,051) 0 

Recommended 

Treatment               

(no Gas Recovery) 

(20,906) 

  

(162,110) 

  

3,785,683 

Recommended 

Treatment          

(w/Gas Recovery) 

(21,842)  

  

(162,415) 

  

3,785,683 

  

Theoretical (Optimal) 24,707 186,940 2,322,645 

 

 

5.6 LandGEM and Landfill Gas Energy Potential 

Research Question number three asked “what is the theoretical amount of energy that can 

be achieved from the landfill using the emissions produced?” The landfill gas energy potential 

equation attempts to answer the third research question using emissions data calculated by the 

LandGEM model. Historical tonnage data was input into the LandGEM model which estimated 

gases from the landfill to include methane and CO2 which could then be incorporated into the 
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energy potential equation, along with other parameters, to determine energy potential in 

kilowatts hours per year. The energy potential equation calculates that the methane from the 

tonnage at its peak in 2009 could have produced 135 MMBTU or nearly 40 million kWh per 

year. Energy potential would begin to experience a decline beginning in 2010, however by 2022, 

the potential would still be over 31.5 million kWh per year which is enough to meet the electrical 

demands for an average of 2900 households. 
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CHAPTER SIX: CONCLUSION AND RECOMMENDATIONS 

 

6.1 Introduction 

 Greenhouse gas emissions, or GHGs, as they have been addressed throughout this work, 

will continue to cause changes to our atmosphere if emission levels are not lowered. The climate 

change issue that we are dealing with is not just a individual nation issue, it is one that the global 

population must work to control if we do not want continued undesirable effects on the planet, to 

include our oceans, atmosphere, cryosphere, and biosphere. The global population must continue 

to survive, which means that food will continue to be grown, clothes will be worn, shelter will be 

built, items will be produced for purchase, and people will continue to travel, whether for work 

or pleasure. If these factors continue, then waste will continue to occur, and that waste must be 

disposed of in some manner. To most, landfills are the easiest way to dispose of MSW, however, 

landfills are major emitters of GHGs (14.5% of manmade U.S. methane emissions are from 

landfills) if there is not some form of gas recovery system in place. Also, the presence or absence 

of a gas recovery system affects energy savings. The presence of a gas recovery system provides 

the opportunity to produce renewable energy, while the absence of one causes a renewable 

energy source opportunity to be missed. The main objective of this dissertation was to determine 

the best treatment strategy for municipalities that would provide maximum emission avoidance 

while providing maximum energy savings. A secondary objective was to evaluate the theoretical 

potential energy of the landfill from the models and how the two models differ in their 

estimations, if any.  

 Approximately 60% of the global MSW is disposed in landfills and open dumps. Landfill 

MSW is third in anthropogenic methane emissions, behind fossil fuels and livestock (Y. Wang et 

al., 2020). With the global population expecting continued growth, MSW generation is projected 
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to reach an estimated 9.5 billion tons by 2050. With this projected growth in MSW, Waste-to-

Incineration (WtE) will be key in changing waste into a source to provide energy generation and 

conserving land (Sajid Khan et al., 2023). As stated in Section 2.2.2, the number of WtE 

facilities in the United States has decreased, but these facilities continue to grow worldwide. The 

concern of hazardous substances being emitted has been the major issue in the lack of 

development of new WtE facilities, however with new technologies to include multiple stage 

systems to reduce dioxins and other emissions, the opportunity to re-introduce and build new 

WtE plants, as other nations have done, should be reviewed.  

 The move to emissions reduction and energy savings, or energy from renewable sources, 

is studied from a waste management methodology whereas which methods will work in isolation 

or combination with other methods to achieve its stated mission. Landfills will be difficult to 

fully eliminate in the United States because of their low operating costs and the abundance of 

land space compared to other countries that have minimal space and have fully operational WtE 

facilities in operation. Landfills in conjunction with recycling operations and combustion 

operations will provide the maximum emissions avoided and energy savings. If the landfill is 

worked in conjunction with the other operations, gas recovery will add to the renewable source 

to provide a method for electrical generation, thereby reducing emissions and providing both 

energy savings and energy production. The landfill is still a lower cost operating mechanism 

compared to the recycling operation and combustion facility. The WARM model in the 

dissertation calculated that there will be a large increase in wage change when there is a 

recycling operation in effect, but the landfill and combustion facility will have flat wage changes 

in moving from the baseline to the alternative.  
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 The type of combustion facility to be built would be determined by the entity choosing to 

build it. There are three types of technologies that are currently used for combustion, mass burn 

facilities, modular systems, and refuse derived fuel systems; however, there are several newer 

technologies including gasification and pyrolysis that appear to offer benefits over the 

conventional combustions systems. The cost to build a new combustion/gasification plant can 

range from the tens of millions of dollars for small systems (25 to 100 ton per day) to hundreds 

of millions for very large plants. The municipalities can offer other municipalities and 

contractors the use of the facility, which would bring in more revenue from additional tipping 

fees, while also receiving income from the sale of electricity that is sold to the grid by the 

utilities (US EPA, 2016b). A key factor in revenue generation would be as the sole Alabama 

facility has done is to find a partner in which a large portion of the steam is sold to that one entity 

for heating and cooling at their operation. A previous paper by LoRe and Oswald, 2009, stated 

that some WtE facilities have found large customers to sell a dedicated amount of steam to, 

which has decreased their gross electrical generation rates (LoRe & Oswald, 2009).  

 This dissertation and modeling was performed to study which methods will work best in 

combination to avoid emissions and provide energy savings. If governments are serious about 

climate change, which has been caused primarily by human activity, and fossil fuel reduction, 

investments must be made which can both change the emission levels and assist with production 

of renewable energy. The life cycle modeling of the landfills has determined that recycling, in 

addition to combustion, is the best alternative outside of source reduction to accomplish 

emissions avoidance, energy savings and production of energy. 
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