
 

 

Critique of the United States Environmental 

Protection Agency (USEPA) Study of Solid Waste 

Management and Greenhouse Gases 

 

Shaina F. Khan 

 

Masters of Engineering Project  

January 2011 

  



Table of Contents 

1. Introduction to This Project ...................................................................................................................... 1 

2. Introduction to Solid Waste Management ............................................................................................... 3 

Landfilling ............................................................................................................................................ 4 

Recycling.............................................................................................................................................. 4 

Composting ......................................................................................................................................... 4 

Combustion (Waste-to-energy) .......................................................................................................... 5 

3. Summary and Evaluation of Solid Waste Management and Greenhouse Gases: A Life-Cycle Assessment 
of Emissions and Sinks and WARM ............................................................................................................... 6 

Description of WARM .......................................................................................................................... 6 

Collection GHG Emissions and Energy Costs ....................................................................................... 7 

Life-Cycle Methodology ...................................................................................................................... 8 

Raw Materials Acquisition and Manufacturing ................................................................................. 10 

Source Reduction .............................................................................................................................. 12 

Recycling............................................................................................................................................ 14 

Composting ....................................................................................................................................... 16 

Combustion (Waste-to-Energy) ........................................................................................................ 18 

Landfilling .......................................................................................................................................... 20 

4. Modifications to WARM .......................................................................................................................... 22 

Recategorizing Material Inputs in WARM ......................................................................................... 23 

Combustion (Waste-to-Energy) ........................................................................................................ 27 

Landfilling .......................................................................................................................................... 31 

5. Examples ................................................................................................................................................. 33 

Example A. Estimating Emissions from  Materials Substitution ....................................................... 34 

Example B. Emissions from 2008 National Waste Generation ......................................................... 35 

Example C. Comparison of Waste Generation in Washington and Georgia ..................................... 39 

Conclusions ....................................................................................................................................... 42 

Appendix ..................................................................................................................................................... 44 

A. Abbreviations Used in this Report ................................................................................................ 44 

References .................................................................................................................................................. 45 

 



1 

 

1. Introduction to This Project 

 In their report Solid Waste Management and Greenhouse Gases: A Life-Cycle Assessment of 

Emissions and Sinks, the EPA described life-cycle analyses of several materials commonly found in U.S. 

municipal solid waste and determined sources and magnitudes of greenhouse gas emissions.  Based on 

the study, the EPA also developed an Excel model, WAste Reduction Model (WARM). Managers of 

municipal solid waste operations can use WARM to determine how changes in their system will affect 

greenhouse emissions from solid waste management in their municipality. The goal of my project was to 

first evaluate the study and determine areas that I can improve, then to implement those changes, 

either by adjusting WARM or by creating my own spreadsheets. 

 In reviewing and evaluating the EPA study, I found that there were several improvements I could 

make to EPA’s analysis. The most common inadequacy in the EPA study was the use of average or 

empirical values to estimate emissions when the actual values could be calculated. For example, EPA 

assumes that the energy content of mixed MSW is 5000 BTU per ton—a value commonly used in 

industry. It is more accurate to determine the energy content of a waste stream using properties of 

individual materials in the stream. The majority of differences between my analysis and EPA’s were that 

I calculated emissions, energy production, and carbon storage based on the unique mix of MSW entered 

by the user, instead of using empirical values. All of my methods and data are based on BEE 4760 Solid 

Waste Engineering , a course taught at Cornell University. These notes are available through Cornell’s 

Blackboard course information system at http://blackboard.cornell.edu/. 

 After evaluating the EPA report, I developed my version of WARM by modifying the original 

spreadsheet. Most of the changes I made were replacing some of EPA’s worksheets with my own. These 

worksheets are hidden in the original version of WARM; the user does not see the worksheets where 

calculations are made. I also hid the worksheets I created for calculations and left visible only the 

worksheets that display results, as in the original version of WARM. My version of WARM can be used 

just as the original is used.   

 Chapter 2 of this report is an overview of the five options municipalities use to manage solid 

waste, namely source reduction, landfilling, recycling, composting, and combustion (waste-to-energy). 

Chapter 3 summarizes and evaluates both WARM and the EPA report. The first section of Chapter 3 is a 

description of WARM and its components. The second section explains the importance of including 

emissions from collection and transportation in the overall analysis of GHG emissions. The remaining 
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sections of Chapter 3 summarize and evaluate each of Chapters 1-6 of the EPA report. Chapter 5 of this 

paper provides examples of how WARM may be used and compares the results of my analysis to EPA’s 

results. 
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2. Introduction to Solid Waste Management 

 “Solid waste management” refers to the collection, transportation, processing, and disposal of 

materials discarded by residences, businesses, and industry. Municipal solid waste (or MSW) 

management typically includes picking up garbage from residences, public buildings, factories,  etc., and 

transporting the waste to a site where the waste is landfilled, recycled, combusted, or composted. 

 Another aspect of solid waste management is source reduction, or limiting the amount of waste 

that must be collected and managed. Source reduction may include encouraging consumers to buy 

items that have less packaging or to reuse materials in their homes. See the “Source Reduction” section 

under “Evaluation of WARM” for more information.  

 Components of a municipal solid waste management system are illustrated in Figure 1.  

 The remainder of this chapter describes four options for disposing of solid waste. 

 

Figure 1. MSW system components 
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Landfilling 

 Among the most well-known methods of disposing of wastes is to bury them in landfills. In 

landfills, waste decompose by either aerobic or anaerobic digestion, depending on the availability of 

oxygen. Because there is usually little air within landfills, digestion is typically anaerobic, which produces 

methane (CH4) and other gases. These landfill gases (LFG) must be released and managed to prevent 

dangerously high pressure from gas accumulation in the landfill, to control air pollution, and to control 

GHG emissions. LFGs are usually managed by burning (flaring) or are collected for energy production. 

Landfills are highly regulated in the United States. The bottom of a landfill must be lined to 

prevent liquids (known as “leachate”) from seeping into the soil, and the top layer of waste must be 

covered daily, typically with dirt or soil, to prevent littering and invasion by pests.  

 

Recycling 

 Recycling is the processing of materials so that they may be used again in manufacturing. Most 

materials other than food and yard wastes can be recycled. Materials that are to be recycled are 

collected and sent to a Materials Recovery Facility (MRF). Recyclables may be separated and sorted 

before or during collection, or sorting may occur at the MRF, where they are processed for reuse in 

manufacturing. Residual materials that cannot be recycled are sent from the MRF to a landfill. 

A major advantage to recycling is that manufacturing products using recycled materials, as 

opposed to virgin materials, generally requires less energy, and thus results in fewer greenhouse gas 

emissions (USEPA, 2006).  

   

Composting 

 Composting is the decomposition of organic materials such as food and yard wastes into a 

nutrient-rich product known as “compost”. Composting can be done on a small scale by individuals or on 

a large scale by farmers, factories, food-service facilities, and municipalities. In their analysis, EPA 

considers only composting by municipalities.  

 To produce nutrient-rich compost, decomposition must be aerobic. The mixture of input 

materials must be aerated to provide oxygen to the bacteria that carry out decomposition, and moisture 
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must be controlled. Decomposition can take anywhere from one or two weeks to several months, 

depending on the technologies employed. 

  

Combustion (Waste-to-energy) 

 The burning of some materials in MSW, like the combustion of any carbon-rich fuels, can be 

used to produce energy. Incineration of MSW to produce energy is also known as waste-to-energy 

(WTE). WTE diverts materials from landfills and replaces fossil fuels, the extraction of which requires 

energy and can cause damage to the environment. Although almost all types of materials in MSW are 

combustible, the most efficient combustion is that of organics, especially low-moisture organic materials 

like paper. The ash that is left after materials are combusted are sent to a landfill to be disposed of. WTE 

facilities may also separate metals from the remaining MSW before combustion and send them away to 

be recycled; combusting metals produces little energy, but they are fairly easily recycled. 

 MSW combustion is subject to strict regulations regarding air pollution. These requirements 

may be even more stringent than those applied to other forms of energy production. WTE facilities 

employ air pollution controls to reduce the emission of pollutants, and may even sort out wastes that 

contain harmful materials, such as televisions and personal computers, before combustion to reduce the 

emission of potentially hazardous pollutants. 
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3. Summary and Evaluation of Solid Waste Management and Greenhouse Gases: 

A Life-Cycle Assessment of Emissions and Sinks and WARM 

 

Description of WARM 

EPA’s Waste Reduction Model (WARM) is a tool that solid waste planners can use to estimate 

greenhouse emissions from MSW management. EPA has developed both an Excel spreadsheet and an 

online program. For this project, I worked with only the Excel spreadsheet version of WARM. 

The Excel spreadsheet includes a page with a User’s Guide, the Analysis Inputs sheet, where 

users enter relevant information, a Summary Report sheet with a summary of results, and an Analysis 

Results sheet that provides detailed results. On the “Analysis Inputs” sheet, users enter the following 

information: 

 Their municipality’s current generation, in tons, of several categories of materials of MSW 

 Choose whether they would like to assume manufacturing from the current mix of virgin and 

recycled inputs (for an estimate of average emissions) or assume manufacturing from 100% 

virgin inputs (for an upper bound estimate), 

 Whether landfill gas (LFG) emissions from their MSW are recovered(National Average recovery, 

full LFG recovery, or no recovery), 

 Whether recovered LFG is used for energy or flared, 

 The efficiency of energy recovery from LFG, if applicable, 

 Whether they would like to enter distances that MSW from their municipality is transported or 

use default distances, 

 Distances to each of the MSW disposal options, if they chose to enter distances, and 

 Whether they would like the results in units of metric tons of carbon equivalent (MTCE) or 

metric tons of carbon dioxide equivalent) (MTCO2E). 

 

In addition, users can choose to see results in units of energy consumption and equivalencies, such as 

“cars off the road”.  
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Collection GHG Emissions and Energy Costs 

 The EPA employs a life-cycle analysis (LCA) of each material considered in the report to 

determine the GHG emissions and energy expenditure associated with that material. However, the Life-

Cycle Methodology section of the report does not mention how the analysis accounts for emissions and 

energy costs from collecting the materials after they have been discarded. Collection (picking up waste 

from the curbside and transporting it to disposal facilities) consumes a non-trivial  amount of fuel; a 

thorough analysis must include the GHG emissions and fuel expenditure associated with collection. To 

determine how the EPA accounted for collection emissions and energy costs, I turned to the other 

sections in the report. 

 The Executive Summary of the report states, “WARM accounts for upstream energy and 

nonenergy emissions, transportation distances to disposal and recycling facilities, carbon sequestration, 

and utility offsets that result from landfill gas collection and combustion”. WARM allows users to input 

the average distance from the curb to a landfill, composting facility, WTE facility, or MRF; it assumes an 

average of 20 miles (an estimate given by Franklin Associates, Ltd. (FAL)) for all four if no values are 

entered. Using information from the FAL database, the analysis uses transportation distance and mode 

of transportation (truck, barge, rail, etc.) to estimate GHG emissions and energy expenditure (FAL, 

1998). 

The analysis assumes that transportation of any individual material in MSW requires the same 

amount of energy as transporting mixed MSW. In the case of combustion, the analysis accounts for 

transportation of ash from the WTE facility to a landfill. The transportation distances required for this 

calculation were estimated by FAL; the assumed value for average distance from a WTE facility to a 

landfill is not given. As each user cannot input this value for his particular municipality, this inflexibility 

affects the accuracy of WARM.  

In calculating energy expenditure associated with composting, accurately accounting for 

collection is especially important because it is only one of two sources of nonbiogenic GHG emissions. 

The other is mechanical turning of the compost piles. Because composted material is biogenic, emissions 

from composting are considered to part of the carbon cycle, and therefore are not counted as 

anthropogenic emissions.  
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Life-Cycle Methodology 

To determine potential sources of GHG emissions and carbon sinks associated with MSW 

materials, EPA employs a life-cycle analysis (LCA) for each of the materials in the study. An LCA considers 

all material inputs, energy consumption, and emissions associated with the “life” of a material, that is, 

its  manufacture, use by consumers, and eventual disposal, including any transportation of the material. 

Much of the information in this chapter is repeated and expanded upon in subsequent chapters, but the 

chapter does contain a lot of information that helped me understand the study in general, such as the 

EPA definition of biogenic sources  or a comparison of carbon sequestration, carbon storage, and carbon 

stocks.  

Because the EPA study focused on GHG emissions and solid waste management, and did not 

require extensive information about manufacturing and non-gaseous emissions, EPA conducted a 

“streamlined LCA”, which they restricted to “an inventory of emissions and other environmental impacts 

related to global warming”. EPA’s LCA includes energy consumption during raw materials extraction, 

manufacturing, and disposal of products. It does not include energy consumption associated with a 

consumer’s use of a material. Energy consumption from consumer use is essentially zero for all products 

except personal computers. In addition, consumer use of a product is the same regardless of how the 

product is manufactured or disposed of; such energy use is not necessary in a comparison of different 

waste management strategies. This streamlined analysis is enough to determine GHG emissions and 

carbon sinks associated with solid waste management. 

This chapter of the report also describes the greenhouse gases that are relevant to this study: 

carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and perfluorocarbons (PFCs). The potency of 

these gases in affecting global warming depends on their ability to trap heat. This heat-trapping 

potential is known as “global warming potential” (GWP). In accordance with international protocols, CO2 

is the standard for measuring GWP. One kg of CO2 has a GWP of 1. The GWP for all other gases is a 

factor of how much heat 1 kg of a gas can trap compared to 1 kg of CO2. For example, CH4 has a GWP of 

21, which means that 1 kg of CH4 can trap as much heat as 21 kg of CO2. 

The section that explains carbon storage, sequestration, and stocks is useful for understanding 

how EPA uses these terms in later chapters. Carbon storage is the management of biogenic wastes such 

as the carbon is stored, instead of allowing the material to decompose and release CO2. Carbon 

sequestration is the uptake of carbon in the form of CO2 from the atmosphere, thus storing the carbon 
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as biomass in plants, during the process of photosynthesis. A carbon stock is a form in which carbon is 

stored, such as an oil field containing petroleum. Biogenic materials in a landfill that do not decompose 

add to a carbon stock (and increase carbon storage). Plastic in a landfill does not represent a carbon 

stock, as plastics are made from petroleum, which is stored carbon. Thus landfilling  plastic does not 

increase net carbon storage. 

An inset in the chapter discusses CO2 emissions from biogenic sources. The carbon in biogenic 

materials, such as paper and food wastes, was absorbed from the atmosphere, and this carbon would 

naturally return to the atmosphere when these materials decomposed. As long as a material is 

harvested sustainably (such as trees for paper), the CO2 emissions from that material will be reabsorbed. 

For this reason, CO2 emissions from biogenic materials are not counted. 

 

Since this chapter of the EPA report largely describes EPA’s methodology or summarizes 

information found in other chapters, I felt that there was nothing for me to modify. Instead, I used the 

chapter as a reference for understanding EPA’s methodology as I evaluated the other chapters. 
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Raw Materials Acquisition and Manufacturing 

This chapter in the EPA report describes EPA’s methods for estimating GHG emissions associated 

with the acquiring raw materials for and manufacturing 24 materials, including the three types of 

“mixed paper” listed as inputs in WARM. Although many materials are now manufactured outside of the 

U.S., EPA limited the analysis to domestic manufacturing, transportation, consumption, and disposal. 

Many of these materials are made from a mix of virgin and recycled inputs, for which emissions are 

lower than manufacturing solely than from virgin inputs. EPA analyzed GHG emissions associated with 

raw materials acquisition and manufacturing from 100% virgin inputs and from 100% recycled inputs 

separately. All materials except mixed paper, corrugated cardboard, fly ash, carpet, and personal 

computers were assumed to be recycled in a closed loop. 

A significant portion of GHG emissions during manufacturing and raw materials acquisition 

comes from energy consumption, which EPA divides into “process energy”, or energy consumed from 

acquiring raw materials and manufacturing new materials, and “transportation energy”, the energy 

expended in transporting materials. The analysis of process energy is very extensive; EPA considers GHG 

emissions not only from operating machinery for manufacturing, but also from the activities needed to 

produce the fuels used in that machinery. Transportation energy includes the energy expended in 

transporting raw materials to the manufacturer and transporting products from the manufacturer to the 

point of retail or distribution. Average distances between these points were taken from the Commodity 

Flow Survey conducted by the U.S. Census Bureau and the Bureau of Transportation. Since in any given 

place, distances that materials travel can deviate greatly from the national average, EPA’s estimate is 

not necessarily accurate for any particular municipality; however, considering the scope of this report, 

using a national average as a estimate is appropriate. 

To determine GHG emissions from energy consumption, EPA used data for the amount of each 

type of fuel consumed per ton of each material and carbon coefficients for each material. The carbon 

coefficients, which are factors for converting from the energy value of a combusted fuel to the mass of 

CO2 gas emitted, were added to the average amount of CH4 emissions and the average CO2 emissions 

from oil production. This accounts for all energy-related GHG emissions during manufacturing and raw 

materials acquisition. 

EPA also analyzed non-energy emissions for raw materials acquisition and manufacturing. These 

non-energy emissions come from the conversion of limestone to lime, which releases CO2, during the 
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production of cement, steel, aluminum, and office paper; natural gas pipelines and natural gas 

processing, which releases CH4, during the manufacture of plastics; and aluminum smelting, which 

releases perfluorocarbons, or PFCs.  For most materials, non-energy emissions are very small or are 

essentially zero. Including these emissions ensures that the analysis is complete accurate, especially for 

the materials for which non-energy emissions are significant. 

The results of EPA’s analysis of raw materials acquisition and manufacturing are given in tables 

on pages 23-30 of their report (USEPA, 2006).  

 

I found that EPA’s analysis is thorough and does not omit anything that I could add to the report.  
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Source Reduction 

In this report, EPA defines “source reduction” as producing less of a material. For example, 

source reduction of paper would require that less paper is manufactured (i.e., fewer trees are cut down 

and processed into paper). Source reduction lowers GHG emissions from all parts of the manufacturing 

process, including extraction of raw materials, processing, and transportation.  

There is at least one other definition for “source reduction”: decreasing the quantities of solids 

wastes that enter the MSW system. By this definition, a material is source reduced when less is collected 

by municipal solid waste management. For example, MSW management may encourage the public to 

consume less paper or reuse paper, either in place of fresh paper or as a substitute for another material, 

so that less paper enters the MSW collection system. The second definition is more relevant to MSW 

management, as they may have little control over what is manufactured, but they can control what is 

collected.  

By EPA’s definition, source reduction of paper clearly means that less paper is manufactured, 

processed, etc. The implications of reduced collection (i.e., the second definition of source reduction) 

are less explicit. When MSW management encourages source reduction of paper, consumers may buy 

materials that use less paper or they may reuse paper in place of fresh paper. In these cases, less paper 

is manufactured and consumed, as in EPA’s definition of source reduction. However, consumers may 

also reuse paper in place of some other material, as packing material, for example, and buy just as much 

fresh paper as before. This is known as “materials substitution”. In the case of materials substitution, 

less paper is collected as MSW, but paper manufacturing is not reduced.  

WARM uses EPA’s definition of source reduction; WARM users enter the amount of each 

material to be source reduced, and WARM outputs GHG emissions information based on the 

assumption that that amount of each material was never manufactured at all. It is possible to 

incorporate the second definition into WARM. However, the complication is that a certain material that 

is source reduced may be used in place of a different material (e.g., consumers could reuse paper as a  

substitute for Styrofoam packing material). To include materials substitution, I would have to research 

how consumers reuse materials and in what proportions. 

EPA includes a description of how MSW managers could estimate results from very specific 

materials substitution scenarios. If both the material that is to be replaced and the replacement 

materials are included in the EPA analysis, and a mass substitution rate (tons of substitute material used 
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per ton of original material source reduced) is known or estimated, the user can enter the generation of 

the original material as the baseline scenario and the replacement material as the alternative scenario 

(i.e., source reduction of the original material) and obtain a comparison of GHG emissions from the two 

scenarios. This method accounts for a user-specified means of materials substitution; it does not 

account for all of the potentially infinite ways source reduction may occur by materials substitution. 

 Given how complex materials substitution can be, I was unable to devise a way to include it in 

WARM. However, users have at least one option for estimating the GHG emissions avoided by not 

collecting and managing a certain amount of a material. By entering the quantity of a material that a 

user wishes to source reduce as “Tons Generated” and entering “0” for all management options (“Tons 

Recycled”, “Tons Combusted”, etc.) and for transportation distances, then subtracting the result from 

the baseline scenario emissions, a user could at least determine the GHG emissions avoided from 

transporting and managing the material.   
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Recycling 

In their analysis of recycling, EPA assumed that all materials that enter the waste stream are 

made from the current mix of virgin and recycled materials.  

EPA divided recycling into two categories: closed loop, in which each recovered material is 

recycled into more of that material, and open loop, in which recovered products are recycled into 

different products. EPA modeled most materials as being recycled in a closed loop. Several types of 

mixed paper, fly ash, carpet, concrete, copper wire, and personal computers are recycled in an open 

loop. In reality, a portion of almost all products are recycled in an open loop (i.e., into different 

products). However, determining which new materials each recovered material is recycled into, and in 

what proportions, would have required very extensive research. For the sake of developing a reasonable 

estimate, EPA modeled most materials as closed-loop.  

With almost any material, some of the material is unsuitable for recycling. It may be 

contaminated with other materials, such as broken glass, or processing the material for recycling may 

degrade some of the material. For this reason, one ton of a material recovered for recycling usually 

produces less than one ton of new material. EPA used loss rates for materials, which were provided by 

Franklin Associates Ltd. (FAL) and their own Office of Research and Development (ORD), to quantify how 

much new material is produced from recovered materials. EPA admits that the loss rates are estimates; 

different materials recovery facilities (MRFs) and manufacturers may process recycled materials more or 

less efficiently, resulting into different loss rates, than the EPA estimates. 

To determine GHG emissions reductions from recycling, EPA calculated the difference in GHG 

emissions between recycling using 100% virgin materials and recycling from 100% recycled materials. 

This provides GHG emissions reductions in MTCE per ton of material recovered for recycling. This unit is 

useful to managers of solid waste, as they handle materials before they are recycled (recovered 

materials). Since some readers may be more interested in materials that have been already been 

processed and recycled, EPA also used loss rates to determine GHG emissions per ton of new, recycled 

material, given in Exhibit 3-8 in their report. 

A possible, although minor, inaccuracy in EPA’s analysis is that EPA only considers the reduction 

in GHG emissions from one generation of recycling. One generation of recycling is recovering a waste 

material and recycling it into a new, or secondary, product. The next generation is recovering that 

secondary product and recycling it into another new product. The baseline for the EPA analysis is the 
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current mix of virgin and recycled inputs in manufacturing, and increased recycling means that products 

are made from more recycled inputs than in the “current mix”. For example, if MSW management in a 

municipality decides to increase recycling of paper, and paper is manufactured in that region, then 

paper that is produced in that region is composed of more recycled inputs than the current mix. 

Considering only one generation of recycling may provide an accurate estimate for the baseline waste 

stream in WARM, but it does not account for reductions on GHG emissions from increased recycling. It is 

understandable that EPA chose to neglect the secondary generation of recycling and beyond, since 

including those generations requires data regarding exactly what secondary products each material is 

recycled into, and what new products those secondary materials are recycled into, etc. Nevertheless, it 

is worth noting that EPA underestimates the GHG emissions reductions if a WARM user increases 

recycling in the alternative scenario.  

  EPA found that manufacturing from recycled inputs generally has lower GHG emissions than 

does recycling from virgin inputs, largely because recycling avoids the energy consumption associated 

with raw materials acquisition. In addition, EPA compared GHG emissions from recycling a material to 

disposing of it using another solid waste management option, such as combustion or landfilling. They 

found that recycling has lower GHG emissions than any other form of waste management other than 

source reduction. 

 

 After reviewing EPA’s analysis of recycling, I did not find any improvements I could make.  
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Composting 

 EPA’s analysis considers composting of organic materials only in centralized (i.e., municipal) 

composting. EPA lists the following as possible sources of GHG emissions and carbon sinks from 

composting:  

(1) CH4 emissions from anaerobic decomposition, 

(2) Carbon storage in the form of undecomposed carbon compounds, 

(3) Nonbiogenic CO2 emissions from collection and transportation of the organic materials to the 

composting site, and from mechanical turning of the composting piles, and 

(4) Biogenic CO2 emissions from decomposition during composting and after the compost is added 

to soil. 

 

Because biogenic emissions are considered part of the natural carbon cycle, EPA does not count 

them towards GHG emissions in this analysis. Also, the research EPA referred to shows that CH4 

emissions are negligible in properly managed compost. This leaves undecomposed carbon compounds 

as a carbon sink and emissions from collection and transportation of materials  as a source of GHG 

emissions.  

To estimate carbon storage, EPA used the Fortran model CENTURY, which “tracks the movement 

of carbon through soil pools” by simulating the long-term dynamics of a plant-soil ecosystem. CENTURY 

uses several input files that specify the conditions to model, including crop, harvest, and fertilization, 

and the timing of each of these events. Using CENTURY, EPA determined that carbon storage results in a 

reduction of 0.07 MTCE of GHG emissions.  

By subtracting the GHG emissions from carbon storage to emissions because of collection, 

transportation, and mechanical turning of the compost piles, EPA determined that the net carbon flux 

associated with composting is a reduction of 0.05 MTCE/ton composted. 

 

 In their analysis, the EPA assumed that only food scraps, yard trimmings, grass, leaves, branches, 

and “mixed organics” are composted. WARM also allows inputs only for these materials under 
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composting. Although it is also possible to compost paper and cardboard products, they are slower to 

decompose than the materials EPA considered when modeling carbon storage using CENTURY. 

  

There were no improvements I could make to the EPA analysis of composting. 
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Combustion (Waste-to-Energy) 

Combusting materials in solid waste emits carbon dioxide (CO2) and nitrous oxide (N2O). If the 

energy from combustion is recovered, as in a waste-to-energy (WTE) facility, combustion also avoids 

GHG emissions from other means of producing energy, namely combusting fossil fuels. Some WTE 

facilities also recover metals for recycling, which results in further GHG emission reductions, since 

manufacturing from recycled materials has lower GHG emissions than does manufacturing from virgin 

inputs. 

EPA considers two types of WTE facilities: mass burn facilities, which generate electricity or 

steam from combusting MSW, and refuse-derived fuel facilities (RDF), in which the MSW that is 

combusted has already been processed in some way. This processed MSW “yields a more uniform fuel 

that has a higher heating value” than that of mass burn facilities. Because of the higher heating value of 

its waste, RDF facilities have a higher system efficiency than do mass burn facilities, which is why they 

are analyzed separately in the EPA study. 

EPA calculated net emissions from each material as the sum of nonbiogenic emissions of CO2 

and N2O, including emissions from transporting waste to the WTE and ash from the WTE to the landfill, 

and utility emissions avoided from electricity generation and recycling steel. To simplify calculations, 

EPA assumed that all carbon in textiles is nonbiogenic. This overestimates GHG emissions only slightly 

and yields a conservative result. They also estimated the carbon content of each category of plastic (84% 

carbon in HDPE and LDPE, 57% carbon in PET). Using these estimates, EPA then calculated that each lb 

of mixed MSW has 0.11 lb of nonbiogenic carbon (from plastic, textiles, rubber, and leather). They also 

assumed that 98% of this carbon would be converted to CO2 and the remaining 2% becomes ash. An 

alternative method would be to estimate the conversion of carbon to CO2 from stoichiometry and the 

resulting ash using ultimate analysis data for each material individually.  

N2O emissions come from the conversion of nitrogen in waste materials and the reaction of 

atmospheric N2. EPA referred to an Intergovernmental Panel on Climate Change (IPCC) study to estimate 

that 0.01 MTCE of N2O is emitted per ton of mixed MSW combusted. Although the mass fractions of 

nitrogen in individual waste materials and in the air are known, the stoichiometry of the conversion of 

nitrogen to N2O is too complicated to calculate emissions based on waste materials. Thus, an 

improvement on EPA’s analysis of N2O emissions is beyond the scope of this report. 
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In estimating avoided utility emissions, EPA assumed that all combustion of MSW is used to 

generate electricity. EPA then used the following to estimate kWh delivered per ton of waste: 

 the energy content of mixed MSW, which they estimated as 5000 BTU per lb., a value 

commonly used in the WTE industry, 

  the energy content of individual materials in MSW, 

  the estimated combustion system efficiencies for mass burn (550 kWh per ton of mixed 

MSW combusted, taken from the Integrated Waste Services Association) and RDF 

facilities (572 kWh per ton of mixed MSW combusted, taken from the Newport 

Processing Facility), and 

 an estimated 5% loss rate for transmission and distribution of electricity. 

Using the average fossil fuel mix, EPA estimated 0.081 MTCE per million BTU of electricity 

delivered. These are the utility emissions avoided by producing energy from MSW combustion. I also 

used this value in my analysis to convert from energy generation to avoided MTCE. 

EPA also includes GHG emissions reductions from recovering steel at WTE facilities and recycling 

it. Because there was little data available regarding recovery of other metals, EPA considered only steel. 

Steel recycling results in avoided CO2 emissions for the materials Steel Cans, Mixed MSW, Personal 

Computers, and Tires. The values are given in Exhibit 5-5 in the EPA report. 

 

In summary, EPA’s analysis of combustion can be improved by calculating GHG emissions and 

energy contents based on the chemical properties of the waste materials. These modifications are 

described in Chapter 4.  
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Landfilling 

Most of EPA’s analysis of landfilling is based on experiments by Barlaz et al. (1990). These 

experiments measured the biodegradation of certain types of waste wood, paper, food waste, and yard 

trimmings.  

EPA assumes that food discards, yard trimmings, paper, and wood are partially decomposed 

(mostly by anaerobic digestion) in landfills, producing CH4 and CO2. It is assumed that other materials 

are not decomposed. Emissions of CO2 are biogenic, and therefore are not counted towards net GHG 

emissions. On the other hand, CH4 is counted because biogenic materials that decompose in nature 

generally undergo aerobic digestion, which does not emit CH4. The carbon in any undigested organic 

materials in a landfill is counted as carbon storage. However, carbon in landfilled plastic is not 

considered an increase in carbon storage. The carbon in plastics is of fossil origin, which is stored 

carbon; burying that carbon again does not increase net stored carbon. 

 EPA estimates that after a waste material is landfilled, it decomposes aerobically for about one 

week. This accounts for less than 1% of carbon output from the landfill. Then the available oxygen is 

consumed and anaerobic digestion begins. The gas produced by anaerobic digestion is about 50% CH4 

and 50% CO2, but the gas that is collected generally has a higher concentration of CH4 than CO2, because 

some of the carbon dioxide becomes dissolved in leachate and exits the landfill through that pathway. 

After studying the literature, EPA estimated that about 10% of the CH4 emitted is oxidized to CO2 upon 

contact with the atmosphere. 

 Using results from the experiments by Barlaz et al., EPA determined emissions factors for CH4 

and carbon storage from undigested organic materials. The calculations begin with the amount of 

carbon in each material, as measured by Barlaz et al. Assuming that digestion is only anaerobic, about 

half of the gaseous emissions are CO2 and half are CH4. The remainder of the initial carbon is assumed to 

be stored carbon. 

 Methane that is emitted from landfills can either be collected (known as landfill gas, or LFG, 

recovery) or released to the atmosphere. If collected, the methane usually is either flared or used to 

generate energy. Flared CH4 is converted to CO2 , which does not count towards emissions because it is 

assumed to be entirely biogenic. For the sake of the study, EPA estimated 75% efficiency in collecting 

landfill gases (LFGs), although in WARM, users can enter their landfills’ LFG recovery efficiency. If the 

methane is used to generate electricity, emissions from combusting fossil fuels to produce electricity 
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(utility emissions) are avoided. EPA estimates that 0.15 MTCE of utility emissions are avoided for every 

MTCE of methane that is combusted after recovery from a landfill. To account for system down-time in 

energy generation, EPA assumed that 15% of methane sent to gas-to-energy facilities is flared while 

systems are not running. 

 Relying on a single set of experiments for an analysis leaves considerable room for error. EPA 

was also forced to choose somewhat arbitrary system efficiencies for recovery and energy production. 

EPA conducted a sensitivity analysis to determine how much net MTCE emissions from landfilling are 

affected by their assumptions. Methane oxidation rates between 5% and 40% and LFG recovery rates 

between 60% and 95% have been reported. In their sensitivity analysis, EPA varied CH4 oxidation rate 

(which they estimated as 10% for the study) and LFG collection efficiency (which is 75% in the study). 

They found that cardboard, office paper, textbooks, food wastes, and mixed paper—materials with high 

potential for producing CH4—are most affected. In addition, some materials have net carbon storage at 

the lower bound for emissions (40% oxidation, 95% collection efficiency) and net emissions at the upper 

bound (5% oxidation, 60% collection efficiency). This shows emissions from landfilling are highly 

dependent on CH4 oxidation rates and system efficiencies, which can vary greatly from site to site. More 

research may be needed before emissions from landfilling MSW can be accurately assessed. 

 

 An alternative method of measuring CH4 emissions from waste materials is to use the carbon 

content of each material and the stoichiometry of anaerobic digestion. This method is described in 

Chapter 4.  
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4. Modifications to WARM 

The most significant changes made to WARM were replacement of some of EPA’s analyses of 

GHG emissions and carbon storage with analyses and calculations based on chemical and physical 

properties of waste materials. EPA generally used values commonly seen in waste management 

facilities, for example, 0.11 lb of nonbiomass carbon per lb of mixed MSW combusted at a typical WTE 

facility. Using these average or typical values may provide a good estimate, but GHG emissions and 

carbon storage for a particular municipality’s waste can be calculated based on the unique composition 

of that municipality’s waste, instead of using an average value for mixed MSW. 

Before modifying WARM, I had to unhide 17 worksheets and one or more columns in almost 

every worksheet to see where all of the values in the spreadsheet were stored. After I had added my 

worksheets and made changes to the original worksheets, I hid all of the worksheets that weren’t visible 

in the original version of WARM. Because of time constraints, I wasn’t able to adjust the worksheets in 

WARM that show GHG emissions over several years (the “Phased” worksheets). I omitted these 

worksheets from my version of WARM. I also deleted the original “Emissions Factors” worksheet in 

WARM, since the worksheets I added essentially replaced this worksheet. 

In addition, I changed the formatting of the Analysis Inputs sheet to match that of the 2010 

release of WARM because the new layout is a little more user-friendly. 

Except for the new Analysis Inputs worksheet, all of my changes to WARM are in worksheets 

that I’ve hidden. Only worksheets that are visible in the original version of WARM are visible in my 

version, which I’ve called ModWARM. Users of ModWARM  can use it just as they would the original. 
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Recategorizing Material Inputs in WARM 

The categories of materials listed in WARM’s Analysis Inputs are slightly different from the 

categories I used in my analyses. The EPA Office of Solid Waste divide waste materials into the following 

categories of materials, as shown in Figure 2 (a): Food Waste, Paper, Cardboard, Plastics, Textiles, 

Rubber, Leather, Yard Waste,  Wood, Glass, Steel Packaging, Other Iron materials, Aluminum Packaging, 

Other Aluminum, Other Metal, and Miscellaneous (Office of Solid Waste, 2006). WARM has more 

specific categories, such as HDPE, LDPE, and PET (different types of plastics), and magazines and 

newspapers (essentially types of paper). WARM also includes several categories of mixed waste: Mixed 

Paper (general), Mixed Paper (primarily residential), Mixed Paper (primarily from offices), Mixed Metals, 

Mixed Plastics, Mixed Recyclables, Mixed Organics, and Mixed MSW. Categories in WARM are shown in 

Figure 2 (b). 

Figure 2. (a) Material categories in modifications to WARM (Office of Solid Waste, 2006) (left), and 
(b) Material categories in Analysis Inputs in WARM (right) 

  
  SOURCE: (a) Office of Solid Waste, 2006 
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Table 1. Reclassification of Waste Materials in WARM 

Material categories in WARM Category it was included under in my analysis 

Aluminum Cans Aluminum 
Steel Cans Steel 
Copper Wire Other metals 
Glass Glass 
HDPE Plastics 
LDPE Plastics 
PET Plastics 
Corrugated Containers Cardboard 
Magazines/Third-class Mail Paper and Paperboard 
Newspaper Paper and Paperboard 
Office Paper Paper and Paperboard 
Phonebooks Paper and Paperboard 
Textbooks Paper and Paperboard 
Dimensional Lumber Wood 
Medium-density Fiberboard Wood 
Food Scraps Food Waste 
Yard Trimmings Yard Waste 
Grass Yard Waste 
Leaves Yard Waste 
Branches Yard Waste 
Mixed Paper (general) Paper and Paperboard 
Mixed Paper (primarily residential) Paper and Paperboard 
Mixed Paper (primarily from offices) Paper and Paperboard 
Mixed Metals Other metals 
Mixed Plastics Plastics 

Mixed Recyclables Plastics, paper and paperboard, cardboard, textiles, rubber, wood, 
glass, steel packaging, aluminum, other metals 

Mixed Organics Food waste, paper and paperboard, cardboard, yard waste, wood 

Mixed MSW All categories 
Carpet Textiles 
Personal Computers Miscellaneous 
Clay Bricks Miscellaneous 
Concrete Miscellaneous 
Fly Ash Ash 
Tires Rubber 
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To complete my analyses, I reclassified some of the materials in WARM. Each of EPA’s categories 

was assigned to a category in my analysis, as shown in Table 1. For example, in my analysis, paper has a 

moisture content of 6% and a carbon (C) content of 43.4%. When I determined GHG emissions from 

magazines/third-class mail, newspaper, office paper, phonebooks, textbooks, or any of the categories of 

mixed paper, I assumed that their moisture content is 6% and carbon content is 43.4%. 

To divide the categories of mixed materials into their constituents, I assumed that mixed MSW 

consists of individual materials in the same proportion as the national average.  I referred to data from 

the EPA Office of Solid Waste to determine the national average composition of MSW (USEPA, 2009). 

Their publication list all categories of MSW shown in Figure 1 (a) and the fraction of total MSW each of 

those materials comprised. For example, Food Wastes made up 12.7% of total MSW, Paper and 

Paperboard was 19.1% of total MSW, etc. WARM includes categories of “mixed” wastes, the 

compositions of which are shown in Table 2, Table 3, and Table 4. In my analyses, I took a weighted 

average of the properties each of the materials in each “mixed” category. For example, the carbon 

content of Mixed Organics is shown in Equation ( 1 ): 

CMixed Organics = 0.200*(CFood Wastes) + 0.301*(CPaper) + 0.187*(CCardboard) + 0.208*(CYard Wastes) + 0.104*(CWood) 

( 1 ) 

where CMixed Organics is the carbon content of Mixed Organics, CFood Wastes is the carbon content of Food 

Wastes, CPaper is the carbon content of Paper and Paperboard, Ccardboard is the carbon content of 

Cardboard, and CWood is the carbon content of Wood. 

Table 2. The composition of Mixed Organics 

Category 

Percent of 
Total 

Organics 
Food Wastes 20.0 
Paper and Paperboard 30.1 
Cardboard 18.7 
Yard Wastes 20.8 
Wood 10.4 

Total 100 
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Table 3. The composition of Mixed Recyclables 

Category 
Percent of Total 

Recyclables 
Paper and Paperboard 27.1 
Cardboard 16.9 
Plastics 17.0 
Textiles 7.1 
Rubber 3.8 
Wood 9.3 
Glass 6.9 
Steel 8.9 
Aluminum 2.0 
Other Metals 1.0 

Total 100 
 

Table 4. The composition of Mixed MSW 

Category Percent of Total MSW Generated 
Food Wastes 12.70 
Paper and Paperboard 19.10 
Cardboard 11.90 
Plastics 12.00 
Textiles 5.00 
Rubber 2.70 
Leather 0.30 
Yard Wastes 13.20 
Wood 6.60 
Glass 4.90 
Steel 6.30 
Aluminum 1.40 
Other Metals 0.70 
Miscellaneous 3.30 

Total 100 
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Combustion (Waste-to-Energy) 

The original version of WARM uses empirical values for an average mix of waste to determine 

GHG emissions and energy output for MSW combustion. EPA estimates 0.10 MTCE per ton of mixed 

MSW combusted, energy content of 5,000 BTU per lb of mixed MSW, and 550 kWH of energy produced 

per ton of mixed MSW combusted, regardless of the composition of the waste. An alternative method is 

to calculate emissions and energy production based on the particular composition of the MSW entered 

by a user. I modified WARM so that CO2 emissions and energy generation are calculated based on the 

chemical contents of the MSW entered by a user.  

As described in an earlier section, emissions from biogenic materials are not counted. EPA 

considered only paper, yard trimmings, and food wastes biogenic materials. However, carbon in wood is 

also biogenic, and I treated it as such. One can assume that in the United States, forests are harvested 

sustainably (i.e., the number of trees that are grown is approximately equal to the number of trees that 

are cut down); emissions from burning wood are reabsorbed by other trees, thus resulting in no net 

carbon emissions.  

The CO2 emissions from combustion of a material is determined using the mass fraction of 

elemental carbon in the material, shown in Table 5, and the stoichiometric equation for conversion of 

elemental carbon into carbon dioxide, C + O2  CO2.  

Utility emissions avoided by producing energy from the combustion are calculated using the 

higher and lower heating values (HHV and LHV, respectively) for the waste material. The HHV is the 

energy released if the water vapor that results from combustion is condensed after combustion, 

releasing additional energy; LHV is the energy released if water remains as a vapor. The HHV is given in 

Equation ( 2 ), which was developed by Wilson (1972): 

HHV = 32206fC +  107715fH −  11239fO +  2419fN +  9262fS 

( 2 ) 

where HHV is the higher heating value in kJ/kg of wet mass and fC, fH, fO, and fN are the mass fractions of 
carbon, hydrogen, oxygen, and nitrogen from Table 5.  
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The LHV is calculated as in Equation ( 3 ): 

LHV = (1 − θm)(HHV − 9 ∗ 2440fH)−  2440θm 

( 3 ) 

where LHV is the lower heating value and θm is the moisture content of the material. In Equation ( 3 ), 
multiplying the moisture content by 2440, which is the heat of vaporization of water at 25 °C, accounts 
for the heat lost to vaporizing water.  

 

Table 5. Moisture Content and Elemental Composition of Waste Materials 

 
 C H O N S Ash 

Material % Moisture ----------------------------------- % of dry mass ----------------------------------- 
Food Waste 70 41.7 5.8 27.6 2.8 0.3 21.9 
Paper 6 43.4 5.8 44.3 0.3 0.2 6 
Cardboard 5 43.7 5.7 44.9 0.1 0.2 5.3 
Plastics 2 60 7.2 22.6 0 0 10.2 
Textiles 10 46.2 6.4 41.8 2.2 0.2 3.2 
Rubber 2 77.7 10.4 0 0 2 10 
Leather 10 60 8 11.5 10 0.4 10.1 
Yard Waste 60 49.2 6.5 36.1 2.9 0.4 5 
Wood 20 48.3 6 42.4 0.3 0.1 2.9 
Glass 2 0.5 0.1 0.4 0 0 99 
Steel 3 4.5 0.6 4.3 0.1 0 90.5 
Al 2 4.5 0.6 4.3 0.1 0 90.5 
Other Metal 3 4.5 0.6 4.3 0.1 0 90.5 
Misc 8 13 2 12 3 0 70 

SOURCES: Moisture content: Tchobanoglous et al., 1993; elemental composition: Niessen, 1977 

 

The EPA report does not specify  whether their estimate of 550 kWh per ton of mixed MSW 

combusted is based on the lower or higher heating value. EPA does state throughout the report that 

emissions were overstated (i.e., they gave conservative estimates) wherever there was doubt. Keeping 

with that practice, I used the LHV from combustion to estimate energy production. 

The energy released from the material, given by the LHV, is used to produce steam, which 

generates electrical power through a turbine and a generator. To calculate energy production from the 

LHV, I used efficiencies of 80%, 30%, and 90% for the boiler, turbine, and generator, respectively, a 

service allowance (loss) of 6%, and unaccounted-for losses of 5% (Tchobanoglous et al., 1993). LHV is in 
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units of kJ/kg, whereas WARM users enter masses of wastes in tons (where 1 ton = 2000 lbs). The 

conversion from kJ/kg to BTU/ton is 1 kJ/kg = 859.8 BTU/ton  Power generation per ton of waste 

combusted is calculated as shown in Equation ( 4 ): 

P = 859.9*mw*LHV*[0.8*0.3*0.9*(1-0.06)*(1-0.05)] = 165.9*mw 

( 4 ) 

where P is the power generated in units of BTU/ton, mw is the mass of the waste material in tons, and 

LHV is the lower heating value of the waste material.  

EPA estimates 0.081 MTCE from fossil fuel combustion avoided per million BTU delivered from 

waste combustion. I multiplied the energy output I calculated by this value to determine MTCE avoided 

from fossil fuel combustion per ton of each waste material combusted. The resulting energy production 

and avoided utility emissions are listed in Table 6. 
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Table 6. Energy production and Avoided Utility Emissions from Waste Combustion 

 
Energy 

(BTU/ton) 
MTCE avoided 

Material per ton 
Aluminum Cans 243093 0.020 
Steel Cans 240612 0.019 
Copper Wire 240612 0.019 
Glass 33691 0.003 
HDPE 3694348 0.299 
LDPE 3694348 0.299 
PET 3694348 0.299 
Corrugated Cardboard 2216612 0.180 
Magazines/third-class mail 2205318 0.179 
Newspaper 2205318 0.179 
Office Paper 2205318 0.179 
Phonebooks 2205318 0.179 
Textbooks 2205318 0.179 
Dimensional Lumber 2122392 0.172 
Medium Density Fiberboard 2122392 0.172 
Food Scraps 768307 0.062 
Yard Trimmings 1161183 0.094 
Grass 1161183 0.094 
Leaves 1161183 0.094 
Branches 1161183 0.094 
MP, Broad 2205318 0.179 
MP, Residential 2205318 0.179 
MP, Office 2205318 0.179 
Mixed Metals 240612 0.019 
Mixed Plastics 3694348 0.299 
Mixed Recyclables 2209676 0.179 
Mixed Organics 1741264 0.141 
Mixed MSW 1892864 0.153 
Carpet 2370711 0.192 
Personal Computers 715844 0.058 
Clay Bricks 715844 0.058 
Concrete 715844 0.058 
Fly Ash 0 0 
Tires 715844 0.058 
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Landfilling 

 EPA’s estimates of CH4 emissions and carbon storage from landfilling MSW are based on the 

experiments by Barlaz et al. (1990). I estimated net GHG emissions using the chemical and physical 

properties of each material and the stoichiometric equation for anaerobic digestion.  

Only a few materials in landfills are decomposed rapidly enough to have noticeable emissions 

immediately following the closing of a landfill: food waste, paper, cardboard, and 40% of yard wastes. All 

CO2 emissions from these labile materials are biogenic, and thus are not counted towards GHG 

emissions. Recalcitrant materials—rubber, textiles, leather, wood, and 60% of yard wastes—decompose 

much more slowly. The remaining materials in MSW are not biodegradable.  

 In ModWARM, all GHG emissions from landfills are assumed to come in the form of CH4 

from the anaerobic decomposition of labile materials, which is described in Equation ( 5 ).  

CaHbOcNd +  
4a− b − 2c + 3d

4
 H2O →  

4a + b − 2c − 3d
8

 CH4 +  
4a − b − 2c + 3d

8
 CO2 +  dNH3 

( 5 ) 

In Equation ( 5 ), CaHbOcNd is the composite chemical formula of the material, where a, b, c, and 

d are the relative fractions of carbon, hydrogen, oxygen, and nitrogen present in the dry mass of the 

material. These fractions are given above, in Table 5. 

 The megagrams (Mg) of CH4 emitted per ton of material decomposed are calculated from the 

moisture contents and elemental fractions from Table 5 and Equation ( 5 ). Megagrams of CH4 is 

converted to metric tons of carbon equivalent (MTCE) by multiplying by 21, the ratio of the global 

warming potential (GWP) of CH4 to the GWP of CO2, and 12/44, the ratio of the molecular weight of 

elemental carbon to that of CO2. 

 This method calculates MTCE of CH4 that results from a landfill with no landfill gas (LFG) 

recovery. For landfills with LFG recovery, emissions are adjusted using the collection efficiency input by 

the user. For example, if a user inputs that LFG recovery is 75%, then CH4 emissions are 25% of the CH4 

produced in the landfill. For landfills with energy generation from recovered LFGs, 0.153 MTCE is 

subtracted from the CH4 emissions (USEPA, 2006). EPA determined that 0.153 MTCE of utility emissions 

are avoided for every MTCE of CH4 combusted for energy production, and I chose to use their value 

because their methods for arriving at that number seemed reasonable.  
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 Carbon storage in landfills is simply the carbon content of recalcitrant materials. The carbon 

storage per ton of a material is calculated using the moisture contents and carbon fractions from Table 5 

the ratio of GWP of CH4 to GWP of CO2, 21; and the ratio of the molecular weights of elemental carbon 

and CO2, 12/44. 

For recalcitrant materials, which are textiles, rubber, leather, 60% of yard wastes, and wood, 

carbon storage in MTCE was subtracted from the total MTCE of GHG emissions.  

For each landfilled material, the emission factor in the WARM worksheet “Summary Data” is 

now given by Equation ( 6 ): 

GHG =  mCH4  – SC  +  TE 

( 6 ) 

where GHG is the total GHG emissions, mCH4is CH4 emitted, Sc is carbon storage, and TE is emissions 

from transportation, all in units of in MTCE.  

 Transportation emissions were calculated by EPA. I retained those values in my version of 

WARM. 
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5. Examples 

The purpose of this chapter is to illustrate the results of using ModWARM to calculate GHG 

emissions. Example A shows how to use ModWARM to estimate the change in emissions for materials 

substitution, in this case, substituting plastic crates for cardboard boxes.  Examples B and C compare 

GHG emissions as calculated by ModWarm with those from the original version of WARM developed by 

EPA.  

For Examples B and C, the baseline generation is 50,000 tons. At an average annual per capita 

generation of about 1660 lb/yr (Office of Solid Waste, 2006), a city of about 60,000 people would 

produce 50,000 tons of MSW. The mass of each material generated is based on the fraction of total 

generation each material comprises in the United States average MSW generation (in Example B) or in 

the Washington or Georgia statewide averages (in Example C) (ORCR, 2009; Cascadia, 2010; R.W. Beck 

2005). In other words, GHG emissions are calculated for 50,000 tons of garbage as if it were generated 

in an average American city or a city in either Washington or Georgia. While the tonnage of each 

material that was recycled, landfilled, combusted, or composted was not explicitly given, the ORCR data 

included estimates for the percent of total waste that was managed using each disposal option: 24.3% 

recycled, 54.2% landfilled, 12.8% combusted, and 8.9% composted. 

 Washington and Georgia were chosen because detailed data about the average composition of 

waste in these two states is readily available and because the two states are in different geographic 

regions. However, statewise data regarding the fraction of waste that was handled using each waste 

management option was not available. To estimate the amount of waste managed using each option, 

the national average data (ORCR, 2009) was used for both Washington and Georgia.  
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Example A. Estimating Emissions from  Materials Substitution 

This example illustrates a way to use WARM to estimate the change in GHG emissions from 

substituting plastic crates for cardboard boxes. Suppose a municipality’s solid waste managers are 

considering encouraging delivery services in the area to switch from using cardboard boxes to plastic 

crates because plastic crates are more durable and can be reused more times than cardboard boxes can. 

The change in GHG emissions can be estimated using the emissions from each material, the mass 

substitution rate, and the number of times each product is reused.  

For an average American town of about 60,000 people, using national data, about 6,000 tons of 

corrugated cardboard enters the waste stream each year (ORCR, 2009). If it is estimated that 10% of 

cardboard is replaced by plastics crates, then 600 tons of cardboard do not enter the waste stream. 

Calculations using ModWARM show that 600 tons of cardboard result in 376 MTCE of carbon storage.  

For the sake of calculation, if it is estimated that the mass substitution rate is 1.1 lb of plastic per 

lb of cardboard replaced, and that a plastic crate can be used five times as many times as a cardboard 

box can, then replacing 600 tons/yr of cardboard requires 132 tons/yr of plastic. Disposing of 132 tons of 

plastic results in 5 MTCE of emissions.  

The change in GHG emissions from switching from cardboard boxes to plastic crates is 381 

MTCE. These estimates show that the switch from cardboard boxes results in a positive change in GHG 

emissions. 

The USEPA website includes publications with more information on estimating changes in 

emissions from materials substitution (USEPA, 2010). 
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Example B. Emissions from 2008 National Waste Generation 

 This example shows emissions from the disposal of 50,000 tons of MSW in the United States, 

using national average data (ORCR, 2009). The purpose of this example is to compare my results 

(ModWARM) with EPA’s results (WARM). Inputs for WARM and ModWARM, which have very similar 

Analysis Inputs sheets, are shown in Figure 3. The results from WARM and ModWARM are compared in 

Table 7 and Table 8. Because I made no changes to the EPA analyses forsource reduction, composting, 

and recycling, Table 8 shows only results from landfilling and combustion. 

Figure 3. Analysis Inputs in ModWARM and WARM, based on 2008 National Waste Composition 

 

SOURCE: adapted from ORCR, 2009 

Material
Tons 

Generated  Tons Recycled  Tons Landfilled  Tons Combusted  Tons Composted 

Aluminum Cans 700               148               448                104                  NA
Steel Cans 3,150            1,062            1,695             394                  NA
Copper Wire -                -                -                 -                   NA
Glass 2,450            566               1,529             355                  NA
HDPE 1,072            209               700                163                  NA
LDPE 1,178            66                 902                210                  NA
PET 749               146               489                114                  NA
Corrugated Containers 5,950            4,558            1,130             263                  NA
Magazines/Standard Mail 1,500            608               724                168                  NA
Newspaper 1,750            1,537            173                40                    NA
Office Paper 1,200            851               283                66                    NA
Phonebooks 150               32                 96                  22                    NA
Textbooks 250               75                 142                33                    NA
Dimensional Lumber 3,300            317               2,421             563                  NA
Medium-density Fiberboard -                -                -                 -                   NA
Food Scraps 6,350             NA 5,023             1,168               159                     
Yard Trimmings 6,600             NA 1,890             439                  4,270                   
Grass -                 NA -                 -                   -                      
Leaves -                 NA -                 -                   -                      
Branches -                 NA -                 -                   -                      
Mixed Paper (general) 2,100            818               1,040             242                  NA
Mixed Paper (primarily residential) 1,250            86                 944                219                  NA
Mixed Paper (primarily from offices) 1,200            851               283                66                    NA
Mixed Metals 353               243               89                  21                    NA
Mixed Plastics 3,021            99                 2,370             551                  NA
Mixed Recyclables -                -                -                 -                   NA
Mixed Organics -                NA -                 -                   -                      
Mixed MSW 4,477            NA 3,633             844                  NA
Carpet 650               53                 485                113                  NA
Personal Computers -                -                -                 -                   NA
Clay Bricks -                NA -                 NA NA
Concrete -                -                -                 NA NA
Fly Ash -                -                -                 NA NA
Tires 601               212               315                73                    NA
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Table 7. GHG Emissions from MSW based on 2008 National Waste Generation, as calculated by EPA’s WARM (left) 
and by ModWARM (right) 

 

 

 Some of the greatest differences between EPA’s results (calculated by WARM) and my results 

(ModWARM) are in emissions from organic materials, including food scraps, some paper and paper 

products. The most notable difference is in emissions from textbooks: 1 MTCE carbon storage calculated 

by WARM and 45 MTCE carbon storage calculated by ModWARM. Emissions from carpet and tires also 

differed greatly between my analysis and EPA’s. 

Table 8 shows the differences in greater detail. EPA’s calculations for emissions from 

combustion do differ noticeably from mine for several products, such as food scraps and yard trimmings, 

Commodity WARM ModWARM
Difference (% of 
WARM Results)

Aluminum Cans (544)           (543)             0.3                              
Steel Cans (667)           (660)             1.1                              
Glass (22)             (23)               2.9                              
HDPE (32)             (33)               1.2                              
LDPE 31               30                 1.7                              
PET (23)             (29)               22.9                            
Corrugated Cardboard (3,812)       (3,723)         2.3                              
Magazines/Standard mail (595)           (417)             29.9                            
Newspaper (1,223)       (1,151)         5.9                              
Office Paper (537)           (626)             16.6                            
Phonebooks (51)             (11)               78.1                            
Textbooks (1)               (45)               6,914.8                      
Dimensional Lumber (678)           (1,070)         57.8                            
Food Scraps 866            326              62.4                            
Yard Trimmings (435)           (355)             18.4                            
Mixed Paper, Broad (756)           (658)             12.9                            
Mixed Paper, Resid. (75)             36                 148.1                         
Mixed Paper, Office (775)           (758)             2.2                              
Mixed Metals (353)           (346)             1.9                              
Mixed Plastics 130            118              9.0                              
Mixed MSW 334            202              39.5                            
Carpet (87)             (260)             197.1                         
Tires (103)           (321)             211.4                         

Total (9,409)       (10,315)       9.6                              

US National Average
Total GHG Emissions (MTCE)
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but are very close for most. The differences may be because my assumptions for the moisture content 

or carbon content of some materials differ from the EPA’s assumptions, which would affect our 

calculations of the lower heating value and thus affect the estimates of avoided utility emissions.. 

However, because EPA does not provide data regarding their assumptions, it is difficult to ascertain why 

our results for a few materials differ so greatly.  

For landfilling, my analyses and EPA’s differ even more drastically than for combustion. This may 

be because EPA assumed that most biodegradable products are decomposed slowly, resulting in both 

emissions in the form of gas and carbon storage in the landfill, whereas in my analysis, I assumed that 

labile materials degrade quickly enough that all carbon is released in the form of gaseous CH4. In 

addition, I assumed that recalcitrant materials degrade so slowly that no emissions occur immediately 

after a material enters a landfill, whereas EPA’s analysis includes partial degradation of recalcitrant 

materials.  

Differences between my results and EPA’s for individual products like textbooks, carpet, and 

tires may be because I considered each product in MSW as if it were a particular material. Textbooks 

were treated as paper, carpet was considered a textile because of its high nylon content, and tires were 

treated as rubber. Emissions were then calculated based on the carbon content on each of those 

materials, whereas EPA used empirical data to estimate emissions from each product.  

If only this example is considered, it seems that my analysis shows lower total GHG emissions 

from MSW than does EPA’s. However, the next example illustrates how total GHG emissions are 

affected by the composition of the waste stream. 
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Table 8. Emissions from landfilling and combustion, as calculated in WARM (left) and ModWARM (right) 

   

Commodity

Emissions 
from 

Landfilling 
(MTCE)

Emissions 
from 

Combustion 
(MTCE)

Emissions 
from 

Landfilling 
(MTCE)

Emissions 
from 

Combustion 
(MTCE)

Aluminum Cans 5                      2                        5 3
Steel Cans 18                    (165)                  18 (157)
Glass 16                    5                        16 4
HDPE 7                      40                      7 40
LDPE 9                      52                      9 51
PET 5                      33                      5 28
Corrugated Cardboard 102                 (47)                    162 (18)
Magazines/Standard mail (65)                  (22)                    103 (11)
Newspaper (42)                  (8)                      25 (3)
Office Paper 136                 (11)                    40 (4)
Phonebooks (23)                  (5)                      14 (2)
Textbooks 68                    (6)                      20 (2)
Dimensional Lumber (345)                (121)                  (823) (35)
Food Scraps 932                 (57)                    278 56
Yard Trimmings (178)                (27)                    (131) 7
Mixed Paper, Broad 77                    (44)                    148 (16)
Mixed Paper, Resid. 48                    (39)                    134 (15)
Mixed Paper, Office 29                    (11)                    40 (4)
Mixed Metals 1                      (6)                      1 1
Mixed Plastics 25 146                   25 135
Mixed MSW 363 (29)                    221 (19)
Carpet 5 11                      (178) 22
Tires 3 2                        (215) 2

Total 1,198              (306)                  (76) 63

WARM ModWARM
US National Average
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Example C. Comparison of Waste Generation in Washington and Georgia 

 In this example, emissions from 50,000 tons of MSW generated in Washington are compared to 

emissions from the same mass of waste generated in Georgia. The purpose of this example is to 

illustrate the effect of changing the composition of the waste stream on total emissions. Figure 4 and 

Figure 5 show the tonnage of each materials generated in Washington and Georgia, respectively. The 

results are compared in Table 9. 

Figure 4. Analysis Inputs in ModWARM and WARM for the state of Washington,  
based on 2010 waste composition 

 

SOURCE: adapted from Cascadia, 2010 

Material
Tons 

Generated  Tons Recycled  Tons Landfilled  Tons Combusted  Tons Composted 

Aluminum Cans 250               83                 136                32                    NA
Steel Cans 1,450            481               786                183                  NA
Copper Wire -                -                -                 -                   NA
Glass 1,200            398               650                151                  NA
HDPE 500               166               271                63                    NA
LDPE -                -                -                 -                   NA
PET 500               166               271                63                    NA
Corrugated Containers 1,900            631               1,030             239                  NA
Magazines/Standard Mail 450               149               244                57                    NA
Newspaper 700               232               379                88                    NA
Office Paper -                -                -                 -                   NA
Phonebooks -                -                -                 -                   NA
Textbooks -                -                -                 -                   NA
Dimensional Lumber 4,450            1,477            2,412             561                  NA
Medium-density Fiberboard -                -                -                 -                   NA
Food Scraps 9,150             NA 4,959             1,153               3,038                   
Yard Trimmings 1,850             NA 1,003             233                  614                     
Grass -                 NA -                 -                   -                      
Leaves 2,050             NA 1,111             258                  681                     
Branches 250                NA 136                32                    83                       
Mixed Paper (general) 6,550            2,175            3,550             825                  NA
Mixed Paper (primarily residential) -                -                -                 -                   NA
Mixed Paper (primarily from offices) -                -                -                 -                   NA
Mixed Metals 1,500            498               813                189                  NA
Mixed Plastics 4,750            1,577            2,575             599                  NA
Mixed Recyclables -                -                -                 -                   NA
Mixed Organics -                NA -                 -                   -                      
Mixed MSW 6,100            NA 4,949             1,151               NA
Carpet 1,800            598               976                227                  NA
Personal Computers 3,550            1,179            1,924             447                  NA
Clay Bricks 700               NA 700                NA NA
Concrete1 100               33                 67                  NA NA
Fly Ash2 100               33                 67                  NA NA
Tires3 150               50                 81                  19                    NA
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Figure 5. Analysis Inputs in ModWARM and WARM for the state of Georgia, 
based on 2005 waste composition 

 

SOURCE: adapted from R.W. Beck, 2005 

As Table 9 shows, emissions from each individual material varies between the two states 

because different amounts of each material are generated in each state. However, total emissions are 

similar.  

For Washington’s waste stream, ModWARM calculates lower total emissions than WARM does. 

On the other hand, ModWARM calculates higher total emissions for Georgia’s waste stream than does 

WARM. This shows that the difference between my results and EPA’s lies in how we analyzed individual 

materials in the waste stream.  

Material
Tons 

Generated  Tons Recycled  Tons Landfilled  Tons Combusted  Tons Composted 

Aluminum Cans 350               116               190                44                    NA
Steel Cans 650               216               352                82                    NA
Copper Wire -                -                -                 -                   NA
Glass 1,850            614               1,003             233                  NA
HDPE 550               183               298                69                    NA
LDPE -                -                -                 -                   NA
PET 650               216               352                82                    NA
Corrugated Containers 5,500            1,826            2,981             693                  NA
Magazines/Standard Mail 1,300            432               705                164                  NA
Newspaper 2,400            797               1,301             302                  NA
Office Paper 1,700            564               921                214                  NA
Phonebooks -                -                -                 -                   NA
Textbooks -                -                -                 -                   NA
Dimensional Lumber 2,200            730               1,192             277                  NA
Medium-density Fiberboard -                -                -                 -                   NA
Food Scraps 6,000             NA 3,252             756                  1,992                   
Yard Trimmings 1,350             NA 732                170                  448                     
Grass -                 NA -                 -                   -                      
Leaves -                 NA -                 -                   -                      
Branches -                 NA -                 -                   -                      
Mixed Paper (general) 8,450            2,805            4,580             1,065               NA
Mixed Paper (primarily residential) -                -                -                 -                   NA
Mixed Paper (primarily from offices) -                -                -                 -                   NA
Mixed Metals 1,700            564               921                214                  NA
Mixed Plastics 6,700            2,224            3,631             844                  NA
Mixed Recyclables -                -                -                 -                   NA
Mixed Organics -                NA -                 -                   -                      
Mixed MSW 6,200            NA 5,031             1,169               NA
Carpet 700               232               379                88                    NA
Personal Computers 1,650            548               894                208                  NA
Clay Bricks -                NA -                 NA NA
Concrete1 -                -                -                 NA NA
Fly Ash2 -                -                -                 NA NA
Tires3 100               33                 54                  13                    NA
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Table 9. Comparison of emissions from MSW generated in Washington and Georgia as calculated by ModWARM 
(left) and WARM (right) 

 

  

Commodity

Emissions 
from 

Washington 
MSW 

(MTCE)

Emissions 
from 

Georgia 
MSW 

(MTCE)

Emissions 
from 

Washington 
MSW 

(MTCE)

Emissions 
from 

Georgia 
MSW 

(MTCE)
Aluminum Cans (307)              (430)         (308)              (431)              
Steel Cans (301)              (135)         (304)              (136)              
Glass (22)                (33)            (21)                (33)                 
HDPE (45)                (50)            (45)                (50)                 
PET (52)                (68)            (49)                (64)                 
Corrugated Cardboard (404)              (1,170)      (485)              (1,403)           
Magazines/Standard mail (94)                (272)         (154)              (446)              
Newspaper (129)              (444)         (288)              (987)              
Office Paper 0 (322)         0 (32)                 
Dimensional Lumber (1,844)          (912)         (1,453)          (718)              
Food Scraps 166                109           699                459                
Yard Trimmings (99)                (72)            (142)              (103)              
Leaves (110)              0 (229)              0
Branches (13)                0 (26)                0
Mixed Paper, Broad (1,649)          (2,127)      (1,982)          (2,557)           
Mixed Metals (700)              (793)         (761)              (862)              
Mixed Plastics (482)              (679)         (469)              (661)              
Mixed MSW 275                280           455                463                
Carpet (1,492)          (580)         (1,146)          (446)              
Personal Computers (737)              0 (735)              (342)              
Clay Bricks 7                    0 7                    0
Concrete 1                    0 1                    0
Fly Ash (7)                   (342)         (7)                   0
Tires (80)                (54)            (24)                (16)                 

Total (8,118)          (8,095)      (7,465)          (8,366)           

ModWARM WARM
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Conclusions 

The differences in my analysis and EPA’s results in different estimates of emissions from MSW. 

The greatest variation in the two analyses seem to be in the treatment of organic materials, for which 

calculated emissions differ greatly between ModWARM and WARM. In addition, changing the 

composition of the waste stream can have a noticeable effect on the estimate of total emissions.  

As Table 8 shows, while my estimates of total emissions from landfilling are lower than EPA’s, 

EPA’s estimates for combustion are lower than mine. It is possible that EPA used the higher heating 

value for materials to estimate energy production from waste-to-energy, which would result in a higher 

estimate of avoided utility emissions than would using the lower heating value, as I did in my analysis.  

Table 10 shows a comparison between my analysis (ModWARM) and EPA’s (WARM) for 

emissions per ton of each material for landfilling and combustion. As Example B illustrated, the greatest 

variation in the two analyses occurs in emissions from organic materials. My treatment of non-

biodegradable materials, such as metals, glass, and plastic, in landfilling is very similar to EPA’s, but our 

assumptions regarding these materials in waste-to-energy are strikingly different. 
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Table 10. Comparison of emissions per ton of each material landfilled (left) and per ton of each material 
combusted (right) as calculated in WARM and ModWARM 

 

  

Difference 
(% of EPA 
Results)

Difference 
(% of EPA 
Results)

Material WARM ModWARM WARM ModWARM
Aluminum Cans 0.01 0.01 0 0.02 0.03 84
Steel Cans 0.01 0.01 0 (0.42) (0.40) 5
Copper Wire 0.01 0.01 0 0.02 0.03 103
Glass 0.01 0.01 0 0.01 0.01 13
HDPE 0.01 0.01 0 0.25 0.24 1
LDPE 0.01 0.01 0 0.25 0.24 1
PET 0.01 0.01 0 0.29 0.24 16
Corrugated Cardboard 0.09 0.14 58 (0.18) (0.07) 62
Magazines/Standard mail (0.09) 0.14 259 (0.13) (0.07) 47
Newspaper (0.24) 0.14 158 (0.20) (0.07) 67
Office Paper 0.48 0.14 70 (0.17) (0.07) 61
Phonebooks (0.24) 0.14 158 (0.20) (0.07) 67
Textbooks 0.48 0.14 70 (0.17) (0.07) 61
Dimensional Lumber (0.14) (0.34) 139 (0.21) (0.06) 71
Medium Density Fiberboard (0.14) (0.34) 139 (0.21) (0.06) 71
Food Scraps 0.19 0.06 70 (0.05) 0.05 199
Yard Trimmings (0.09) (0.07) 26 (0.06) 0.02 127
Grass 0.04 (0.07) 269 (0.06) 0.02 127
Leaves (0.16) (0.07) 56 (0.06) 0.02 127
Branches (0.14) (0.07) 51 (0.06) 0.02 127
Mixed Paper, Broad 0.07 0.14 92 (0.18) (0.07) 62
Mixed Paper, Resid. 0.05 0.14 181 (0.18) (0.07) 62
Mixed Paper, Office 0.10 0.14 37 (0.16) (0.07) 58
Mixed Metals 0.01 0.01 0 (0.29) 0.03 110
Mixed Plastics 0.01 0.01 0 0.27 0.24 8
Mixed Recyclables 0.02 0.05 131 (0.16) (0.05) 71
Mixed Organics 0.04 0.06 48 (0.06) (0.03) 44
Mixed MSW 0.10 0.06 39 (0.03) (0.02) 37
Carpet 0.01 (0.37) 3,603 0.10 0.20 93
Personal Computers 0.01 0.01 0 (0.06) (0.06) 7
Clay Bricks 0.01 0.01 0 NA 0.06
Concrete 0.01 0.01 0 NA 0.06
Fly Ash 0.01 0.01 0 NA 0.01
Tires 0.01 (0.68) 6,598 0.02 0.03 42

GHG Emissions per 
Ton of Material 

Landfilled (MTCE)

GHG Emissions per Ton 
of Material Combusted 

(MTCE)
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Appendix 

A. Abbreviations Used in this Report 

 

EPA: Environmental Protection Agency 

FAL: Franklin Associates, Ltd. 

GHG: greenhouse gas emissions 

GWP: global warming potential; a gas’s potential for trapping heat in the atmosphere. CO2 is given a 

standard value of 1. 

LFG: landfill gas(es) 

MSW: municipal solid waste 

MTC: metric tons of carbon equivalent 

WARM: Waste Reduction Model 
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