
 

ABSTRACT  

WANG, YIXUAN . Improving Life Cycle Assessments for Sustainable Solid Waste Management 

Decision Making. (Under the direction of Dr. James W. Levis). 

Over 292 million tons of municipal solid waste (MSW) are generated annually in the U.S. 

Appropriately managing this waste can reduce greenhouse gas (GHG) emissions, conserve critical 

resources, and generate renewable fuels and electricity. Landfills are a critical component of the 

U.S. MSW management (MSWM) infrastructure that currently accepts over half of generated 

MSW. Landfills are also the third leading source of anthropogenic methane (CH4) emissions in 

the U.S., behind natural gas extraction and livestock. Life-cycle assessment (LCA) is a decision-

support framework used to quantify and understand the environmental impacts and resource 

consumption of MSWM scenarios and processes, including landfills. However, landfill LCAs are 

complicated by their varying sizes, waste composition, gas collection and control regulations, and 

the dynamic nature of gas and leachate production and management. Thus, accurate models to 

estimate the environmental emissions and impacts attributable to landfills are important for 

guiding emissions and climate mitigation policymaking. While LCAs provide valuable insights, 

large data requirements limit their effective incorporation into guiding future decisions and 

allowing quick iterations of analyses. Reducing the data requirements for inventory and impact 

assessments will facilitate the wider use of LCAs during early system planning. 

The objectives of this research include (1) developing a life-cycle model to represent how a 

municipal landfill works in consideration of size, waste composition, and regulations that govern 

landfill gas collection and control; (2) evaluating how the dynamic nature of long-term emissions 

from landfills affects the associated global warming impacts; and (3) developing a streamlined 
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LCA framework for MSWM systems that substantially reduces modeling effort while maintaining 

decision consistency. 

A state-of-the-art landfill LCA model was developed to represent how a U.S. municipal landfill is 

constructed, operated, and closed under multiple configurations and to guide GHG emissions 

reduction strategies and policies. The study found that for the population of landfills that are 

already required to collect gas, collecting gas longer is more important than collecting gas earlier 

to reduce CH4 emissions, although the benefits of each vary with waste decay rate. To assess the 

global warming impacts associated with long-term emissions from landfilling MSW, dynamic and 

static 100-yr and 20-yr global warming potential (GWP) estimates were compared for various 

landfill configurations. When comparing single-point 100-yr GWP values, the choice of static 

versus dynamic is relatively unimportant for most landfills. However, the choice of using the 

dynamic method becomes important due to the benefits considered for the delayed emissions when 

a short-term time horizon (20-yr) is used. 

For MSWM LCAs to be most useful, effective early incorporation of LCAs is needed to allow 

quick analysis on existing and potential MSWM alternatives. A simple model may be preferable 

to a complex model given limited resources. A framework for streamlining LCAs was developed 

and applied for an integrated MSWM system where 18 scenarios were considered for generalizing 

the implications from streamlined LCAs. The results indicate that the number of impacts and flows 

can be drastically reduced while consistently identifying the same top 3 scenarios as the full LCAs. 

This highlights that the results of MSWM LCAs can be more transparently communicated with 

communities using a much shorter list that emphasizes the most relevant impacts and flows for 

comparing alternatives during the results interpretation phase. 
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Valuable insights were obtained regarding the use of LCA as a decision-support tool to guide GHG 

emissions and climate mitigation policies for achieving sustainable MSWM, which can also be 

readily applied in the early strategy planning with limited datasets. Advanced LCAs for both 

landfills and integrated MSWM systems are demonstrated under several configurations. Thus, the 

methods developed and results generated in this research can be generalized to similar systems. 
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Chapter 1: Introduction  

Globally, 2.01 billion tons of municipal solid waste (MSW) are generated annually, and this is 

expected to grow to over 3.4 billion tons by 2050.1 Waste generation continues to grow worldwide, 

and its proper management is essential to promote effective use of material and energy resources, 

reduce greenhouse gas (GHG) emissions, and protect human health and the environment. 

However, developing integrated sustainable solid waste management (SWM) systems and 

strategies is challenged by changes in waste generation and composition, regulations, climate 

mitigation policies, and the development and improvement of treatment and disposal technologies. 

While there is an increasing trend towards recovery of energy, nutrients, and materials from waste, 

landfills are and will remain a critical component of our SWM systems.  Along with open dumps, 

they account for 70% of MSW management (MSWM) globally,1 and in the U.S. landfills accept 

over half of generated MSW.2 Landfills are the third leading source of anthropogenic methane 

(CH4) emissions behind leaks from natural gas systems and the raising of livestock.3 Reducing 

landfill gas emissions can therefore play a key role in reducing short-lived climate pollution. 

However, GHG emissions from landfills can be released for decades to centuries. The dynamic 

nature of landfill gas generation and management and their varying size and waste composition, 

complex engineering design complicate the evaluation of the environmental footprint of landfills. 

This complexity of landfills and the complexity of SWM systems in general requires a modeling 

methodology that comprehensively represents their full environmental impacts and is capable of 

identifying the most critical aspects of these systems for improving their sustainability. 

Life-cycle assessment (LCA) is an environmental assessment framework that can be used to 

evaluate the system-wide environmental implications of SWM strategies and supports decision-

making to improve environmental sustainability by identifying trade-offs among cost and multiple 
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environmental impacts associated with alternative systems or policies.4,5,6 SWM LCA  quantifies 

the environmental emissions and impacts and resource consumption of waste management 

scenarios and processes, including landfills.4,7,8 Most previous LCA studies of landfills 

emphasized their global warming impacts where landfill gas dominates, but they often neglected 

the impacts associated with landfill construction and operation, as well as the temporal variability 

of landfill gas generation, collection, and control relative to the landfill age, which necessitates the 

development of the state-of-the-practice landfill life-cycle model that more accurately reflects how 

modern municipal landfills work. The state-of-the-practice landfill life-cycle model should also be 

capable of considering differences in size and waste composition and changes to regulations that 

may affect the performance of landfills. 

While LCA provides valuable insights into environmental sustainability decision-making, the 

large time and data requirements of LCA limits their ability to be incorporated early and iteratively 

in the planning and design phases of projects when limited time and resources are available. 

Developing high-quality life-cycle inventory data is essential to establish the technical basis for 

the assessment but is often time and resource demanding.4,9 Simpler LCAs that maintain the 

accuracy of more comprehensive LCA will help more communities and companies use a science-

based understanding of the potential impacts of alternative MSWM strategies at the planning phase 

when an LCA can have the greatest impact.10,11,12 It is important that the decision consistency of 

the simplified LCA is maintained so that the highest ranked strategies are the same as a more 

comprehensive LCA. The early incorporation with LCA without compromising the decision 

accuracy and consistency necessitates a streamlined framework to guide analysts and decision 

makers with insights into the following questions: What are the most influential impacts, 
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processes, and inventories for performing LCAs for SWM systems? How reliable is the 

streamlined LCA in selecting the most environmentally sustainable strategies? 

This research aims to achieve the following three research objectives: 

(1) Develop a life-cycle model to represent how a municipal landfill works in consideration of 

size, waste composition, and regulations that govern landfill gas collection and control 

(Chapter 2). 

(2) Evaluate how the dynamic nature of long-term emissions from landfills affects the 

associated global warming impacts (Chapter 3). 

(3) Develop the streamlined LCA framework for the solid waste management system that 

substantially reduces modeling effort while maintaining decision consistency (Chapter 4). 

Chapters 2, 3 and 4 were written as individual research manuscripts, and Appendices AïC provide 

supporting information and correspond with Chapters 2 through 4, respectively. Chapter 2 

describes the state-of-the-art landfill life cycle model considering the influence of size, waste 

composition, engineering design, and regulations that govern gas collection and control on 

environmental performance. Chapter 3 assesses the long-term emissions from landfills and the 

influence of timings of emissions on the global warming impacts. The global warming potential 

(GWP) estimates using dynamic and static accounting approaches were compared, and several 

choices of static GWP values were considered. Chapter 4 describes an approach to streamlining 

LCAs for integrated SWM systems and strategies that identifies the most critical inputs, processes, 

emissions, and impacts while retaining the consistent selection of the highest ranked SWM 
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strategies, compared to a more comprehensive LCA. Finally, the conclusions that can be drawn 

from this research are presented in Chapter 5.  
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Chapter 2: Life -Cycle Assessment of A Regulatory Compliant U.S. Municipal 

Solid Waste Landfill 

2.1 Abstract 

Landfills receive over half of all U.S. municipal solid waste (MSW) and are the third largest source 

of anthropogenic methane emissions. Life-cycle assessment (LCA) of landfills is complicated by 

the long duration of waste disposal, gas generation and control, and the time over which the 

engineered infrastructure must perform. The objective of this study is to develop an LCA model 

for a representative U.S. MSW landfill that is responsive to landfill size, regulatory thresholds for 

landfill gas (LFG) collection and control, practices for LFG management (i.e., passive venting, 

flare, combustion for energy recovery), and four alternative schedules for LFG collection wells 

installation. Material production required for construction and operation contributes 68ï75% to 

toxicity impacts while LFG emissions contribute 50ï99% to global warming, ozone depletion, and 

smog impacts. The current non-methane organic compound regulatory threshold (34 Mg yr-1) 

reduces methane emissions by <7% relative to the former threshold (50 Mg yr-1). Requiring 

landfills to continue collecting LFG until the flow rate is <10 m3 min-1 reduces emissions by 20ï

52%, depending on the waste decay rate. In general, for landfills already required to collect gas, 

collecting gas longer is more important than collecting gas earlier to reduce methane emissions. 

2.2 Introductio n 

The World Bank (2018) estimates that 70% of municipal solid waste (MSW) is disposed in 

landfills or open dumps globally,1 and the U.S. EPA estimates that approximately 52% of U.S. 

MSW is landfilled.2 Life-cycle assessment (LCA) can be used to quantify the environmental 

impacts and resource consumption of waste management scenarios and processes, including 
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landfills.3,4,5 Landfills are complex engineered facilities, and multiple factors contribute to their 

environmental footprint.4 The complexity of life-cycle modeling of landfills is derived from the 

time over which waste is disposed and landfill gas (LFG) and leachate are generated, the influence 

of regulations on the time over which LFG must be collected, a temporally-varying gas collection 

efficiency, whether LFG is used beneficially, the annual mass of waste disposal and landfill size, 

and the varying extent of methane (CH4) oxidation in a landfill cover.6,7 In addition, materials, 

fuels, and electricity are consumed during landfill construction, operation, closure, and post-

closure, and should be included in a landfillôs life-cycle performance.8 Therefore, a comprehensive 

model is needed to estimate the environmental emissions and impacts attributable to landfills in 

consideration of how a landfill is constructed, operated, closed and monitored after closure. 

While LCAs of landfills have been described in previous work, several aspects have not been 

represented. First, an evaluation of the emissions and impacts associated with landfill construction 

and operation in consideration of U.S. regulations is lacking, and the capital goods (equipment, 

trucks, buildings, etc.) required to construct, operate, and close a landfill are often excluded from 

the landfill LCA system boundary due to an emphasis on global warming impacts where LFG 

dominates.7,9,10,11 While recent landfill LCAs incorporated capital goods and reported that they are 

a significant contributor to several impact categories, the studies were developed based on 

European landfill configurations that differ from U.S. landfills (e.g., landfill size, liner and cover 

materials).5,8,10,12,13 Second, most landfill LCA studies present gas collection efficiency as a single 

value14,15 or constant values within a few time periods,9,16 which does not reflect the behavior of 

an average mass of waste buried in a landfill. In reality, gas collection efficiency varies with time 

because waste is buried continuously while the landfill is open, different materials decay at 

different rates, the gas collection system is installed and expanded over time, and CH4 oxidation 
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rates vary with cover type and CH4 flux. For example, the first waste buried in a cell may not come 

under gas collection for 1ï5 yr, while waste buried in the third year may experience gas collection 

after 1ï2 yr. The collection efficiency will improve as additional wells are added and as a cell 

transitions from receiving daily to intermediate and final cover. Gas collection under final cover 

may exceed 90%.17 Finally, Camobreco et al. and Bagchi reported comprehensive U.S. landfill 

life-cycle models in 2000.18,19 However, their models did not incorporate the interaction of 

regulations with the timing of gas collection and control.20,21 The New Source Performance 

Standards (NSPS) of the Clean Air Act govern the timing of LFG collection and control based on 

the mass of non-methane organic compounds (NMOCs) generated annually. In 2016, the NSPS 

reduced the threshold under which LFG collection and control was required from 50 to 34 Mg 

NMOC yr-1, which reduced the minimum size landfill that is required to manage LFG.20 In addition, 

the timing for the installation of LFG collection and control systems is affected by landfill size and 

whether the LFG is recovered as an energy source, both of which have increased over time.22 

Therefore, there is a need for an updated landfill model that addresses factors that have not 

previously been considered. 

The objectives of this study are to (1) develop an LCA model for a representative U.S. MSW 

landfill based on state-of-the-practice landfill design and regulatory-compliant LFG management, 

and (2) investigate the effects of gas collection and control regulations, landfill size and design, 

and waste composition on LFG emissions and overall landfill environmental performance. We 

considered the three most common LFG management scenarios: passive venting, flaring, and 

conversion to electricity. The effect of landfill size, decay rates for individual waste materials, and 

gas collection regulations were all incorporated into the analysis to represent contemporary U.S. 

landfill practice.  
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2.3 Modeling Approach 

2.3.1 Representative U.S. Landfill 

The functional unit for the model is the behavior of 1 Mg (103 kg) of wet MSW discarded in a 

landfill. The system boundary includes emissions from the extraction and production of materials 

used for construction, transportation of materials and fuels, and net electricity production. A model 

based on the burial of 1 Mg of MSW in a landfill differs from a model based on a quantity of waste 

in place at a given time. Because many aspects of the life-cycle inventory (LCI) vary as a function 

of landfill size, capturing the range of sizes of U.S. landfills is necessary. For example, a small 

landfill may not be required to collect LFG, while a relatively large landfill may reach the NMOC 

threshold and require LFG collection after 5 yr.23 Lognormal statistical distributions for landfill 

size and operating lifetime were developed based on the U.S. EPAôs Landfill Methane Outreach 

Program (LMOP) database (Table 2.1).22 The 1,108 landfills in the database that are either 

currently open or closed after 2015 and are potential candidates for energy recovery projects were 

considered. The LMOP database provides information on landfill size, status of open/closed and 

LFG control projects, and expected operating life as voluntarily self-reported by landfill owners. 

While the Greenhouse Gas Reporting Program (GHGRP)24 is a commonly used dataset for MSW 

landfills that comply with the GHG reporting rule (i.e., CH4 emissions >25,000 Mg CO2e), the 

GHGRP database includes fewer operating landfills that include data on both annual waste 

acceptance and operating years than LMOP. A comparison of the two datasets and a description 

of the 1,108 LMOP landfills considered is presented in Section 1 of the Supplementary Information 

(SI).  
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Table 2.1 shows that the mean waste acceptance of a U.S. landfill is 233,091 Mg MSW yr-1, and 

the mean operating life is 80 yr. Given that 1 Mg of MSW is more likely to be disposed in a large 

landfill than in a small landfill, a lognormal distribution was developed by assigning more weight 

to larger landfills (Figure A1). The developed lognormal distributions of waste acceptance and 

operating life were used to develop estimates of the environmental emissions and impacts from a 

ton of waste disposed across U.S. landfills. 

Four decay rate constants were considered to cover a reasonable range of landfills based on 

regional annual precipitation (Table 2.1).25 To describe a representative ton of MSW disposed in 

a composite U.S. landfill, waste is disposed into landfills with each decay rate proportionally based 

on the U.S. population in each region.  

Table 2.1. Landfill Properties for Mix of Landfill Facilities. 

Landfill properties Mean [StDev] LN mean [LN StDev]a 

Waste acceptance (Mg yr-1) 233,091 [276,465] 12.94 [0.76] 

Operating years 80 [66] 4.09 [0.8] 

Landfill type Arid Moderate Wet Bioreactor 

Annual precipitationb(cm) <51 51ï102 >102 NA 

LFG decay rate constant (yr-1) 0.02b 0.038b 0.057b 0.12d 

Percent of waste receivedc 18 39 33 10 
aParameters used to develop lognormal distributions of waste acceptance and operating life based 

on the LMOP landfill database.22 
bBased on U.S. EPA, 2020.25  
cThe mass of waste disposed in bioreactor landfills was assumed to be 10%. This mass was 

subtracted from the mass disposed of in moderate and wet landfills in equal proportions, after 

which the fraction disposed of in each landfill type was corrected. The original mass disposal by 

landfill type was based on the percent of the U.S. population within the precipitation ranges.25 
dJudgment based on values reported in Barlaz et al.26 and Tolaymat et al.27 
 

2.3.2 Material, Fuel, and Electricity Use 

Construction, operation, closure, and post-closure all require capital goods as well as fuel and 

electricity. The LCI of the capital goods and resources includes resource use and emissions from 
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raw material extraction, production, and heavy-duty truck transport of materials. The 

environmental profile of materials extraction and production, as well as energy consumption, was 

developed from Ecoinvent v3.6.28 Estimates of capital goods consumption were based on the waste 

acceptance rate, excavation geometry and depth, land area, and liner and cover design. The input 

parameters used to develop the LCI are presented in Tables A2-A8. 

Constructing a landfill involves site excavation, liner installation on the bottom and sides of the 

excavated volume, cover placement, and piping for gas and leachate control systems. To derive 

the material quantities required for landfill construction, the volume of materials was estimated 

based on an assumed cross-section of the liner and cover systems as well as the land area (m2) and 

capacity (m3) of the landfill, which were in turn estimated based on the waste density, annual waste 

acceptance rate, and expected operating life (Figure 2.1). Both the above and below grade volumes 

were assumed to have trapezoidal profiles. A large landfill is likely to have a higher waste density 

and deeper excavation relative to a smaller landfill.29 In this study, a landfill that receives >200,000 

Mg yr-1 (~770 Mg day-1, 260 days per year) was assumed to have a greater excavation and above 

ground height based on the waste acceptance rate (Table 2.1, Figure 2.1). Estimates of materials, 

fuel, and electricity consumed are summarized in Tables A9 and A10. 
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Figure 2.1. Cross-section of (a) small and large landfills that accept <200,000 Mg yr-1 and 

Ó200,000 Mg yr-1, respectively, and the cross-sections of the cover and liner. Figure b applies to 

both landfill sizes. H:V describes the horizontal-to-vertical slope ratio. The dimensions for the 

large landfill are given parenthetically. The design of the gas and leachate collection systems 

follows RCRA Subtitle D Regulations that specify the thickness and permeability of the composite 

bottom liner and final cover. The sand layer under the waste is used for leachate collection and has 

collection piping embedded within the sand.30 

 

Daily cover is required by Subtitle D of the Resource Conservation and Recovery Act (RCRA) to 

reduce odors, pests, and wind-blown debris.31 Daily cover may consist of on-site or off-site soil, 

single or multiuse plastic sheets, revenue-generating material (e.g., compost, yard waste, 

contaminated soil)32 as well as other options. The default assumption is that 10% of the landfill 

volume is consumed by on-site soil used for daily and intermediate cover. Post-closure 

maintenance is assumed to occur for 30 years, during which time vegetation is mowed, and cracks 

and damage from erosion are repaired. In addition, it is assumed that 10% of the final cover is 

replaced over the 30-year post-closure period.33 Fuel consumption (2.08E-5 L/Mg waste buried-

yr) during the post-closure care period was adopted from site data reported by Ecobalance.34  
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Other materials used in a landfill include high-density polyethylene (HDPE) and/or polyvinyl 

chloride (PVC) pipes for leachate and gas collection systems and groundwater monitoring wells, 

concrete for sumps, asphalt for roadways, and heavy equipment (Tables A4 and A6). Reinforced 

concrete was used to construct five cylindrical leachate collection sumps (Table A4). Heavy 

equipment is used in every phase of the landfill. Heavy equipment weight per Mg of the total waste 

placed over the life of landfill was estimated using the number of hours of equipment use for 

construction, operation, and closure and the predominant equipment based on site data (Tables A4, 

A6, and A7). Approximately, 88% (0.16 kg/Mg MSW) of the required heavy equipment is used in 

the operating phase.34 Fuel combusted in heavy equipment was estimated based on site data.34  

2.3.3 Landfill Gas Generation, Collection, and Control 

LFG (CH4 + CO2) is generated from the anaerobic biodegradation of organic waste. The landfill 

model estimates LFG emissions for 1,000 yr after waste burial to include 99.99% of the potential 

LFG yield at the lowest decay rate of 0.02 yr-1. The LFG generation rate is estimated using a first-

order decay model in which the input parameters are the mass of waste buried annually, the decay 

rate constant (k), and the CH4 production potential of the waste (L0) (eq. S1).35 NMOC generation 

was calculated using the AP-42 default concentration of 595 ppmv in LFG.14 The LCA model 

considers LFG generation, collection, oxidation in the landfill cover, and combustion in a flare or 

engine to produce electricity, based on Levis and Barlaz.36 Four decay rate constants (Table 2.1) 

were analyzed to reflect the mix of landfills in the U.S., across three gas treatment scenarios: 

passive vent, flare, and conversion to electricity.  

 Four gas collection scenarios were analyzed: (1) NSPS minimum, (2) EPA Typical, (3) 

Aggressive and (4) compliant with California requirements as defined in Table A11. These 
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scenarios cover the range of schedules for the initiation of gas collection in the U.S. A given mass 

of waste will experience different gas collection efficiencies depending on when the waste is buried 

relative to the landfillôs age, the gas collection well installation schedule, and the number of years 

that the LFG collection system operates. For example, considering the EPA Typical collection 

scenario, waste buried in Year 3 will experience two years of a 50% collection efficiency while 

waste buried in Year 4 will only experience 1 yr of a 50% collection efficiency before the 

efficiency increases to 75% in year 5. To simulate the time-varying LFG collection efficiency, a 

temporally averaged gas collection efficiency was applied to the ñaverageò mass of MSW buried 

in a landfill each year (Figure A7).36 Figures A8 and A9 show the temporally averaged LFG 

collection efficiency for each year after waste burial under the flare and energy recovery scenarios, 

respectively, across all gas collection practices and decay rates. These temporally averaged 

efficiencies were then used to estimate the volume of CH4 collected, flared, combusted for energy, 

oxidized, and emitted. 

Gas collection system turn-on and turn-off times were calculated based on the landfill size, 

operating lifetime, the MSW decay rate, and the gas collection system installation schedule and 

assumed efficiency (Table A11). NSPS requires installing a gas collection and control system once 

NMOC generation is estimated to exceed 34 (previously 50) Mg yr-1 based on specified calculation 

protocols.20 While not quantified here, the lower NMOC threshold will force more landfills to 

collect and control their LFG. The lower NMOC threshold is estimated by the U.S. EPA to reduce 

NMOC and CH4 emissions from U.S. landfills by 281 and 44,300 Mg yr-1, respectively, compared 

to the NMOC threshold of 50 Mg yr-1 in 2025.20 LFG control includes, at a minimum, an enclosed 

flare with a CH4 destruction efficiency of 99.9% and may include beneficial use of the CH4 (i.e., 

energy recovery through combustion in an internal combustion engine [ICE] with an electricity 
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conversion efficiency of 35%37 and a CH4 destruction efficiency of 99.9%38). Once the gas 

collection and control system is activated, it must operate for at least 15 yr and until NMOC 

generation is below 34 Mg yr-1. In California, regulations additionally require flare operation until 

the gas flow rate is below 2.8 m3 min-1. While CH4 destruction by a flare is driven by regulation, 

energy recovery systems are driven by economics. An energy recovery system is typically 

activated after 10 m3 LFG min-1 have been collected for at least 1 yr (e.g., year 8 at a decay rate of 

0.04 yrï1 based on the EPA Typical scenario and burial of 233,091 Mg yr-1). The energy system 

will typically be turned off when less than 10 m3 LFG min-1 is collected, and the turn-off time 

depends on the MSW decay rate, the collection efficiency, and the mass of waste disposed. The 

cut-off of 10 m3 was developed from discussions with landfill operators. When energy is 

recovered, the electricity is offset based on the U.S. national average grid.39  

A fraction of the uncollected CH4 is oxidized to CO2 in the landfill cover soil, and the remaining 

fraction is described as a fugitive emission. The fraction of CH4 oxidized was varied from 10% to 

35%, based on U.S. EPA guidance.40 When no gas collection is in place, the landfill has a relatively 

high CH4 flux and 10% oxidation efficiency is assumed based on the U.S. EPAôs Mandatory 

Reporting of Greenhouse Gases.41 The model assumes 20% oxidation for landfills with gas 

collection prior to landfill closure, and 35% for landfills that have installed gas collection and the 

final cover. 

Different waste materials decompose at different rates, which means that effective collection 

efficiencies (i.e., total gas collected/total gas generated) are material-specific.42 Slowly degrading 

materials such as paper and cardboard will produce more gas after the system has been shut-off 

and less gas before the system is turned on relative to materials with relatively high decay rates 

such as food or grass. The CH4 production potential (L0) and field decay rate for each waste 
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component are summarized in Table A12, and effective collection efficiencies were estimated for 

each waste material. 

2.3.4 Leachate Generation, Collection, and Control 

Leachate is the water that infiltrates the landfill and passes through the waste mass. It contains 

soluble, suspended, or miscible materials from the waste as well as intermediates of waste 

decomposition. Leachate is typically treated in publicly owned treatment works (POTW) prior to 

release.30 The model estimates leachate generation, collection, and post-treatment composition 

over a 100-yr time horizon. A 100-yr cut-off was used for leachate emissions because 99.9% of 

the BOD is released by 100 yr, and only 0.04 m3 (m2-day)-1 of leachate is produced at 1,000 mm 

yr-1 precipitation once the landfill is under final cover based on our model. The volume of leachate 

generated per Mg of waste was estimated from the percentage of precipitation that becomes 

leachate, which depends on the cover type and varies with time, and is based on observed data 

(Table A13 and Figure A10).11,18 A 99.1% leachate collection and recovery system efficiency was 

adopted from Barlaz et al,43 which results in the release of 0.9% of leachate to groundwater. 

Leachate contaminant concentrations were adopted from Damgaard et al.44 The assumed BOD, 

COD, ammonia, phosphate, total suspended solids and heavy metal treatment efficiencies are 97, 

80, 98, 22, 96 and 85%, respectively.11 BOD removal via aeration requires energy and produces 

biogenic CO2. The POTW was estimated to consume 0.99 kWh electricity and produce 0.36 kg 

CO2 per kg BOD removed.11 

2.3.5 Life Cycle Impact Assessment (LCIA) 

Environmental impacts are quantified for ten midpoint impact categories based on the U.S.-based 

Tool for Reduction and Assessment of Chemicals and Other Environmental Impacts (TRACI 
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v2.1).45 We assumed that the biogenic carbon in discarded waste is part of the short-term carbon 

cycle, therefore biogenic CO2 emissions have a global warming potential (GWP) of zero, whereas 

biogenic carbon in a landfill that is not converted to biogas after 1,000 yr is considered to be stored, 

provides a net reduction of atmospheric CO2, and has a GWP of -1. Impacts were normalized based 

on U.S. per capita emissions in 2008.45 The impact categories and their corresponding 

normalization reference factors are summarized in Table A14. 

2.4 Results and Discussion 

2.4.1 Life Cycle Impacts 

Normalized life-cycle impact results are presented first to identify the activities that contribute the 

most to the overall environmental burdens. Figure 2.2 shows the normalized impacts and 

contributions of waste decomposition and materials use, as well as fuel, energy, and transport 

required to build, operate, close and then maintain a landfill across ten impact categories and two 

NMOC thresholds based on the flare scenario with EPA Typical collection. The normalized global 

warming impact is over four times larger than all other normalized impacts in the flare scenarios 

due to the high fugitive CH4 emissions (Figure 2.2 and Figure A15). LFG emissions contribute 

99% to both the global warming and ozone depletion impacts. The lower NMOC threshold reduced 

the normalized impacts by <5%. The influence of the two NMOC thresholds on LFG collection 

and control is discussed in the Landfill Gas Inventory section. The ozone depleting substances 

(e.g., CFCs in LFG) are likely from old landfills containing old refrigerators, air conditioners, and 

aerosol cans based on LFG composition data from the 1990s when those emissions were higher, 

as presented in the U.S. EPA AP-42 database.14 In the other impact categories, materials use 

accounts for 9ï75% of the normalized impacts. The contribution from materials use is largest for 
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ecotoxicity [73%], and human health cancer [75%] and non-cancer effects [68%] due to the use of 

clay, sand, gravel, and the heavy equipment used for waste compaction and soil excavation 

(Figures A11ïA20). In contrast, in the energy recovery scenarios, electricity offsets due to the 

conversion of LFG to electricity dominate most of the impacts by contributing 66ï96% of all 

impact categories except global warming, ozone depletion, and smog (Figure A21). LFG emissions 

contribute 66ï90% of global warming, ozone depletion, and smog impacts. In general, the 

normalized impacts are lower in the energy recovery scenario due to the benefits of avoided 

electricity production. In addition, the contributions from materials use decrease when landfill size 

is larger because less material is used per mass of waste buried (Figure A22). 
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Figure 2.2. (a) Normalized impacts in person equivalents (PEs) and (b) contributions of landfill 

gas and leachate emissions and materials, energy, fuel, and transport used in the flare scenarios 

with the EPA Typical collection across two NMOC regulatory thresholds and ten impact categories 

[ACID = acidification, ETOX = ecotoxicity, ETP = eutrophication, FFD = fossil fuel depletion, 

GW = global warming, HHc = human health cancer, HHNc = human health non-cancer, OD = 

ozone depletion, RE = respiratory effect, SMOG = smog]. Results are a weighted average based 

on the share of waste received in each U.S. climate region for a landfill with the mean size and 

operating years (233,000 Mg MSW per year and 80 yr operating life). ñBuildingò does not show 

up since its contribution is <0.5% across all impacts based on the mean estimated area use of 

2.29E-5 m2/Mg. 

 

2.4.2 Materials Use Inventory 

Materials consumed to construct a landfill are the largest contributors to ecotoxicity and human 

health in the flare scenario (Figure 2.2). Heavy-metal emissions (e.g., chromium (VI), zinc, nickel, 

and arsenic) cumulatively contribute >90% to the ecotoxicity, human health cancer, and human 

health non-cancer categories (Figures A12, A16 and A17). Materials consumed during the site 
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construction and operation phases contribute 31ï84% to these toxic emissions, with heavy 

equipment, clay, and sand together contributing 94ï98% of the materials-associated toxic 

emissions. This dominance results from materials use in site construction and the background 

environmental profile (e.g., large zinc emissions to ground water due to treatment of tailings from 

mining ores during steel production process, coupled with steel required for a building and heavy 

equipment). Heavy equipment consumption per Mg of waste was assumed constant based on site 

data, regardless of landfill size. Figure 2.3 shows how the mass estimates of clay and sand vary 

with landfill size and design and how larger landfills are more efficient with respect to materials 

consumption per Mg of waste disposed. Small landfills are more sensitive to the LCI of capital 

goods than large landfills, and it may therefore be important to explicitly consider landfill capacity 

and design depending on the study objective. Landfills that accept less than 770 Mg day-1 are 

assumed to have lower heights (30 m versus 61 m, respectively) and waste densities (890 kg m-3 

versus 1068 kg m-3, respectively) compared to larger landfills. However, every landfill is different, 

and these specific values represent one set of realistic estimates. 
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Figure 2.3. Consumption of clay and sand as a function of daily waste acceptance (black points). 

The fit lines are based on a cubic model. There is a discontinuity in consumption at ~770 Mg day-

1 that is selected to separate the small and large landfillsô design cross-sections (Figure 2.1). The 

red dashed line and equation correspond to the materials consumption of small landfills and 

turquoise dashed line and equation correspond to large landfills. 

 

2.4.3 Landfill Gas Inventory 

Fugitive CH4 emissions from waste biodegradation are the single largest contributor to global 

warming for a landfill (Figure 2.2). Figure 2.4 shows the percentage of fugitive CH4 emissions at 

20 and 100 yrs for the flare scenario with the EPA Typical collection. Lowering the NMOC 

threshold from 50 to 34 Mg yr-1 reduces the emissions of CH4 by <7%, but only in landfills with a 

decay rate that is 0.04 yr-1. This is because at lower decay rates, 4ï30% of CH4 emissions are 

released after 100 yr and lowering the NMOC threshold may require the flare to operate longer. In 

contrast, landfills with decay rates Ó0.06 yr-1 release >98% of their total emissions by 100 yr, and 

less than 34 Mg of NMOCs are generated per year so these landfills can turn off their flares in year 

95, regardless of the regulatory NMOC threshold. Therefore, using a 100 yr time horizon for 
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modeling LFG generation results in landfills with decay rates 0.04 yr-1 to appear better than they 

are over 1,000 yr because 4ï30% of the total emissions are excluded from the analysis. Figures 

A23 and A24 show the biogenic CH4 inventory profile for the flare and energy recovery scenarios, 

indicating that systems that collect gas to produce electricity collect more CH4 earlier and longer 

due to the 10 m3 CH4 cut-off criteria, and that this cut-off value rather than the NMOC threshold, 

governs the longevity of LFG collection and control. Thus, the energy recovery scenarios have 

higher effective CH4 collection efficiencies, based on the assumption that the revenue produced 

from the sold electricity is greater than the marginal costs required to continue to operate the 

system. 69ï99.5% of CH4 emissions are released within the 100-yr time horizon (Figure A25). The 

lower NMOC threshold does not change the fraction of CH4 emitted by >5% at any decay rate. 

However, these results are based on a national average landfill composed of waste accepted 

proportionally from four climate regions (Table 2.1). Figure A26 shows that while continuing to 

collect gas until <10 m3 min-1 is generated benefits the CH4 mitigation the most at any decay rate, 

the 0.02 yr-1 case is much more sensitive to the revised NMOC threshold in that CH4 emissions 

are reduced by 14ï20% relative to the other decay rates that result in <7% reduction. 
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Figure 2.4. The cumulative percentage of the total emissions that are released after year 20 and 

100 yr. Results are based on the flare scenario and EPA Typical collection across five landfill types 

(i.e., four decay rate constants and the representative landfill that is a weighted average of four 

decay rates). Results are presented for two NMOCs thresholds and for the mean size and operating 

life across landfills (233,000 Mg MSW per year and 80 yr operating life). 

 

Figure 2.5 shows the percent of generated CH4 that is collected and flared and/or combusted to 

produce electricity, oxidized, and emitted for a composite U.S. landfill (i.e., weighted average 

across the range of landfills in four climate regions shown in Table 2.1 and considering waste 

generation in each region). Results for each decay rate are shown in Figure A26. The disposition 

of generated CH4 does not change with decay rate, gas collection, and NMOC threshold in the 

passive venting scenario. 16ï33% of the generated CH4 is released in the flare scenarios while 

electricity recovery reduces CH4 emissions by 13ï23% compared to the flare scenarios. Even 

though LFG is collected earlier in the Aggressive schedule, the CA schedule requires operation of 

the flare system until the LFG flow rate is below 2.8 m3 min-1, while the other schedules allow the 

flare to turn off 15 years after closure if less than 34 Mg yr-1 NMOCs are generated. Thus, the CA 
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scenario leads to the lowest estimated fugitive CH4 due to the longer flare operating time coupled 

with the higher assumed collection efficiency under interim and long-term covers (Table A11).  

Lowering the NMOC threshold from 50 to 34 Mg yr-1 does not affect fugitive CH4 emissions in 

the electricity recovery scenarios or the CA flare scenario, and it only reduces CH4 emissions by 

7% in the other flare scenarios (Figure 2.5). The stricter NMOC threshold increases LFG collection 

efficiency by less than implementing the aggressive or CA collection scenarios or by increasing 

beneficial use. Thus, despite the increase in flare operating time, lowering the NMOC threshold 

exerts little influence on effective LFG collection at landfills that were already required to collect 

their LFG. Subsequent results are only presented for the 34 Mg yr-1 NMOC threshold because it is 

the current U.S. standard. 
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Figure 2.5. The fraction of generated CH4 that is combusted to produce electricity, flared, oxidized, 

and emitted across three gas treatment and four gas collection scenarios. Results are a weighted 

average based on the share of waste received in each U.S. climate region for a landfill with the 

mean size and operating years (233,000 Mg MSW per year and 80 yr operating life). The effect of 

changing the NMOC emission threshold from 50 to 34 Mg yr-1 is displayed for each case. 

 

Figure 2.6 shows how the effective collection efficiencies vary by material, which is a function of 

the component-specific decay, the bulk MSW decay rate that varies by climate region, and the 

landfill size, which governs when collection and control systems are required (Table A11). 

Collection efficiencies are lowest for the smallest landfill modeled in all cases. This is because gas 

collection and control are either not required or required later in the landfillôs operating life by 

which time more gas has been released. Cardboard has the lowest decay rate (0.013 yr-1 at 0.04 yr-

1 bulk decay rate), and the collection efficiency of cardboard increases with increasing bulk MSW 

decay rate while the collection efficiency of vegetables, which have the highest decay rate (0.096 

yr-1 at 0.04 yr-1 bulk decay rate) decreases with the increasing decay rate. As the bulk MSW decay 



26 

 

rate increases, more of the CH4 from vegetable waste is released prior to gas well installation which 

lowers effective LFG collection. However, for cardboard, increasing the bulk MSW decay rate 

results in more CH4 being produced when the gas collection efficiency is higher. A decay rate of 

0.12 yr-1 leads to the maximum effective collection efficiency of 75% for carboard while a decay 

rate of 0.02 yr-1 leads to a maximum efficiency of 76% for vegetables. Rapidly degrading materials 

like food and yard waste generally result in higher CH4 emissions in wetter regions, regardless of 

landfill size. Therefore, arid regions may need to continue collecting gas and operating a flare 

longer than required by regulation to reduce fugitive CH4 emissions, while wet regions are better 

served by reducing the landfill disposal of food waste. 

The effective collection efficiency of cardboard is more sensitive to decay rate and landfill size 

than are vegetables (Figure 2.6). Landfills that accept 1000 Mg day-1 of MSW generate < 34 Mg 

yr-1 NMOCs, therefore their flare system can be shutoff 15 years after closure. In contrast, landfills 

accepting >1000 Mg day-1 of MSW have a prolonged flare operating time and thus achieve greater 

gas collection efficiencies. Once a landfill accepts more than ~3500 Mg of MSW per day, the 

effective collection efficiency becomes insensitive to further increases in landfill size and NMOC 

threshold (Figure A27). That is because a given mass of MSW generates most of its CH4 under 

improved collection efficiencies during the first ~50 years, regardless of decay rate and gas 

collection practice, even though the larger waste acceptance increases the flare operating time 

(Figure A28). 
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Figure 2.6. Collection efficiencies of mixed MSW, cardboard and vegetable waste across four 

decay rate constants and three landfill sizes (small: 500 Mg day-1; medium: 2000 Mg day-1; large: 

4000 Mg day-1), based on the flare scenario, EPA Typical collection, and NMOC threshold of 34 

Mg yr-1. The component-specific field decay rates are given in Table A12. 

 

2.4.4 Sensitivity Analysis 

A 5,000-iteration Monte Carlo sensitivity analysis was performed to explore and compare the 

uncertainties associated with LFG collection efficiencies and the ten impact category estimates. 

5,000 iterations were used to ensure that the means and standard deviations of the outputs 

converged. The minimum, maximum, and default values for each input (e.g., LFG collection and 

oxidation efficiencies, landfill design profile) as well as the assumed parameter distribution are 

presented in Table A15. 

Figure 2.7 shows the six parameters that have Spearman correlation coefficients with absolute 

values Ó0.3 across ten impact categories and four gas collection schedules. Spearman coefficients 
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are considered separately for the CA and the other three gas collection scenarios because the CA 

scenario requires that the flare operate longer than the other scenarios. In each scenario, biogenic 

carbon content, fraction of anaerobically degradable carbon, and gas collection efficiency are the 

primary contributors to the uncertainty in global warming. Annual waste acceptance is important 

in nearly every impact and scenario because it affects material use. Eutrophication is highly 

sensitive to a longer operating life that results in increased phosphate, COD, and nitrogen 

emissions from leachate because more leachate is produced prior to final cover installation. 

Electricity conversion efficiency is a critical source of uncertainty for the electricity recovery 

scenarios for acidification, ecotoxicity, eutrophication, fossil fuel depletion, human health cancer 

and non-cancer effects, and respiratory effects, which are dominated by electricity offsets (Figure 

A21). These impact categories are negatively correlated with biogenic carbon content and fraction 

of biodegradable carbon because a larger biogenic carbon content results in larger methane yield 

and greater electricity offset benefits. However, global warming and ozone depletion are positively 

correlated with biogenic carbon content and fraction of biodegradable carbon in the electricity 

recovery scenarios because LFG emissions are greater than the electricity offset. Similarly, smog 

formation increases with a larger biogenic carbon content because NOx emissions from LFG 

combustion in an ICE are greater than the associated NOx offset. 
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Figure 2.7. Spearman correlation coefficient between ten impact categories and uncertain inputs 

in flare scenarios across four gas collection schedules and electricity recovery scenarios. Other 

Collection Practices represent the EPA Typical, Aggressive, and NSPS Minimum scenarios, as 

defined in Table A11. eff = efficiency, Elec. = electricity. The critical input profile for electricity 

recovery scenarios is regardless of gas collection practices. 

 

2.5 Policy Implications 

Understanding factors that influence the environmental impact of landfills, and especially LFG 

collection and control is essential for developing effective landfill emissions mitigation policies. 

The results of this analysis show that the Aggressive and CA LFG collection schedules reduced 

fugitive CH4 emissions by 4ï43% relative to EPA Typical collection. Furthermore, the CA 

scenario requires LFG collection and control for 11ï50 yr longer based on a lower minimum LFG 

flow rate before system deactivation (2.8 vs 10 m3 min-1) and thus reduces fugitive CH4 emissions 

by 38ï52% compared to the other flare scenarios and 20ï41% compared to the other energy 

recovery scenarios. Thus, requiring landfills to continue collecting and controlling LFG until the 

flow rate is <10 m3 min-1 can reduce fugitive CH4 emissions by 20ï52% relative to the non-CA 

flare scenarios. In contrast, using the lower NMOC threshold of 34 Mg yr-1 (formerly 50 Mg yr-1) 

only reduced CH4 emissions by <7% for a national average landfill (i.e., weighted average across 
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the range of landfills in different climate regions). However, the primary purpose of reducing the 

NMOC threshold is to require more landfills to collect and control their LFG, and this benefit was 

not quantified in our analysis. These findings highlight that, for landfills that have a gas collection 

and control system, requirements to collect LFG longer (e.g., energy recovery, CA regulation) are 

more impactful in emissions mitigation than the regulations requiring collecting gas earlier.  

Arid regions are more sensitive to regulatory or operational changes (e.g., operating the flare 

longer or earlier) because landfills with decay rates >0.02 yr-1 release 90ï100% of total CH4 

emissions prior to closure, while landfills with k = 0.02 yr-1 only release 59ï64% of CH4 emissions 

prior to closure. The lower NMOC threshold requires more landfills to collect gas earlier and forces 

longer flare operation. This results in more effective CH4 emissions mitigation (14ï20%) in arid 

regions than the other climate regions (<7%). However, as landfills in arid regions produce more 

gas later, this improvement still leads to less of a reduction of fugitive CH4 emissions than 

continuing to collect gas until the flow rate is <10 m3 min-1 (31ï58%). In addition, the effective 

collection efficiency is higher in larger landfills. For relatively small landfills with low effective 

collection efficiencies based on regulatory compliance only, the installation of a biofilter may be 

an effective alternative to reduce methane emissions.46,47  

The quantitative analysis of waste component-specific collection efficiencies shows that the 

collection performance of slowly degrading materials is more sensitive to landfill size and climate 

than that of rapidly degrading materials. Of course, this factor cannot be controlled but does 

provide a model for the impact of diversion as a function of landfill size and climate. Rapidly 

degrading materials like food and yard waste generally result in higher CH4 emissions and lower 

gas collection efficiencies in wetter regions, regardless of landfill size. This suggests that to reduce 
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fugitive CH4 emissions, wet regions could improve food waste diversion policies while arid 

regions could collect and control LFG for longer than currently required by federal law.  
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Chapter 3: An Assessment of the Dynamic Global Warming Impact 

Associated with Long-Term Emissions from Landfills 

3.1 Abstract 

Landfills are a major contributor of anthropogenic CH4 emissions. Since the greenhouse gas 

(GHG) emissions associated with landfilling waste can occur over decades to centuries, the 

standard static approach to estimating global warming impacts may not accurately represent the 

global warming impacts of landfills. The objective of this study is to assess the implications of 

using 100-yr and 20-yr static and dynamic global warming potential (GWP) approaches to estimate 

the global warming impacts from municipal solid waste landfills. A life-cycle model was 

developed to estimate GHG emissions for three gas treatment cases (passive venting, flare, CH4 

conversion to electricity) and four decay rates. For the 100-yr GWP, other model uncertainties 

(e.g., static GWP values, decay rate, moisture content, or gas collection efficiency) generally had 

a larger effect on the estimated global warming impact than the choice of static versus dynamic 

GWP methods. This shows that when comparing single-point GWP values, the choice of static 

versus dynamic is relatively unimportant for most landfills. While dynamic GWPs consider 

temporal variance and provide useful estimates for the warming over a set time horizon, for most 

comparative analyses, static values provide reasonable bounds for the actual 100-yr warming 

impact.  

3.2 Introduction  

Globally, an estimated 1200 to 2400 Tg of municipal solid waste (MSW) is generated annually, 

which is projected to grow by ~70% by 2025.1,2 Approximately 60% of this waste is disposed in 

landfills or open dumps,1 which are together the third leading source of global anthropogenic 
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methane (CH4) emissions, behind fossil fuels and livestock.3 Accurately estimating the global 

warming impact of landfills and dumps is important for allocating resources and developing 

policies to mitigate the impacts of climate change. Landfill-related greenhouse gas (GHG) 

emissions occur over decades or centuries and there is an ongoing debate over the most appropriate 

way to account for the global warming impact of these long-term GHG emissions.4,5  

Global warming potential (GWP) estimates the ability of a substance to absorb infrared energy 

(760 nm to 1,000 nm waves) radiated from the Earthôs surface relative to 1 kg of CO2.
6 Static 100-

yr GWPs are the most widely used based on the recommendations of the Intergovernmental Panel 

on Climate Change (IPCC).7ï9 Values from the Fourth Assessment Report (AR4)9 of the IPCC are 

required for national GHG inventories in accordance with the United Nations Framework 

Convention on Climate Change (UNFCCC).8,10 The IPCCôs Fifth Assessment Report (AR5)11 

developed updated 100-yr GWP values. The 100-yr GWP from AR4 was 25 kg CO2e/kg CH4 and 

the updated AR5 values were 28 and 34 kg CO2e/kg CH4. The larger value considers climate 

carbon feedbacks that represent the changes in global carbon storage due to amplified warming 

induced by GHG emissions, while the lower value does not. Nevertheless, life-cycle assessments 

(LCAs) of solid waste management (SWM) systems still typically use the AR4 values (e.g., for 

waste-to-energy facilities12,13, material recovery facilities14, open dumps15, and SWM systems16ï

18). However, some studies have compared both19, while others exclusively used AR5 values20,21. 

Twenty-year GWPs have also been recommended and used in an attempt to better reflect short-

term climate impacts and peak warming.5,22 The 20-yr GWPs for CH4 are 84 to 87 (2.4 to 3 times 

greater than their respective 100-yr GWPs). Therefore, using AR5 values or 20-year GWPs 

substantially increases the estimated global warming impact associated with landfilling waste 

compared to the standard 100-yr AR4 GWPs.19 
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Traditional static global warming impact assessment methods assign a constant radiative forcing 

for all emissions within a set temporal boundary (e.g., 0 Ò t Ò 1000 yr) and zero impact to 

subsequent emissions (e.g., t > 1000 yr).23 An alternative to static GWPs is the dynamic GWP 

approach, which was developed to consider the differential effects of the temporal distribution of 

GHG emissions.24 Similar to static GWPs, dynamic GWPs compare the relative change in radiative 

forcing due to the emission of a set of GHGs over time to the change from the emission of 1 kg 

CO2 at time zero. However, dynamic GWPs consider the total increase in radiative forcing from 

an emission until a set time horizon (e.g., year 100 for 100-yr GWP). For example, the 100-yr 

dynamic GWP from the emission of 1 kg CH4 in year 5 is 30 kg CO2e/kg CH4, and this is reduced 

to 17 kg CO2e/kg CH4 if the emission occurs in year 90 (estimated using the AR5 parameters and 

considering CH4 oxidation to CO2). This is because 95 years of warming are considered for the 

emission in year 5, and only 10 years of warming are considered for the emission in year 90. In 

contrast, static 100-yr GWPs consider the full 100 years of warming from an emitted substance 

regardless of when it is emitted (e.g., the AR4 static 100-yr GWP is 25 kg CO2e/kg CH4). The 

physical implications of dynamic GWPs are therefore clearer since they estimate the warming 

caused by a set of emissions until a specified time. However, this clarity results in a sacrifice in 

that the dynamic method ignores warming caused after the end of the time horizon. This can be 

addressed using GWP curves instead of point values, but this increases the complexity of reporting 

to stakeholders (e.g., waste managers and policy makers) and making comparisons of global 

warming impacts. For a landfill, the 20-yr dynamic GWP will estimate the actual increase in global 

warming over the next 20 years, but it will ignore the warming caused by fugitive CH4 released 

after year 20. Increasing the time horizon increases the proportion of the total emissions included, 

but it reduces the relative impact of short-lived gases such as CH4.  



38 

 

Dynamic global warming impact models have been previously applied in LCAs of bio-products, 

solid biofuels (e.g., wood fuels and crop residue), and building projects.25ï32 Prior studies have 

shown that using dynamic GWPs may decrease estimates of global warming impacts by over 80% 

compared to equivalent static estimates. For example, Beloin-Saint-Pierre et al.33 used dynamic 

GWPs in an LCA of different energy sources for domestic hot water production and the estimated 

global warming impacts were 30% less than the static impacts. In contrast, using dynamic GWPs 

for wood products may increase the estimated global warming impact compared to static 

accounting, due to delayed benefits of biogenic CO2 uptake during biomass regrowth.34 However, 

the dynamic GWP estimates for wood products are sensitive to the choices for time horizon, 

temporal resolution, energy mix, and rotation length and lifetime of the products.31,33ï35 LCAs of 

buildings have found that using a time-dependent GWP approach did not change the rankings of 

scenarios (e.g., choice of building materials), but did alter the relative difference between 

alternatives.30 The cumulative radiative forcing based dynamic LCA method highlights the 

importance of emissions that occur in early years.24,32,36 Sproul et al. argued that later emissions 

can be considered by using longer time horizons and monetized social damages.37  

Nevertheless, the effects of using dynamic GWPs on the global warming impacts associated with 

landfilling MSW have not been previously comprehensively assessed, and their use may 

potentially change how landfills compare to SWM alternatives with more immediate emissions 

profiles (e.g., incineration). Therefore, there is a need to investigate the implications of alternative 

GWP accounting methods for emissions associated with landfilling MSW. 

The objective of this study is to assess the temporally differentiated global warming impacts 

associated with long-term emissions from landfilling MSW using dynamic GWPs. Comparing 

dynamic and static GWP estimates will provide insights into whether and how the choice of GWP 
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method affects estimates of global warming impacts for various landfill configurations, as well as 

how the dynamic nature of landfill gas emissions should be addressed in carbon footprint and life-

cycle models and analyses. The following Modeling Approach section describes the landfill 

process model, GWP accounting methods, and sensitivity and uncertainty analyses. This is 

followed by a presentation and discussion of the results and policy implications. 

3.3 Modeling Approach 

3.3.1 Landfill  Model 

The functional unit for our life-cycle model is the disposal of 1 Mg (1 megagram = 1000 kg) of 

wet mixed MSW in a US landfill. The model estimates GHG emissions for 1000 years following 

waste burial, which is long enough to include 99.99% of landfill gas emissions assuming a 

minimum bulk decay rate of 0.02 yr-1. A landfill life-cycle model was developed to estimate annual 

GHG emissions from fuel and material use and landfill gas generation, collection, oxidation, and 

combustion based on the model presented by Levis and Barlaz.38,39,40 Landfill gas generation was 

modeled for 1 Mg of waste using a first-order-decay model with four bulk decay rates: (1) 0.02, 

(2) 0.04, (3) 0.06, and (4) 0.12 yr-1. These decay rates approximately correspond to arid, moderate, 

wet, and bioreactor landfills, respectively.41 Landfills were modeled with three different landfill 

gas treatment options: (1) passive venting, (2) flare, and (3) electricity generation to investigate 

how different landfill configurations interact with alternate GWP choices.  

Because our functional unit is 1 Mg of waste and not an entire landfill, we must consider the fact 

that a given mass of waste will experience different gas collection efficiencies depending on when 

it was disposed relative to the landfillôs age. To address these varying collection efficiencies, a 

temporally averaged gas collection efficiency is used to simulate the ñaverageò ton of waste.39 For 
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example, the first ton of waste buried may still be under collection when it has been buried for 65 

years, but the last ton of waste buried may only be under collection for 15 years. The default values 

used to calculate the temporally averaged efficiencies are shown in Table 3.1, and Table B1 in the 

Supporting Information (SI) shows the final annual landfill gas collection efficiency values for a 

flare system with a decay rate of 0.04 yr-1. It was assumed that 10% of the uncollected CH4 was 

oxidized to CO2 in the landfill cover soil, based on IPCC42 and US EPAôs LandGEM default 

values.43 Higher CH4 oxidation efficiencies have been reported (e.g., 22 to 55%) in field studies, 

and therefore the effects of the collection and oxidation efficiency assumptions are explored in the 

sensitivity analysis.44  
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Table 3.1. Typical Landfill Gas Collection Inputs and Landfill Gas Combustion System 

Parameters Used in the Flare and Energy Recovery Scenarios.a 

Parameters Values 

Landfill gas collection  

 Time until initial gas collection (yr) 2b 

 Initial gas collection efficiency (%) 50 

 Time to increased gas collection efficiency (yr) 5 

 Increased gas collection efficiency (%) 75 

 Time from initial waste placement to long term cover (yr) 15 

 Gas collection efficiency under long-term cover (%) 82.5 

 Time from final waste placement to final cover (yr) 1 

 Gas collection efficiency under final cover (%) 90 

Flare inputs  

 
Non-methane organic compounds emission rate at which gas 

collection is turn-off (Mg/yr) 
34 

 Flare turn-on time (year)c 2 

 Flare turn-off time (year)c 65 

Energy recovery inputs  

 
Minimum landfill gas collection required for an energy recovery 

project (m3 min-1) 
10 

 Energy recovery engine downtime (%) 3 

 
Time to install energy system after at least 10 m3 min-1 is collected 

(year) 
1 

 Energy recovery turn-on time (year) by decay rate (k)b  

 k = 0.02 yr-1 12 

 k = 0.04 yr-1 7 

 k = 0.06 yr-1 5 

 k = 0.12 yr-1 4 

 Energy recovery turn-off time (year) by decay rate (k)b  

 k = 0.02 yr-1 122 

 k = 0.04 yr-1 93 

 k = 0.06 yr-1 80 

 k = 0.12 yr-1 65 
aDefault inputs values developed from Levis and Barlaz (2014)38 

bThe starting time (year 2) to collect gas represents a reasonable ñdefaultò collection case as the 

Typical value in the US EPAôs Waste Reduction Model (WARM) (Levis and Barlaz, 2014).38 The 

starting time varies with landfill size and waste acceptance rate. A small landfill site may delay 

collection while a larger landfill may be required to collect sooner based on NSPS requirement.45 

The results of a ñdelayedò case where initial collection starts at year 10 are also given in the Results 

and Discussion.
 

cGas collection system turn-on and turn-off times were calculated based on the model presented 

by Levis and Barlaz (2014)38 based on the size of the landfill (200,000 tons per year), its operating 

life (50 years), the bulk decay rate, and the gas collection efficiencies. 
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The timing of the flare and energy turn-on and turn-off times were calculated based on a landfill 

that accepts 200,000 tons of waste annually over 50 years using the model described by Levis and 

Barlaz.38 The gas collection and control system including the flare is turned on in year 2 because 

the model estimates that over 34 Mg yr-1 of non-methane organic compounds (NMOCs) are 

generated based on US EPA MSW landfill New Source Performance Standards (NSPS).45 The 

flare and gas collection system can be turned off 15 years after operations cease (i.e., year 65), if 

less than 34 Mg yr-1 of NMOCs are being collected. The energy recovery system is turned on after 

year 3 when 10 m3 min-1 have been collected for at least 1 year (i.e., year 7 with a bulk decay rate 

of 0.04 yr-1). The energy system is turned off when less than 10 m3 min-1 is collected, and this turn-

off time depends on the decay rate of the bulk MSW as well as the collection efficiency. When 

energy is recovered, electricity is offset based on the US national average grid (GHG Intensity = 

0.7 kg CO2e kWh-1).46 

3.3.2 Global Warming Potential 

The total global warming impact was estimated for each scenario using static and dynamic GWP 

methods. GWP is a measure of the amount of radiative energy a unit mass (e.g., kg) of a substance 

will absorb over a given time horizon (TH) relative to the energy absorbed by 1 kg of CO2 (3.1).11   
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 (3.1) 

 

where C(t)i is the fraction of a unit pulse of substance i remaining in the atmosphere in year t (i.e., 

the atmospheric load). AGWPcum,i is the cumulative absolute GWP of substance i, and REi is the 
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radiative efficiency, which is the increase in instantaneous radiative forcing from a unit mass of a 

substance in the atmosphere (W m-2 kg-1). The final relative GWP of a substance is the cumulative 

AGWP of the substance at the chosen time horizon relative to that of 1 kg CO2 over the same time 

horizon. The temporal effect of atmospheric load, absolute cumulative global warming potential, 

and relative global warming potentials is illustrated in Figure B6 for releasing a 1 kg of CO2 and 

CH4 at time zero. The relatively short lifetime of CH4 (12.4 yr) compared to CO2 (no single lifetime 

due to various uptake rates of the removal processes, but can range from 5 to 200 years47) means 

that the static GWP of CH4 decreases substantially as the time horizon increases.  

A time-dependent characterization factor model developed by Levasseur et al.24 was implemented 

to estimate dynamic GWPs for annual emissions released from the landfill. Table B2 summarizes 

the parameters used to estimate the dynamic GWPs as well as the set of static GWPs explored in 

the analyses. The calculations are detailed in Section 2 of the SI. Instantaneous and cumulative 

radiative forcing associated with all decay rates and gas treatment scenarios are presented in 

Figures B7 to B10. 

3.3.3 Biogenic C Flow Accounting 

Solid waste LCAs use multiple approaches for considering the global warming impact of biogenic 

CO2 emissions and storage.48 Most waste LCAs consider biogenic CO2 emissions to have a GWP 

of zero (Neutral CO2b) (3.3a) because the CO2 is considered part of the short-term carbon cycle 

and is being returned to the atmosphere.12,13,15,17,18,20,49 Under this assumption, the storage of 

biogenic C is considered a net benefit since it removes CO2 from the short-term carbon cycle. 

Alternatively, if the biogenic C is assumed to already be stored in the waste material before it is 

disposed in a landfill, then CO2-biogenic and CO2-fossil emissions should be treated as equivalent 



44 

 

and there are no benefits attributable to keeping biogenic C stored in the landfill (Positive CO2b 

method) (Eq 3.2). While the choice of approach will change the numerical results, the rankings of 

alternatives will not change as long as the goal of the analysis, climate system boundaries, and C 

balance are defined clearly and consistently.5,48,50,51  

The default assumption in this analysis is that CO2 biogenic emissions are equivalent to CO2 fossil 

emissions (Positive CO2b). This assumption is more intuitively consistent with the chosen dynamic 

LCA method and simplifies relative comparisons of scenarios and cases since the final global 

warming impacts are always positive. To facilitate comparisons with existing landfill LCA studies, 

the Neutral CO2b alternative was also explored. To make the Neutral CO2b approach consistent 

with the dynamic GWP model while considering biogenic C storage benefits, CO2 storage credit 

was given to the initial biogenic C content of the landfilled waste (Eq 3.3b). Eq 3.3b is equivalent 

to Eq 3.3a except it allows for a dynamic change over time as the C stored is converted to CH4 and 

CO2. Neutral CO2b accounting leads to a decrease in the dynamic GWP values by a constant 735 

kg CO2e/Mg and therefore the choice of accounting method does not influence the rankings of the 

different scenarios. 
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3.4 Results and Discussion 

3.4.1 Biogenic Carbon Inventory and GWP Estimates 

The time-varying biogenic CH4 inventory profile for the flare scenario with a bulk decay rate of 

0.04 yr-1 is shown in Figure 3.1 and other inventory results are shown in Figures B1 to B3. Because 

we are modeling the CH4 emissions from 1 Mg of waste using a first-order decay model with no 

lag time, the maximum CH4 emissions occur at year 0 and then exponentially decrease over time 

with slight variations based on the timing of landfill gas collection. Figure 3.2 shows the dynamic 

global warming impact over time for each landfill gas management option and decay rate. The 

trends are similar for each decay rate above 0.02 yr-1, with peaks between years 16 and 66, followed 

by a long exponential decay. When the decay rate is 0.02 yr-1, the curves are much flatter, and the 

peaks occur between years 38 and 119. Across all decay rates and gas management scenarios, the 

peak values range from 430 to 4200 kg CO2e/Mg waste (-310 to 3500 kg CO2e/Mg waste for 

Neutral CO2b accounting). The cases with lower decay rates and beneficial use of gas lead to the 

lower peak values. Landfills with larger decay rates concentrate more emissions in a shorter 

timeframe and therefore cause larger peaks that occur earlier than those with smaller decay rates. 

All the decay rate scenarios converge after ~200 yr because there is little remaining impact from 

the fugitive CH4 emissions and the final CO2 emissions are essentially the same for each decay 
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rate since all the released C is eventually converted to CO2. This means that the dynamic GWP for 

any time horizon greater than ~200 years is essentially independent of decay rate.  

 
Figure 3.1. Time-varying biogenic CH4 inventory profile for flare scenarios. 
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Figure 3.2. Dynamic global warming potentials for each gas control scenario and decay rate. The 

trends are similar in each case, but the peak values vary by over 830 kg CO2e from the lowest 

decay rate to the highest.  

 

The incoming waste contains 201 kg of biogenic C per wet Mg (735 kg as biogenic CO2), and 

approximately 46% of this C (343 kg biogenic C as CO2 per wet Mg) is stored beyond 1,000 years 

(Figure B4). The fraction of C that remains stored reflects the remaining C after releasing CO2 and 

CH4 from the total fixed amount of C buried and is therefore inversely proportional to the methane 

yield. The fraction of CO2 and CH4 collected, oxidized, or emitted varies with decay rate due to 

the time-varying changes in CH4 collection efficiency. Figure 3.3 shows the percent of generated 

CH4 that is flared, combusted for energy, oxidized, and emitted. In the flare scenarios, 29 to 40% 

of generated CH4 is emitted, while in the energy scenarios 22 to 29% is emitted. The energy 
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scenarios collect landfill gas for longer than the flare scenarios because it is assumed that the 

revenue produced from the sold electricity is greater than the marginal costs required to continue 

to operate the system. The effective control efficiency increases with decay rate for the flare 

scenarios because increasing the decay rates leads more gas to be produced before the flare is 

turned off. However, in the energy production scenarios, the effective control efficiency decreases 

with increasing decay rate because gas is collected longer than in the flare scenarios, so faster 

degradation leads to more gas being emitted before the gas collection system is in place. 

 
Figure 3.3. Percent of generated CH4 that is flared, combusted for energy, oxidized, and emitted 

for each decay rate and gas management scenario. The disposition of generated CH4 does not 

change with decay rate in the Passive Venting scenario.  

 

Figure 3.4 shows the AR4 baseline static GWPs as well as the percent change in GWP due to using 

the other static and dynamic GWP methods shown in Table B4 for each gas control scenario and 

decay rate. Figure B13 shows these results using the Neutral CO2b approach and a summary of 

GWP estimates is provided in Table B6 across all scenarios evaluated. When using a 100-yr GWP 

with a decay rate of 0.04 yr-1 or higher, the dynamic GWP estimates are within the range of the 

42
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AR4 and AR5 static values, which indicates that switching from AR4 static values to this dynamic 

GWP accounting method will have less of an impact than switching to static AR5 values with 

climate-carbon feedbacks. However, at a decay rate of 0.02 yr-1, the dynamic 100-yr GWP is lower 

than the static AR4 value because 13 to 39% of the CH4 emissions occur after year 100 at that 

decay rate (Figure B5). 

 When using a 20-yr time horizon, the dynamic GWP method estimated impacts are 9 to 84% 

lower than the static AR4 values because 66 to 83% of the CH4 emissions occur after year 20 

(Figure B5). This highlights how the time horizon is applied differently in the static and dynamic 

GWP methods. The dynamic method attempts to account for only the warming that occurs during 

the time horizon and it will therefore provide substantially lower estimates than the static method 

when the majority of the GHG emissions occur after the selected time horizon. Delaying the 

collection system installation (e.g., from year 2 to year 10) does not change the impact of the choice 

of static versus dynamic GWP method across all scenarios (Figure B12), except that the delayed 

collection influences the higher decay rates more heavily because the delay allows more emissions 

and higher impacts prior to collection (Figure B11). The comparative results for the default and 

delayed collection cases are summarized in Table B5. 
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Figure 3.4. Static AR4 GWP estimates for each decay rate and gas management case (red 

diamonds; 2nd y-axis) and the percent difference of the dynamic and AR5 static GWP relative to 

the static AR4 GWP values (a - 100-yr; b - 20-yr). ox - the methane oxidation effect; ccfb - climate 

carbon feedback. 

 

The results show that collecting and flaring the landfill gas reduces the global warming impact by 

31 to 52% based on a 100-yr time horizon, while collecting gas to generate electricity reduces the 

impact compared to no gas collection by an additional 7 to 33%. The beneficial offsets associated 

with electricity production are dependent on the GHG intensity of the substituted electricity, which 

are summarized in Table B3. For example, switching from the national average grid to 100% coal 

1800 1800 1800 1800

1200

1000
950 930

680 650 670
760

0

500

1000

1500

2000

-50

-25

0

25

50

0.02 0.04 0.06 0.12 0.02 0.04 0.06 0.12 0.02 0.04 0.06 0.12

Passive Venting Flare Energy Recovery

S
ta

ti
c
 A

R
4
 G

W
P

 
(k

g
 C

O 2
e
/M

g
 w

a
s
te

)

P
e
rc

e
n

t 
D

iff
e
re

n
c
e
 (

%
)

a. Time Horizon=100years
Dynamic Static AR5,no ccfb,no ox Static AR5,no ccfb,w/ox

Static AR5,w/ ccfb,no ox Static AR5,w/ ccfb,w/ox Static AR4,no ccfb,no ox

4900 4900 4900 4900

3000

2400 2100 2050
1700 1550 1600

1900

0

2000

4000

6000

-100

-50

0

50

0.02 0.04 0.06 0.12 0.02 0.04 0.06 0.12 0.02 0.04 0.06 0.12

Passive Venting Flare Energy Recovery

S
ta

ti
c
 A

R
4
 G

W
P

(k
g

 C
O 2

e
/M

g
 w

a
s
te

)

P
e
rc

e
n

t 
D

iff
e
re

n
c
e
 (

%
)

b. Time Horizon=20years

(yr
-1
) 

(yr
-1
) 



51 

 

decreases the estimated GWP of all decay rate scenarios with electricity generation by 84 to 126 

kg CO2e/Mg while switching to 100% natural gas increases the GWP by 15 to 29 kg CO2e/Mg 

(Figure B14). These results can be explained by the larger electricity offset attributable to coal 

(1.24 kg CO2/kwh) versus natural gas (0.57 kg CO2/kwh). Switching the substituted grid leads to 

larger changes in GWP when using static accounting methods relative to dynamic accounting 

methods (e.g., the offset increases by 1 to 38 kg CO2e/Mg when switching to 100% coal). The 

changes are larger in the static cases because there is no reduction in benefit due to delayed 

electricity generation. Generating electricity in a landfill with a decay rate 0.12 yr-1 increases GHG 

emissions by 110 to 230 kg CO2e/Mg compared to a decay rate of 0.04 yr-1 because the effective 

gas collection efficiency is lower in the 0.12 yr-1 case (i.e., the rapid decay leads to more emissions 

prior to the higher collection efficiencies). Negative net impacts frequently occur when biogenic 

C storage credits are considered (Figure B15). However, it should be noted that the zero point for 

the Neutral CO2b approach is the hypothetical value if all the biogenic C in the waste is released 

as CO2. It is not necessarily meaningful from a policy perspective since a landfill with fugitive 

CH4 emissions can still appear to be carbon neutral or negative due to stored biogenic C credits, 

and the existence of a large quantity of biogenic C stored in the landfill does not mitigate the 

warming caused by the CH4 emissions.     

3.4.2 Sensitivity Analysis 

Parametric and Monte Carlo sensitivity analyses were performed to explore and compare the 

uncertainties associated with the emissions estimates and the choice of GWP method. The 

minimum, maximum, and default values for each input as well as the assumed distribution for the 

Monte Carlo analysis are presented in Table B2. The parametric analysis varied each one of the 

input values at a time from the minimum to the maximum to explore how the uncertainty in each 
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individual value affects the estimated global warming impact. A 10,000 iteration Monte Carlo 

analysis was also performed using the distributions and parameters shown in Table B2 for each 

input. Ten thousand iterations were used to ensure that the means and standard deviations of the 

outputs were well converged.  

Because different landfills have different decay rates, decay rate is a site-specific factor that 

describes the timing of gas production and subsequent global warming impacts. Figure 3.5 shows 

how static and dynamic 100-yr and 20-yr GWPs vary with increasing decay rates and indicates 

that the impact of switching GWP approaches is reduced for the longer time horizons and larger 

decay rates. The dynamic GWPs increase with increasing decay rate because more of the emissions 

occur during the time horizon, and there is less of an effect from the delay in the emissions. The 

100-yr GWP estimates are relatively insensitive to decay rate compared to the 20-yr GWPs because 

the majority of emissions occur after the 20-yr time horizon. Each of the 20-yr dynamic GWPs 

increased by over 1000 kg CO2e/Mg as the decay rates increased from 0.02 to 0.17 yr-1. Higher 

decay rates lead to more emissions before the gas collection system is installed in Year 2, and 

lower decay rates lead to more emissions after the collection system is turned off in Year 65. When 

landfill gas is not collected, the decay rate does not affect the static GWPs since the same amount 

of CH4 and CO2 are released, just at different times.  
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Figure 3.5. Effect of decay rate on static and dynamic 100-yr and 20-yr GWPs under each gas 

control scenario, including passive venting, flaring and electricity generation. 

 

Figure 3.6 shows the change in static and dynamic 100-yr GWP for each gas collection case when 

using the minimum and maximum values for each input shown in Table B2. Figure B16 shows the 

same comparisons using a 20-yr GWP. The results indicate that there is generally considerable 

overlap between the static and dynamic GWP ranges. For static GWPs, the choice of impact factor 

has the largest effect on the estimated global warming impact. This shows that the choice of AR4 

or AR5 static impact factors has a larger effect than switching from static AR4 values to this 

dynamic GWP method. The magnitude of the differences in estimated global warming impact due 
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to choosing static versus dynamic GWPs are generally similar to the differences caused by 

uncertainty in the other model inputs. Moisture content is the only parameter that shows a 

difference in the direction of change when using the Positive versus Neutral CO2b accounting 

methods (Figure 3.6 versus Figure B17 for 100-yr and Figure B16 versus B18 for 20-yr). In both 

cases, increasing the moisture content decreases the incoming biogenic C. In the Positive CO2b 

case, increasing moisture content decreases fugitive CH4 and CO2 emissions and thus decreases 

the global warming impact. However, when using the Neutral CO2b accounting, increasing the 

moisture content also decreases the biogenic C storage credit. When gas is being controlled, the 

biogenic C storage credit is larger than the global warming impact from the fugitive CH4, so 

decreasing the incoming biogenic C increases the global warming impact. The Monte Carlo 

analysis was used to develop correlation coefficients between each of the inputs and the final GWP 

for all gas control scenarios (Figures B19 to B21), and the rankings of the most sensitive inputs 

from the correlation analysis are similar to those of the parametric sensitivity analysis based on 

100-yr and 20-yr time horizon. 
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Figure 3.6. Ranges of static and dynamic100-yr GWPs. The default value of each input defines 

the baseline shown in the middle separating the lower and upper bound. The black and white bars 

refer to the GWP estimates using the maximum and minimum values for each input in Table B2, 

respectively. ñStatic CH4 GWPò refers to the choices of GWP values from the AR4 and AR5 (e.g., 

AR4 [CH4 = 25] and AR5 with climate carbon feedbacks [CH4 = 36]). There is no entry for ñStatic 

CH4 GWPò to dynamic GWP estimates. 

 

Figure 3.7 is a box-plot that shows the distributions of the static and dynamic global warming 

impacts for each gas management scenario based on 100-yr and 20-yr time horizons. For the 100-
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yr time horizon, the static and dynamic distributions show considerable overlap, while the static 

global warming impacts are substantially larger than the dynamic global warming impacts using a 

20-yr time horizon. The differences in GWP decrease when switching from passive venting to 

collection and flaring and again when switching to collection and electricity production. This 

change is because the emissions reductions from flaring and generating electricity affect the static 

GWP more than the dynamic GWP because all the emissions are included in the static GWP cases 

and there is no reduction in impact due to delaying the emissions. 

 

Figure 3.7. Boxplot showing the global warming impacts associated with each gas treatment 

scenario based on 100-yr and 20-yr time horizon. Static CH4 GWPs values were sampled at random 

within their min-max ranges. The × represents the mean of each dataset, while the interior line 

represents the median. The boxes bound the interquartile range (IQR) (25th to 75th quartile). The 

whiskers extend to 1.5 times the IQR and their ends show the highest and lowest value excluding 

outliers, which are represented by solid black points. 
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3.5 Policy Implications 

Accurately estimating global warming impacts is essential for developing effective GHG 

mitigation policies and strategies. The results of this analysis show that when using a 100-year 

GWP, the choice of static versus dynamic GWP methods is about as important as the choice of 

static GWP values and the choice of key input parameter values (e.g., decay rate, collection 

efficiency, oxidation efficiency, and CH4 yield). In fact, switching from a static to a dynamic GWP 

method generally changes the results less than switching from the national inventory standard of 

25 kg CO2e/kg CH4 to the state-of-the-science value of 34 or 36 kg CO2e/kg CH4. The only 

exception is when the decay rate is 0.02 yr-1. A decay rate of 0.02 yr-1 is the US EPA default value 

for arid regions (<50.8 cm of precipitation per year).52 However, the lowest default decay rate for 

bulk MSW recommended by the IPCC53 is 0.05 yr-1, and Wang et al.54 did not find any best-fit 

decay rates for US landfills lower than 0.04 yr-1, so it is unlikely that a large proportion of landfilled 

waste is in landfills with decay rates Ò0.02 yr-1. The results indicate that AR4 and AR5 static 

impact factors can be used to provide reasonable lower and upper bounds on the 100-yr global 

warming impact from landfills. This is useful since most existing LCA software cannot readily 

incorporate time-varying impact factors.  

The choice of biogenic C accounting method does not affect the rankings of scenarios if applied 

consistently and correctly and may be more or less appropriate for a given analysis. However, from 

a policy-making standpoint, the control of fugitive CH4 and CO2 emissions from landfills should 

be considered independently of biogenic C storage. It is intuitively obvious that storing C in the 

ground is better than releasing it to the atmosphere as CH4 or CO2, therefore policies should focus 

on reducing these emissions regardless of the biogenic C accounting method used. 



58 

 

The results also indicate that when selecting a time horizon, analysts should consider the bulk 

decay rate of the landfill. Using the 100-yr dynamic GWP for landfills with a decay rate of less 

than 0.02 yr-1 leads to the exclusion of 13 to 39% of the emissions. Therefore, it would be valuable 

to use a longer time horizon than 100 yr to capture a larger fraction of the emissions and the 

subsequent warming impact, if using a dynamic method. For landfills with decay rates of 0.04 yr-

1 or higher, which include most landfill in the US and globally, using AR4 and AR5 static GWP 

methods can provide reasonable bounds for 100-yr dynamic GWPs. If a 20-yr time horizon 

becomes more popular or a consensus standard, then it will be important to decide how to consider 

the potential temporal variations in global warming impacts due to delayed emissions. Across all 

analyses, 66 to 83% of the CH4 emissions occurred after year 20. Therefore, while the dynamic 

20-yr GWP does not provide a comprehensive assessment of the climate impact, it does highlight 

the potential short-term benefits of temporary carbon storage in landfills. We have used set time 

horizons to facilitate comparisons between the static and dynamic accounting methods, but the 

benefit of the dynamic GWP method is that it shows the time-varying global warming impact of a 

project, process, or system. This comprehensive understanding of how the climate impacts change 

is fundamentally not possible with static methods even though the single-point 100-yr GWP 

estimates may be comparable and useful for comparative analyses. 

In future work, it would be valuable to assess whether the insights regarding landfills gained from 

this analysis hold for other SWM processes where emissions occur over long time periods (e.g., 

the land application of digestate or compost from the organic fraction of MSW), and if the use of 

dynamic GWPs affects the rankings of alternative SWM strategies and systems. 
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Chapter 4: Development of Streamlined Life Cycle Assessment for the Solid 

Waste Management System  

4.1 Abstract 

Life-cycle assessments (LCAs) of municipal solid waste management (MSWM) systems are time 

and data intensive. Reducing the data requirements for inventory and impact assessments will 

facilitate the wider use of LCAs during early system planning and design. Therefore, the objective 

of this study is to develop a systematic framework for streamlining LCAs by identifying the most 

critical impacts, life-cycle inventory emissions, and inputs, based on their contributions to the total 

impacts and their effect on the rankings of 18 alternative MSWM scenarios. The scenarios are 

comprised of six treatment processes: landfills, waste-to-energy combustion, single-stream 

recycling, mixed waste recycling, anaerobic digestion, and composting. The full LCA uses 1752 

flows of resources and emissions, 10 impact categories, 3 normalization references, and 7 

weighting schemes, and these were reduced using the streamlined LCA approach proposed in this 

study. Human health cancer, ecotoxicity, eutrophication, and fossil fuel depletion contribute 75 to 

83% to the total impacts across all scenarios. It was found that 3.3% of the inventory flows 

contribute 95% of the overall environmental impact. The highest ranked strategies are consistent 

between the streamlined and full LCAs. The results provide guidance on which impacts, flows, 

and inputs to prioritize during early strategy design. 

4.2 Introduction  

Comparative life-cycle assessments (LCAs) have been used to support decision making to improve 

environmental sustainability by identifying trade-offs among cost and multiple environmental 

impacts associated with alternative systems or policies.1,2 While LCAs provide valuable insights, 
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developing and assessing the necessary models and scenarios is time and data intensive. To be of 

most use, it is important to incorporate LCA early in project planning (e.g., buildings3,4), product 

design (e.g., construction materials5), technology development (e.g., photovoltaic technology6 and 

manufacturing7) to guide future decisions and allow for iteration as a project progresses. For early 

LCAs to be effective, they must be able to be performed quickly, typically with preliminary data. 

Therefore, a simple model may be preferable to a complex model due to the limited resources 

available to assess multiple alternatives.8,9,10 Streamlined LCAs can also improve the transparency 

associated with identifying the causal relationships between input and outputs, which will 

ultimately aid decision makers in comparing alternatives during the interpretation phase.10,11  

Most recent efforts to streamline LCAs focus on narrowing the range of impact categories selected 

to represent the overall environmental burden.12ï16 Dimension reduction techniques, such as 

principal component analysis,12ï14 representative index approach,10 and hybrid combinations of 

mixed integer linear programming and multivariate linear regression15,16 have been used in systems 

with multiple functionalities (e.g., electricity mix, oil) to remove highly correlated metrics and 

minimize the similarity in the range of impact categories. Previous results have shown that less 

than one third of the impact categories are necessary to accurately compare alternatives.10,12ï15 For 

example, Steinmann et al. found that climate change and marine ecotoxicity accounted for 84% of 

the variation in product rankings across 976 categories of product systems (e.g., transportation, 

electricity, water) from the ecoinvent database.13 However, no single impact indicator can 

accurately predict another indicator.16 

Although the selection of impact categories provides insights into the most relevant impacts arising 

from a product, service, or system, it is relatively easy to collect collecting characterization factors 

for relevant impact categories based on established life-cycle impact assessment (LCIA) methods 
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(e.g., ReCiPe,17 ILCD,18 and TRACI19). In contrast, inventory analysis is the most resource 

intensive stage of the LCA framework since it consists of compiling unit process parameters on 

the elementary flows consumed by the technosphere and emitted to the biosphere.20,21 Thus, 

reducing the data requirements for inventory analysis could make LCAs simpler and help more 

communities to better understand the environmental impacts caused by a potential system. While 

many inventory databases exist, they are frequently not adaptable enough to specific applications, 

and therefore unsuitable for use in the foreground system of an LCA. Additionally, this 

streamlining effort can help identify when simple database inventories may provide reasonable 

estimates for less critical values. However, past efforts in reducing the size of the considered 

inventory flows focused on neglecting specific upstream or downstream processes (e.g., rose 

production,22 transportation,23 construction24), applying surrogate or secondary data (e.g., waste 

management,25 packaging,26 meat prodcution27), or cutting off inventory flows that contribute less 

than 1% of the energy, volume and mass are excluded.28 The subjective simplification without 

systematically standardizing the streamlining LCA approaches eliminates the transparency of 

results communication and robustness of decision making. 

Few studies have focused on streamlining LCAs for complex solid waste treatment and disposal 

strategies, or illustrated the impact of simplification on alternative ranking.29,30,31 Bisinella et al. 

identified large simplification potentials for 80 selected input parameters across three municipal 

solid waste management (MSWM) scenarios in the LCA model EASETECH.29 The study reported 

that five to six parameters could represent 86% to 100% of the variance in the final impacts. 

However, earlier streamlining implications were limited to a small number of scenarios, which 

does not provide a robust assessment of a simplification strategy. While it is important to 

understand the effects of simplifying individual LCA components (e.g., impact categories or 
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parameters) on the numerical inventory and impact results, it is also important to understand how 

the integration of these simplifications affects the final ranking of a broad range of alternatives. 

Therefore, a systematic framework for streamlining waste LCAs is needed to illustrate the 

influence of simplifications at each LCA stage on results of the inventory, impact assessment, and 

ranking of multiple alternatives. 

The objective of this study is to establish a framework to streamline LCAs for MSWM systems by 

identifying the most critical impacts, processes, elementary flows, and inputs based on their 

contributions to the overall environmental impact and their effect on scenario rankings. A 

streamlined LCA will ease the burdens associated with evaluating potential MSWM systems and 

strategies and help communities to more easily understand the most influential contributors to the 

system. The work also helps improve the decision makerôs confidence in using streamlined LCA 

for scenario analysis. A framework for streamlining LCA is proposed in this study and the highest 

ranked strategies are consistent between the streamlined and full LCAs across 18 MSWM 

alternatives. 

4.3 Modeling Approach 

4.3.1 Streamlining Framework Description 

Figure 4.1 illustrates the streamlining processes within the LCA framework based on the iterative 

nature of LCA feedback loops. The first iteration (Scope 1) covers a full-scale LCA (Full LCA) 

which allows identification of the impact categories and flows in the LCI that contribute the most 

to the total impacts. The major contributors are used in the next iteration (Scope 2) to refine the 

scope, test the reduced LCI, and perform a new LCIA to evaluate the decision consistency while 

meeting the study goal (i.e., retaining consistent rankings of alternative MSWM strategies).  
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In developing the streamlining framework, we first developed a full LCA for a hypothetical US 

MSWM system to compare 18 scenarios using life-cycle process models for waste collection and 

their respective treatment and disposal alternatives. The results and rankings from these scenarios 

were used as our baseline against which we evaluated the performance of our streamlined LCA. 

To develop the streamlined LCA, we identified the critical flows and impacts that contributed the 

most to the overall environmental burden and reduced the system scope to only include these 

critical components. Finally, the decision consistency of the streamlined LCA was tested based on 

the relative change in scenario rankings between the streamlined and the full LCA. 

 

 
Figure 4.1. The process of streamlining a full life-cycle model to a simple model 

 

4.3.2 Full Life -cycle Model 

We developed LCAs for 18 scenarios for a hypothetical US MSWM system using a functional 

unit of 1 metric ton of generated municipal solid waste on a wet mass basis using process models 

from the Solid Waste Life-cycle Optimization (SWOLF).32 The system includes waste collection, 

fuel use, pre-combustion (e.g., coal mining and raw material extraction), waste separation for 

recycling, biological and thermal treatment, and disposal (Figure 4.2), but not all processes used 

Goal
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LCI 1 LCIA 1

LCI 2 LCIA 2

Full LCA System

Streamlined LCA System

Selection of 
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and Inventory

Contribution 
Analysis
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in each scenario. Data used in the unit pross development, inventory analysis and impact 

assessment for the full LCA are summarized in Tables C1-C4 of the Supporting Information (SI). 

Three waste collection schemes and six treatment processes that are each capable of managing 

specific waste streams (e.g., recyclables, organic waste, or residual waste) were considered. 

Eighteen scenarios were developed based on all possible combinations of the selected collection 

and treatment options (Table 4.1). For example, the LF-SSMRF-AD scenario represents a case 

where commingled recyclables are collected at curbside and delivered to a single-stream material 

recovery facility (SSMRF), mixed organics (yard waste and food waste) are collected separately 

and treated by anaerobic digestion (AD), and residual waste is sent to a landfill (LF). The model 

requires foreground data and background data to calculate the LCI of technosphere and 

environmental flows, of which the former refers to the materials, electricity, and diesel use during 

waste transport, processing, and facility construction, while the latter describes elementary 

emissions that impact human health, the ecosystem, and raw material depletion.  
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Figure 4.2. Solid waste management system mass flow diagram, adapted from Levis et al.33 

Residual waste collection collects the remaining waste after recyclable and organics collection, 

and it collects all of the generated waste when recyclables and organics collection are not source 

separated. Separated materials from the MRFs can either be recycled or treated by WTE 

combustion. Bottom ash was sent to a landfill and the aluminum and ferrous in the bottom ash 

were separated and recycled for reprocessing and remanufacturing. The difference between 

bottom and fly ash has been removed from the diagram for simplicity. The processes utilized in 

each scenario are identified in Table 4.1. 

 

The full LCA included impact assessment where elementary flows in the LCI were classified, 

characterized, normalized to person-equivalents, and finally weighted to a single score to represent 

the overall environmental burden (Tables C1-C3). Ten midpoint impact categories were selected 
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as metrics of the environmental and human health based impacts using the US-based Tool for the 

Reduction and Assessment of Chemical and other environmental Impacts (TRACI v2.1).34 

Characterized impacts were normalized to person equivalents for comparing impacts for each 

alternative. Three normalization references were applied based on the US (2008) and Canada 

(2005) as well as a combined US and Canada reference.19 To represent the overall environmental 

burden, the normalized person equivalent impact scores were further weighted into a single score 

using each of seven published weighting schemes.35ï38 The effects of the choice of normalization 

reference and weighting scheme on the implications of streamlining LCA were investigated to 

determine whether the dominant contributors to the final weighted impact could be varied without 

changing the ranking of the alternatives considered.  
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Table 4.1. The Eighteen Scenarios Evaluated Based on Combinations of Three Collection 

Schemes and Six Treatment and Disposal Processes. 

Scenario Namea 

(Mixed Waste-Recycling-

Organics) 

Residual Waste Collection 

Single 

Stream 

Recycling 

Mixed Organics 

Collection 

Landfill 

(LF) 

Waste 

Combustion 

(WTE) 

Mixed 

Waste 

MRF 

(MWMRF) 

MRF 

Receiving 

Commingled 

Recyclables 
(SSMRF) 

Anaerobic 

Digestion 

(AD) 

Composting 

(COMP) 

LF-NoRec-NoOrg X 
 

 
   

WTE-NoRec-NoOrg  X  
   

MWMRF-NoRec-NoOrg  
 

X 
   

LF-SSMRF-AD X 
 

 X X 
 

LF-SSMRF-COMP X 
 

 X 
 

X 

WTE-SSMRF-AD  X  X X 
 

WTE-SSMRF-COMP   X  X 
 

X 

MWMRF-SSMRF-AD   
 

X X X 
 

MWMRF-SSMRF-COMP   
 

X X 
 

X 

LF-NoRec-AD X 
 

 
 

X 
 

LF-NoRec-COMP  X 
 

 
  

X 

WTE-NoRec-AD  X  
 

X 
 

WTE-NoRec-COMP   X  
  

X 

MWMRF-NoRec-AD   
 

X 
 

X 
 

MWMRF-NoRec-COMP   
 

X 
  

X 

LF-SSMRF-NoOrg  X 
 

 X 
  

WTE-SSMRF-NoOrg   X  X 
  

MWMRF-SSMRF-NoOrg  
 

X X 
  

a NoRec and NoOrg describe alternatives in which source-separated single-stream recycling or organics collection 
are not used, respectively. Hyphens were used to separate the respective treatment or disposal destination of the 

waste collected from each of three collection schemes in the scenario: Mixed Waste-Recycling-Organics. 

 

4.3.3 Streamlined LCAs 

To provide estimates of the overall impacts including the input uncertainty, 143 input parameters 

were varied, including material properties (e.g., moisture content and metal content of each 

component) and unit process coefficients (e.g., landfill gas collection and oxidation efficiency). 

These inputs were chosen because they have been shown to result in large uncertainties in the 

impact estimates of MSWM systems.29,30,39ï41 Their default values and distributions are 

summarized in Table C4. To explore the comparative results between the streamlined and full 
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LCAs in consideration of input data uncertainty and inclusion of specific impact categories, a 

10,000 iteration Monte Carlo analysis was performed considering the selected 143 uncertain inputs 

simultaneously for each of eighteen scenarios. The mean and standard deviation of outputs were 

well converged by 3,000 iterations. In each iteration of a scenario, the model created scenarios by 

randomly sending a fraction of recyclables and organics to separate collection and the resulting 

residual waste was then sent to a chosen facility in the predefined scenario (i.e., landfill, WTE or 

mixed waste MRF). For example, in the LF-SSMRF-AD scenario, the model randomly directed 

between 0 and 100% (e.g., 30%) of the food waste to separated organics collection and then to 

AD; the model randomly sent between 0 and 100% (e.g., 45%) of the recyclables to single stream 

recycling; and the residual waste was sent to a landfill. Even though separating out 100% of the 

food waste or recyclables at source would not occur in practice, it was considered as a bounding 

case for the overall framework. 

The evaluation of the effectiveness of the streamlined LCA was based on the ability of the 

streamlined LCA to accurately estimate the overall environment burden without loss of useful 

information or shifting problems. A contribution analysis was performed to identify the most 

critical impact categories and associated LCI flows based on the fraction of contribution of each 

impact category to the total weighted impact and contributions of each flow to each impact, 

respectively.  Since the most critical impact categories may vary with stakeholdersô preference for 

each impact category and the reference regions, we investigated the effect of the choice of 

normalization references and weighting schemes on the implications for the recommended impact 

categories of most significance. 

Further systematic simplification requires identifying the critical processes and model inputs that 

contribute the most to the critical impact categories and flows to prioritize subsequent modeling 
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and data collection. The critical technosphere use in each process (i.e., collection, disposal facility, 

transportation, pre-combustion) is illustrated based on their contributions to the top twenty 

nontrivial (always cumulatively contributing 95% to the overall environmental burdens) flows 

in the LCI. The critical uncertain inputs were identified based on their correlations to the leading 

characterized impacts. The rank-order based spearman correlation coefficient was used to indicate 

how much variance in scenario rankings of the final weighted impacts could be explained by the 

inputs. 

4.3.4 Decision Consistency Evaluation 

The aforementioned streamlining approaches were used to develop a single weighted impact value 

to compare to the results of the full LCA. However, for the streamlined LCA approach to be useful, 

the results for the full and streamlined LCAs must consistently rank the best scenarios that have 

the smallest impacts. Discernibility analysis was used to investigate how frequently one scenario 

is ranked consistently among all 18 alternatives based on the weighted impacts under uncertainty. 

Decision consistency was further evaluated based on the relative change in scenario rankings of 

the streamlined LCA in which only the top 20 flows were considered, compared to those of the 

full LCA.  

Discernibility analysis provides an overview of how often one scenario results in lower impacts 

relative to another scenario while preferability between two specific scenarios requires evaluating 

their mutual differences in environmental burdens. An overlap area approach42 was performed for 

pairwise comparisons across scenario alternatives based on their mutual differences in final 

impacts (Section 2.2 in the SI). The overlapping index43 was used to represent the similarity of the 

pair of alternatives based on the overlap area of their probability density distributions of the final 
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weighted impacts (Figure C1). Thus, this overlap area quantifies the probability that they cannot 

be differentiated from each other; the complement of the overlap area (i.e., 1-overlap area) 

represents the probability that one scenario can be distinguished from the other scenario by having 

higher or lower environmental impacts.  

A greenhouse gas only (GHG-only) LCA was developed as a further streamlined LCA to test its 

decision consistency in ranking scenarios compared with the full LCA, based on discernibility 

analysis and the overlap area approach. The GHG-only LCA was built only considering the 

relevant greenhouse gas emissions (i.e., carbon dioxide [CO2], methane [CH4], carbon monoxide 

[CO], and nitrous oxides [N2O]) and the subsequent global warming potentials. Moreover, many 

waste LCAs only consider climate change because the emissions and their characterization are 

relatively well-established compared to other impact categories.31,39,44ï47 However, assessing 

climate change alone may risk problem shifting to other toxicity-related impacts since global 

warming is not well correlated with toxic emissions.48 These findings highlight that global 

warming is not necessarily a representative metric for the overall environmental burden in 

processes where toxic substance emissions are important. Therefore, there is a need to provide 

more accurate understanding of how other impacts contribute to human health and the environment 

and whether climate change as a stand-alone indicator leads to the consistent selection of the least 

impactful strategies as the full LCA. 

4.4 Results and Discussion 

4.4.1 Critical Impact Categories 

Figures C2-C19 illustrate the contributions of the ten impact categories to the overall 

environmental burden for each scenario. The critical impacts are consistent across the 18 scenarios. 
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Four of the ten impact categories (ecotoxicity [ETOX], human health cancer [HHc], eutrophication 

[ETP], and fossil fuel depletion [FFD]) contribute 75 to 83% on average of the overall 

environmental impact, regardless of the choice of weighting scheme and normalization reference 

(Figure 4.3). This highlights that only a few impacts suffice to account for most of the midpoint 

environmental burdens caused by the MSWM system. In contrast, respiratory effects and 

acidification each account for less than 3% of the overall impact, and again, this result applies 

across all weighting schemes and normalization references. In general, normalization references 

have similar influence as the choice of weighting scheme (Figure C20). However, the contributions 

of eutrophication and global warming are strongly affected by changes in weighting choice, while 

the contributions of ozone depletion are affected by changes in normalization reference. These 

exceptions are attributable to weighting and normalization factors that vary by one to two orders 

of magnitude. For example, ozone depletion contributes < 1% to overall impact, except when using 

CAN 2005 (up to 13%) as the normalization reference. The US 2008 and US-CAN 2008 

normalization factors of ozone depletion are 39 times larger than the CAN 2005 value. This 

exception implies that reference regions like Canada, that release considerably less ozone-

depleting emissions than the US, will result in a higher contribution of ozone depletion, which is 

an artifact of normalization based on per capita national emission rates rather than physical reality 

in which ozone-depleting emissions will have the same impact whether released in the US or 

Canada. 
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Figure 4.3. Mean percentage contribution of each impact category in the final weighted impacts 

across the seven weighting schemes and three normalization references (top strip). The weighted 

impact for each category was averaged across all 18 scenarios and iterations. 

 

The contributions of the four most dominant impacts (i.e., HHc, ETOX, ETP, and FFD) and the 

other impact categories under input uncertainty across 18 scenarios are shown in Figure 4.4. The 

results across all the 10 impact categories in each scenario are presented in Figures C2-C19. The 

dominant impacts (human health cancer and ecotoxicity) also show the largest ranges, with 

impacts varying by up to three orders of magnitude, and the range of their contributions varying 

from 31 to 87% across the 18 scenarios. This highlights that toxic emissions are more scenario-

dependent relative to the emissions contributors of the other impact categories. For example, 

chromium, zinc, and nickel are emitted to the air and water along the entire life cycle of waste 

disposal (e.g., coal and raw material extraction, waste combustion, and landfill leachate), and 

extraction and production of materials consumed to construct a landfill generally results in higher 

toxic emissions than landfill leachate. In contrast, global warming potentials are primarily driven 

by biogenic CO2 storage and biogenic CH4 emissions, of which over 99% on average result from 
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waste biodegradation in an anaerobic digestor or landfill (Figure 4.5b). Aerobic or anaerobic waste 

biodegradation typically do not co-vary with the processes that release toxic substances (e.g., 

electricity production, recycling, and transportation) (Figure C24). It should be noted that the 

critical flows may vary in each scenario. For example, fossil CO2 emissions drive the global 

warming potentials when waste is incinerated instead of being landfilled (Figure C3). 

 

Figure 4.4. The mean (points) and standard deviations (bars) in contributions for the four dominant 

impact categories (HHc-human health cancer, ETOX-ecotoxicity, ETP-eutrophication, and FFD-

fossil fuel depletion) and the other six impacts as an ñOtherò group for the 18 scenarios.  

 

It should be noted that the selection of the most influential impact categories depends on the LCIA 

methods, each of which has a unique number of impact categories and substances considered. Our 

discussion is based on TRACI and using a different LCIA method could lead to the selection of 

different influential impact categories. For example, ILCD, ReCiPe, and TRACI all agree on the 

importance of ecotoxicity and human health cancer. However, ILCD and ReCiPe each show a 

large contribution from water depletion to the final weighted impact while water depletion is 

excluded in the TRACI (Figure C21). If only the ten impacts included in TRACI are considered, 

then the results show that ILCD consistently selected the same critical impact categories as TRACI 
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with the exception of resource depletion, while ReCiPe showed a much larger contribution from 

ecotoxicity than the other two methods (Figure C22). Nevertheless, LCA studies using a different 

LCIA method could still use the streamlining framework to determine the most influential impacts 

for their desired impact categories. 

4.4.2 Critical Flows 

To track the emissions contributors of the overall environmental burden, the most critical flows in 

the LCI were determined based on their contribution to the total weighted impact. Figure 4.5a 

illustrates that only 3.3% of flows (20 out of 605) are sufficient to account for over 95% of the 

total impacts across all scenarios relative to results from the full LCA. Major contributors include 

waterborne heavy metals including chromium (VI) and zinc, phosphate and nitrate, airborne 

emissions of biogenic methane, and benefits from storing biogenic CO2 resulting from landfills or 

anaerobic digestion followed by land application. The scenario-specific critical flows in the LCI 

are presented in Figures C2-C19.  
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Figure 4.5. (a) Marginal (bars) and cumulative (line with markers) mean percentage of 

contributions of top twenty flows in the LCI to the overall environmental impacts. The 

compartments of emissions are color coded to distinguish between water, air, and raw materials. 

(b) The fractions of the top twenty critical flows that are attributable to direct emissions (yellow) 

from waste treatment facilities and indirect emissions (gray) from fuel use, electricity use, and 

transportation. 

 

The important flow contributors by impact category are presented in Figure C23, which shows that 

only distinct 24 flows (4%) contribute over 92% across all impact categories. For example, sulfur 

dioxide (SO2) dominates (~40%) both acidification and respiratory effects, while nitrogen oxides 

(NOx) alone account for 83% of smog. The leading contributors of toxicity-related impacts include 

zinc and chromium VI emissions to the groundwater and surface water from diesel combustion, 

electricity offsets, and background material extraction and production, accounting for 47 to 90% 

of total toxicity. Therefore, the reduced flow set highlights that an MSWM LCA can be streamlined 

using a reduced-form list of flows in the LCI based on the translation of impact categories to 

inventory flows while losing a relatively small amount of the total environmental contribution 

(only 8% on average is lost across all impact categories).  
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Direct emissions from the MSWM facilities generally have a larger contribution to the 

environmental profile expressed as global warming and ozone depletion than indirect emissions 

from energy and material flows consumed from the technosphere (Figure 4.5b). Also, emissions 

from liquid treatment in AD and landfill processes are considered direct sources and contribute the 

most to COD emissions. However, indirect sources such as material and energy use contribute 

more to heavy metal emissions (e.g., Zn, Cr, Ni), N and P emissions, and resource depletion of 

crude oil and natural gas (Figure 4.5b).  

The importance of the technosphere use is process-dependent. The leading emission sources 

include electricity offsets of reprocessing segregated recyclables and waste combustion, diesel 

collection vehicles and diesel equipment, and materials used for constructing and operating a 

landfill (e.g., HDPE liners and PVC pipes) and a WTE plant (e.g., lime, ammonia) (Figure C24). 

Diesel use and electricity offsets can both account for up to ~60% of the top 20 flows due to high 

use during collection, equipment operation, and electricity substitution from waste combustion. 

Material use contributes 13 to 30% to heavy metal emissions, crude oil and natural gas 

consumption, as well as phosphate release due to large background environmental profile 

associated with materials extraction and production. Transportation from MRFs to 

remanufacturing dominates air-borne nickel emissions by accounting for 32% of these emissions, 

that contribute to human health non-cancer effects. Pre-combustion due to remanufacturing 

contributes 7 to 24% to the final NH3-N, natural gas, Ag+, SO2, and Freon-12 flows. Figures C2-

C19 show the uncertain ranges in fractions of critical flows from direct treatment in MSWM 

facilities and indirect process-specific technosphere uses across all 18 scenarios. The leading 

contributors to the critical flows are similar regardless of waste management strategy and include 
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waste biodegradation to produce biogas, electricity production, and diesel use in collection 

vehicles. 

4.4.3 Critical Inputs 

Spearman correlation coefficients between inputs and impact categories were used to identify the 

inputs that exert the most influence on the overall impact. The relative importance of the uncertain 

inputs depends on the scenario configurations and the target impact category. Thus, the most 

critical inputs are presented for each impact category and scenario. Figure 4.6 shows the most 

critical parameters for developing LCAs for MSWM scenarios that send mixed waste or residual 

waste to landfills. Only 11 of the chosen 143 parameters have Spearman correlation coefficients 

with absolute values larger than 0.2 among all LCIA impacts for scenarios in which the 

mixed/residual waste was sent to a landfill. Collection frequency for mixed/residual MSW, 

distance between collection route and treatment and disposal facilities, and household size are the 

most sensitive inputs in characterizing the fossil fuel depletion and toxicity-related impacts. This 

highlights the importance of optimizing collection and transportation routes to reduce fuel 

consumption. When recyclable materials are source separated, recycling efficiencies are dominant 

such that increasing recycling rate, particularly of old corrugated containers (OCC), substantially 

reduces the impact on the ecotoxicity and the human health non-cancer effect by avoiding aqueous 

zinc emissions from primary production of recyclable materials. For climate change mitigation, 

the results show that landfill gas collection and oxidation efficiencies, as well as the moisture 

content of vegetable food waste are the major contributors to uncertainty in the global warming 

potential since they substantially affect methane yield and emissions, and carbon storage in 

landfills.39 Eutrophication is strongly influenced by the electricity conversion efficiency of the 
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engines used for converting landfill gas to electricity due to avoided emissions of phosphate from 

electricity substitution. 

 

Figure 4.6. Critical inputs identified for LF-NoRec-NoOrg, LF-NoRec-AD, LF-SSMRF-AD, and 

LF-SSMRF-NoOrg scenarios based on Spearman correlation between inputs and characterized 

impacts. The figure only illustrates the 11 inputs that have |correlation coefficients| Ó 0.2 for the 

top six impact categoriejs (ETOX-ecotoxicity, ETP-eutrophication, FFD-fossil fuel depletion, 

GW-global warming, HHc-human health cancer, and HHNc-human health non-cancer). The 

darker cells indicate higher Spearman coefficients and more sensitive inputs. The white cells 

represent environmental impacts that are insensitive to the input parameter. OCC-old corrugated 

carboard; other - other recyclables, e.g., office paper, glasses, and PET. 

 

The correlation results for the 14 scenarios that do not include landfilling are shown in Figure C25. 

Most of the sensitive parameters are consistent across all scenarios, except the decay rate, landfill 

gas collection efficiency, oxidation efficiency, moisture content of rapidly degrading materials 

(e.g., vegetables and grass), electricity generation efficiency, and composition of OCC. The former 

four parameters are only sensitive to the global warming potentials associated with landfilling. The 

electricity generation efficiency is the most critical parameter when evaluating scenarios involving 

waste combustion. The composition of OCC is crucial for estimating the ecotoxicity and/or human 

health non-cancer effects due to avoided zinc emissions from primary OCC production during the 

reprocessing processes.    
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4.4.4 Decision Consistency Evaluation 

The ability of the streamlined LCAs to provide consistent rankings across waste management 

strategies compared to the full LCA is illustrated based on the scenario rankings performance in 

Figure 4.7. The results indicate that the streamlined LCA that uses only the 20 most critical flows 

provides consistent rankings across the 18 scenarios. The top 3 scenarios resulting in the lowest 

environmental burdens are WTE-SSMRF-NoOrg, WTE-NoRec-NoOrg, and MWMRF-NoRec-

NoOrg and they outperform the other alternatives in both full and streamlined LCA over 39%, 

32%, and 22% of the time, respectively. 

 
Figure 4.7. Percentage of time that each of the 18 scenarios has the lowest weighted impact based 

on full, streamlined, and GHG-only LCAs. The lower rank indicates that a scenario is more 

environmentally sustainable. Only scenarios that rank in the top 6 more than 5% of the time are 

shown.  

 

Even though global warming potentials are reported in a majority of MSWM LCA 

studies,31,39,40,44ï49 they do not necessarily provide a representative estimate for total human health 

and environmental impacts since climate change contributed less than 10% to the overall 
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environmental burden (Figure 4.3). Nonetheless, Figure 4.7 shows that the GHG-only LCA 

consistently selected the same three scenarios that lead to the lowest environmental burdens as the 

full and streamlined LCAs. Therefore, all full, streamlined, and GHG-only LCAs agree on which 

three scenarios are most likely to be preferred and their relative probabilities of being the best. 

Only relying on the GHG emissions altered the decisions in the fourth to sixth strategies and 

preferred to send mixed/residual MSW to a landfill given the benefit from carbon storage. 

However, switching the rankings beyond the best several alternatives should not typically affect 

the decisions associated with comparative MSWM LCAs since the goal is to identify a few 

favorable alternatives and not necessarily to determine the exact rankings of all scenarios. Figure 

C26 shows that the streamlined LCA can provide >98.5% of accuracy in overall environmental 

impact estimates for the best three scenarios and that either streamlined or GHG-only LCA can 

select the same top-ranked scenario as the full LCA >90% of the time. 

The discernible scenario rankings results identified which scenarios are consistently the best 

alternatives across all three LCAs (full, streamlined, and GHG-only LCA). In addition, the paired 

comparisons validated the decision confidence in mutual preferences between MSWM scenario 

pairs. The mutual probabilistic differences (overlap area) of total impacts distributions between 

every pair of scenarios among the full, streamlined, and GHG-only LCAs are shown in Tables C5-

C7. The decision consistency results across all scenarios using discernibility analysis and overlap 

area are summarized in Table C8. The streamlined LCA provides consistent comparisons for every 

scenario pair, indicating that there is nearly the same chance that the streamlined assessment can 

distinguish between two scenarios as the full LCA. However, the GHG-only LCA observed larger 

deviations from the full LCA, especially when comparing scenarios that separate both recyclables 

and organic waste at the source. This is related to the inclusion of more process-specific emissions 
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or inputs (e.g., MRF processes and remanufacturing offsets) that lead to non-GHG emissions. 

Also, similar to the discernibility results for the scenarios sending mixed or residual waste to a 

landfill, the GHG-only LCA fails to provide consistent mutual comparisons since the global 

warming impacts are primarily driven by the landfill methane emissions and carbon storage 

profiles.  

4.5 Implications 

The results from streamlining LCAs for MSWM systems provide guidance on the impacts and 

flows to emphasize, without sacrificing decision accuracy and consistency in selecting the top 

environmentally preferable MSWM strategies. Only a few impacts were found to be sufficient to 

account for the majority of the overall environmental burdens in the MSWM LCA, including 

human health cancer, ecotoxicity, eutrophication, and fossil fuel depletion. A large range in human 

health cancer and ecotoxicity impacts was observed since toxic emissions are more process 

dependent. The large outcome uncertainties in toxic impacts do not include the large range in their 

characterization factor values. Including these uncertainties could greatly increase the uncertainty 

in the toxicity-related impacts because human health and ecotoxicity are inherently complex to 

model due to the limited choice of well-documented species,50 large uncertainty in the fate and 

exposure of toxic substances,51 and spatial and temporal variability of fate and exposure.52 It could 

be beneficial to reduce the effect of toxicity characterization uncertainty on the determination of 

critical toxic substances by applying a simpler toxicity impact methodology that could efficiently 

estimate the toxicity characterization factors in USEtox (e.g., a machine learning tool to estimate 

the multimedia fates53 and hazardous concentrations54 of chemicals based on their physical and 

chemical properties). 
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The recommended reduced-form flows in the LCI and inputs imply that communication of life-

cycle systems can be achieved in a simpler and more understandable way with a short list of flows 

that are relatively well established compared to the original full LCA including thousands of flows. 

Nevertheless, it is important to note that the ñnon-criticalò inputs should not be completely left out 

of the analysis when collecting data, without further analysis or research to test and validate the 

prediction accuracy of the responsive impact(s) estimates using the recommended inputs subset. 

Rather, the critical inputs should be prioritized to increase their certainty and the subsequent 

robustness of outcomes when establishing an LCA model for MSWM systems. In contrast, using 

default values for the ñnon-criticalò parameters may not substantially influence the results. 

A simpler LCA will provide decision makers with a science-based understanding of the potential 

impacts of alternative MSWM strategies (e.g., whether to build a MWMRF or where to send the 

residual waste from recycling facilities), at the planning phase when an LCA can have the most 

influence given time and resource constraints. Furthermore, the findings here can be applied to the 

assessment of emerging technologies. For example, in considering an emerging MSW treatment 

technology (e.g., pyrolysis and gasification), this study suggests that initial data collection should 

focus on sorting efficiencies, net energy production and associated offsets, and the moisture 

content of vegetable waste. The proposed streamlined LCA framework could also be applied to 

systems beyond MSWM and to regions beyond North America. The ranked strategies may vary 

with different regions that have a different electricity mix. For example, the benefits of recovering 

energy from waste (e.g., combustion) will be reduced in a region with a larger fraction of 

renewable energy. However, the method to streamline an LCA will nonetheless help communities 

to understand the most relevant impacts for their systems without losing the decision consistency. 
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Chapter 5: Conclusions 

This research resulted in a state-of-the-practice landfill life-cycle model that considers landfill size, 

engineering design, waste composition, gas collection and control regulations, and time-varying 

emissions releases, as well as a framework for streamlining life cycle assessments (LCAs) for 

integrated municipal solid waste management (MSWM) systems under input uncertainties. The 

state-of-the-practice landfill life-cycle model described in Chapter 2 addressed several factors that 

have not previously been considered (e.g., landfill size, engineering design, capital goods, aftercare 

period, gas collection and control regulations). These factors influence how actual landfills are 

constructed, operated, closed, and monitored after closure. Accurately addressing these factors is 

essential for developing effective landfill emissions mitigation policies. The model found that for 

landfills already required to collect gas, collecting gas longer is generally more effective than 

collecting gas earlier to improve gas capture and reduce methane emissions, although the actual 

reduction varies with waste decay rate, gas well installation timing, and gas collection efficiency 

over time. While it was acknowledged that factors like regulations, waste composition, size, and 

climate regions cannot be controlled, the model provides insights into the impact of diversion of 

different waste materials as a function of landfill size and climate regions, which can help guide 

diversion and emissions mitigation policies. As small landfills have relatively low effective 

collection efficiencies, relying on regulatory compliance only might not effectively reduce 

methane emissions, and an effective alternative might be needed, such as the installation of a 

biofilter to improve the oxidation of methane in the cover soil. For wet regions to reduce methane 

emissions, the diversion of rapidly degrading materials (e.g., food and yard waste) could allow 

them to capture a larger fraction of the generated gas while for arid regions, collecting gas for 

longer than currently required by federal law could be effective. Landfill operators may also 
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consider biofilters in place of active collection once gas generation flow falls below some specified 

flux.  

To represent the dynamic nature of GHG emissions from landfills, which occur over decades or 

centuries, and its effect on estimates of global warming impacts, the landfill life-cycle model was 

then improved in Chapter 3 by considering the timing of GHG emissions and the subsequent effect 

on global warming impacts. This study provides insights into developing and prioritizing effective 

GHG mitigation strategies. The results found that for most landfill configurations, the effect of 

switching from 100-yr static global warming potential (GWPs), which are most typically used, to 

dynamic GWPs is generally less than the effect of choosing between different commonly used 

static GWP values of methane. This finding is useful since most existing LCA software cannot 

readily incorporate time-varying impact factors, and the dynamic method is more computationally 

intensive. While the single-point 100-yr GWP estimates may be comparable to static estimates, 

the benefit of the dynamic GWP method is that it provides a holistic understanding of how the 

global warming impact of a project, process, or system that has a long lifetime application varies 

over time. This understanding is fundamentally not possible with static methods. In addition, if a 

20-yr time horizon becomes more popular or a consensus standard, a dynamic method that 

considers the potential temporal variations in global warming impacts will become more important 

to illustrate the benefit of delaying emissions. Future work to assess whether the use of dynamic 

GWPs affects the rankings of alternative MSWM strategies and systems, particularly compared to 

alternatives with the immediate emissions profile (e.g., waste-to-energy) would be valuable to 

better understand the implications of dynamic GWPs on sustainable MSWM decision-making.  
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Beyond the complex engineered landfill system, an LCA of a general integrated MSWM system 

was developed and used to create a generalized streamlined LCA framework that reduces data 

requirements of extensive inventory and impact assessment (Chapter 4), where 18 MSWM 

scenarios were considered. Streamlining the LCA methodology is essential to ease the burdens 

(time, cost, and resources) of achieving sustainable MSWM. A simpler LCA framework makes it 

easier for decision-makers and communities to develop a science-based understanding of the 

potential critical impacts of alternative MSWM strategies. The analysis found a substantial 

potential to reduce data requirements in impact assessments, inventory analysis, and inputs. The 

shorter list of impact categories, flows, and inputs enables the early incorporation of LCA into the 

MSWM strategy planning phase when an LCA can have the most influence on the sustainability 

of a project or system. Applying this framework to perform a simplified LCA will also facilitate 

more accessible communication of results and improved understanding of the relevant impacts and 

emissions without compromising decision consistency.  

The streamlined LCA framework developed for MSWM also provides a structure for wider 

adoption and early application of LCAs in the planning phases of products, processes, systems, 

and strategies. First, the streamlined LCA framework can be used as a screening tool for 

applications beyond MSWM (e.g., wastewater treatment, textiles, bioproducts, and electricity). In 

particular, the results generated in this research would provide a valuable basis for streamlining 

LCAs for the wastewater treatment system that uses some of the same infrastructure and treatment 

technologies as in MSWM systems. This reflects the generalizability of the streamlining 

framework for identifying the most relevant impacts, flows, and processes. Second, it would be 

valuable to test the generalizability of the framework by applying it to other MSWM systems in 

other regions with different waste compositions, electricity grid mixes, and technologies, which 
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may change the rankings of scenarios. Considering the performance of the framework in areas 

where more renewable and low-carbon energy technologies are deployed could provide insights 

into the potential decision confidence for the simplified LCA in anticipatory analyses for emerging 

technologies. Finally, applying the framework to additional systems would be useful for testing 

and validating the accuracy of the impact estimates when using the recommended input and flow 

subsets.  

Overall, this work provides a strong foundation for advancing LCA for sustainable MSWM 

decision making through the methods developed and results generated. This works improves 

MSWM LCAs in developing and prioritizing GHG emissions reduction, enabling more effective 

use of material and energy resources, and understanding what impacts, processes, emissions, and 

inputs should be focused on to most effectively reduce the impacts on human health and the 

environment.  
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Appendix A: Supporting Information of Chapter 2  

1. Landfills Database 

We developed a lognormal statistical distributions for landfill size and operating lifetime based on 

the U.S. EPAôs Landfill Methane Outreach Program (LMOP) database (Table 2.1) that contains 

key information about 2,629 MSW landfills and landfill gas (LFG) energy projects in the U.S.1 

However, not all landfills updated data each year or reported complete data. For example, some 

landfills miss the reporting of (viable) open/closure years so we cannot use it to estimate the 

potential operating life. Also, to provide practical recommendations for the potential candidates 

for energy recovery projects, we only considered the landfills that are closed after 2015. To obtain 

the useful information of size and operating life of LMOP landfills, we filtered the original 2,629 

landfills into the remaining 1,108 landfills based on the following four principles: (1) removing 27 

ñunknownò landfills, (2) removing landfills that do not have sufficient data to determine the 

open/closure years or the year waste in place, (3) only keeping the open landfills and landfills 

closed within 5 years (after year 2015), and (4) removing duplicates (i.e., multiple energy project 

status records for unique landfill ID and only keep the latest record).  

Table 2.1 shows that the mean waste acceptance of a U.S. landfill is 233,091 Mg MSW yr-

1, and the mean operating life is 80 yr. Given that 1 Mg of MSW is more likely to be disposed in 

a large landfill than in a small landfill, a lognormal distribution was developed by assigning a 

larger weight to larger landfills. The distribution of values sampled 10,000 times converged well 

with the assumed lognormal distribution (Figure A1). 

The U.S. EPAôs Greenhouse Gas Reporting Program (GHGRP) is another commonly used 

dataset for MSW landfills.2 While both LMOP and GHGRP database do not include data for every 

MSW landfill in the U.S., GHGRP only includes landfills that are compliant with the GHG 

reporting rule, those with CH4 emissions equivalent to >25,000 tonnes CO2e. Also, only 1,034 

landfills reported available and non-zero waste acceptance data but miss open/closure years, where 

only 685 landfills reported both waste acceptance and waste depth data. As the GHGRP database 

contains fewer and larger landfills with useful information used to estimate landfill size (Table 

A1), operating lifetime, and design, we chose LMOP database over GHGRP. 
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Table A1. Statistical comparison between LMOP and GHGRP database based on waste 

acceptance and operating lifetime. 

Statistics 

Annual Waste Acceptance 

(Mg/yr)  

Operating Years (yr) 

GHGRP LMOP  GHGRPa LMOP  

1st quantile 80,328 67,791 NA 16 

Medium 167,600 144,148 NA 65 

Mean 292,231 233,091 NA 80 

3rd quantile 348,831 265,081 NA 89 
aOnly includes reporting years 2010-2019 for the MSW landfills data entries (GHGRP, 2020).2  

 

 
Figure A1. Evaluation of the distribution from the 100,000 random samples of (a) waste 

acceptance and (b) operating years based on the LMOP landfill database. The mean and standard 

deviation of the sampled distribution converged well with the assumed log-normal distribution. 
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2. Life Cycle Inventory of Landfill Modules  

A landfill life -cycle model was developed to estimate the emissions attributable to capital goods 

and resources consumed during landfill construction, operation, closure, and post-closure, as well 

as emissions attributable to LFG and leachate. The functional unit for the model is the behavior of 

1 Mg (103 kg) of wet MSW discarded in a landfill. The system boundary includes emissions from 

the extraction and production of materials used for construction, transportation of materials and 

fuels, and net electricity production. 

 A series of physical, chemical, and biological reactions are initiated when waste is buried 

in a landfill. These reactions result in LFG generation as well as the release of contaminants to 

leachate. The system includes gas generation, collection, flaring, beneficial LFG reuse for energy 

and associated offsets, and CH4 oxidation in the cover soil. Leachate emissions are estimated from 

the volume generated and the release of contaminants (e.g., BOD, COD, NH3-N) after treatment, 

and the resulting biosolids management.  

 

Table A2. Landfill design profile and waste characteristics 

Parameter Unit  Value Comment 

Waste acceptance per 

year 

Mg/yr 233,091 Mean annual waste acceptance rate based on 

LMOP landfill database  

Annual operating days days/yr 260 
 

Operating years (useful 

life) 

yr 80 Mean operating life based on LMOP landfill 

database  

Waste density kg/m3 1068 Small landfills receiving <200,000 Mg/yr: 

1500 lb/yd3 (890 kg/m3); large landfills 

receiving 200,000 Mg/yr: 1800 lb/yds 

(1068 kg/m3) 

Height of top of landfill 

above grade 

m 60.96 Small landfill: 100 ft; large landfill: 200 ft. 

See Figure 2.1. 

Depth of excavation m 7.62 Small landfill: 20 ft; large landfill: 25 ft. See 

Figure 2.1. 

Ratio of length to width 

of landfill 

unitless 1 
 

Slope (vertical to 

horizontal) 

unitless 0.33 Rise over run: 1 to 3. See Figure 2.1. 
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2.1 Materials, Fuel, and Energy Use 

Heavy equipment is required in all phases from construction, operation, closure, through after-

closure care. Emissions associated with these heavy equipment consumptions were estimated 

based on the materialization of an ñIndustrial machine, heavy, unspecifiedò (i.e., assuming a rock 

crusher) from the Ecoinvent v 3.6,3 which is consistent with the background profile used to 

represent heavy equipment used to mine other materials (e.g., clay and sand pit operation). This 

heavy equipment is built with metal materials, of which low-alloyed and hot-alloyed steel 

constitutes ~91% and other metals include cast iron, aluminum, and bronze. 

2.1.1 Construction 

Landfill construction involves the use of materials and dedicated heavy equipment whose 

production contributes to the landfill life cycle inventory. Fuel combusted in construction 

equipment (e.g., wheeled tractor-scraper) and heavy-duty trucks transporting fuel and materials 

are also included in the life cycle inventory associated with liner construction. Figure A2 illustrates 

the system boundary for the construction module of the landfill life cycle. Table A3 and Table A4 

present the input parameters describing the liner system design.  These inputs are used to calculate 

the quantities of materials, fuel, and equipment during landfill construction. 

Gas collection wells are installed over time and prior to final cover placement. Table A4 

shows the parameters for vertical gas well installation. 
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Figure A2. Landfill construction system boundary 

 

Table A3. Density of liner and cover construction materials (Internet source) 

Density of capital goods Value Unit  

Density of soil 1842 kg/m3 

Density of asphalt 1038 kg/m3 

Density of sand 1562 kg/m3 

Density of clay 1842 kg/m3 

Density of gravel 1520 kg/m3 

Density of concrete 2374 kg/m3 

Density of HDPE 955 kg/m3 

Density of PVC 1350 kg/m3 

Density of geotextile 94.1 kg/m3 

Density of HDPE pipe 4.7 kg/m 

Density of PVC pipe 3 kg/m 

Density of diesel 0.84 kg/L 
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Table A4. Bottom liner cross section layer thicknesses and other inputs for the construction of 

the leachate collection and control system. 

Parameter Value Unit  Comment 

Thickness of sand 0.61 m 2 feet 

Thickness of HDPE liner 0.0015 m 60 mil 

Thickness of clay 0.61 m 2 feet 

Leachate collection pipe on 

the landfill bottom 

30.48 m 100 feet, Figure A3. 

Fraction of HDPE used for 

piping (PVC is the 

alternate) 

1 unitless 1 means all HDPE pipes while 0 

means all PVC pipes in the leachate 

collection and control system 

Heavy equipment 0.016 kg/Mg Wheeled tractor-scraper is the 

predominant equipmenta 

Number of leachate sumps 5 sumps Reinforced concrete was used for 

sumps that collect leachate  

Thickness of sump wall 0.076 m 
 

Diameter of sump 0.62 m 
 

Depth of sump excavation 7.62 m 
 

Asphalt used for roadways 0.085 kg/Mg Asphalt  

Diesel consumed by 

equipment 

0.22 L/Mg Average estimates based on field 

datab,c 

Payload medium duty truck 24 Mg 
 

Payload heavy duty truck 30 Mg 
 

Clay haul distance 8 km Field datac 

Sand haul distance 32 km Field datac 

Heavy equipment haul 

distance 

402 km Field datac 

Concrete haul distance 80 km Field datac 

Asphalt haul distance 80 km Field datac 

HDPE (liners and pipes) 

haul distance 

402 km Field datac 

PVC pipes haul distance 402 km Field datac 

Fuel haul distance 80 km Field datac 
aThe average heavy equipment use per Mg of waste was calculated based on the average number 

of hours per Mg of waste, lifetime of the predominant equipment, and the equipment weight. 

Heavy equipment use (kg/Mg) = [hours/Mg waste] / [Lifetime hours/equipment]*[kg/equipment] 
bThe fuel use value in the table is an input estimate describing the average fuel use per Mg of waste 

corresponding to the equipment use. The hours and types of equipment are based on field data. 

Some sites reported hours of heavy equipment use, which was multiplied by the fuel economy (L 

fuel/hr) of the equipment and then divided by the amount of waste. Other sites directly reported 

the fuel consumption which were divided by the amount of waste received. 
cBased on the site questionnaire from the Ecobalance report.4,5  
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Figure A3. Leachate collection pipes spacing along the landfill prism. 

 

Table A5. Vertical gas well installation parameters. 

Parameter Value Unit  Comment 

Fraction of HDPE used for 

piping (PVC is the alternate) 

1 unitless 1 represents all HDPE pipes while 

0 represents all PVC pipes in the 

gas collection and control system. 

Length of vertical gas well 58 m Assuming 85% of the landfill 

height. For small landfills, 0.85 * 

120 ft = 102 ft [31 m]; for large 

landfills, 0.85 * 225 ft = 191 ft [58 

m]. 

Density of gas collection well 2.47E-04 well/m2 1 well/acre 

 

2.1.2 Waste Placement Operation 

Landfill operation involves the need for daily cover and dedicated heavy equipment (e.g., 

refuse compactor) to spread, compact and cover waste. Both equipment construction and soil cover 

excavation contribute to the landfill life cycle inventory. Figure A4 illustrates the system boundary 

for the operations module of the landfill life cycle. Table A6 presents the input parameters used to 

estimate the quantities of materials, electricity, fuel, and equipment required during landfill 

operation. 
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Figure A4. Waste placement operation system boundary. On-site soil is the default for daily 

cover and no emissions from daily cover transport were included. Alternatives for daily cover 

materials could be off-site soil, HDPE tarps, or revenue-generating cover (e.g., compost, yard 

waste, contaminated soil).  
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Table A6. Parameters used to estimate the electricity, fuel and heavy equipment use for landfill 

operations. 

Parameter Value Unit  Comment 

Office area 56 m2 Assuming a building area of 

50ft*12ft for personnel office trailer 

Maintenance area 372 m2 Assuming a building area of 4,000 

ft2 for maintenance and equipment 

storage 

Office area electricity use 256 kWh/m2-

yr 

 

Equipment storage and 

maintenance electricity use 

82 kWh/m2-

yr 

 

Office and maintenance building 

electricity 

0.081 kWh/Mg Calculated based on the office area 

and electricity use per area per year. 

Daily cover or not? TRU

E 

Logical Assuming daily and intermediate 

cover was excavated on-site by 

default 

Percentage of total landfill 

occupied by daily and 

intermediate cover 

% 10  

Diesel equipment for waste 

placement (excluding soil and 

sand extraction) 

1.19 L/Mg Average estimates based on field 

dataa,c 

Heavy equipment 0.16 kg/Mg Refuse compactor is the 

predominant equipment used during 

operationsb 

Heavy equipment haul distance 80 km Field datac 

Fuel haul distance 402 km Field datac 

Soil extraction fuel use 1.4 L/Mg soil Average estimates based on field 

datac,d 

Sand extraction fuel use 1.8 L/Mg 

sand 

Average estimates based on field 

datac,d 

aThe fuel use value in the table is an input estimate describing the average fuel use per Mg of waste 

corresponding to the equipment use. The hours and types of equipment are reported from sites. 

Some sites reported hours of heavy equipment use, which was multiplied by the fuel economy (L 

fuel/hr) of the equipment and then divided by the amount of waste. Other sites directly reported 

the fuel consumption which was divided by the amount of waste. 
bThe average heavy equipment use per Mg of waste was calculated based on the average number 

of hours per Mg of waste, lifetime of the predominant equipment, and the equipment weight. 

Heavy equipment use (kg/Mg) = [hours/Mg waste] / [Lifetime hours/equipment]*[kg/equipment].  
cBased on the site questionnaire assumptions from the Ecobalance report.4  
dThe average value for diesel use was estimated based on the average hours of equipment for 1 

Mg soil extraction multiplied by fuel economy (L/hr). 
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2.1.3 Final Cover Placement and Closure 

Landfill closure involves the consumption of soil and use of a geomembrane as well as 

dedicated heavy equipment, all of which contribute to the landfill life cycle inventory. Fuel 

combusted in construction equipment (e.g., scraper) and in heavy-duty trucks transporting final 

cover materials is also included in the closure module. Figure A5 illustrates the system boundary 

for the closure module. Table A7 presents the final cover cross section design and other parameters 

used to calculate the quantities of materials, fuel, and equipment required during the final cover 

installation. 

 

 

Figure A5. Landfill closure system boundary. 
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Table A7. Final cover layer thicknesses and other parameters used to model the piping and 

collection well installation, fuel and heavy equipment used in heavy equipment, and 

transportation of fuel and materials to the site during the final cover placement and landfill 

closure. 

Parameter Value Unit  Comment 

Thickness of topsoil 0.15 m 
 

Thickness of sand 0.30 m 
 

Thickness of HDPE layer 0.0015 m 
 

Thickness of clay 0.61 m 
 

Heavy equipment use 0.062 kg/Mg Scraper is the predominant 

equipment used during closurea 

Diesel equipment 0.067 L/Mg Average estimates based on field 

datab 

Clay haul distance 8 km Field datac 

Sand haul distance 32 km Field datac 

Heavy equipment haul distance 402 km Field datac 

HDPE (liners and pipes) haul 

distance 

402 km Field datac 

PVC pipes haul distance 402 km Field datac 

Fuel haul distance 80 km Field datac 

aThe average heavy equipment use per Mg of waste was calculated based on the average number 

of hours per Mg of waste, lifetime of the predominant equipment, and the equipment weight. 

Heavy equipment use (kg/Mg) = [hours/Mg waste] / [Lifetime hours/equipment]*[kg/equipment] 
bThe fuel use value in the table is an input estimate describing the average fuel use per Mg of waste 

corresponding to the equipment use. The hours and types of equipment are based on field data. 

Some sites reported hours of heavy equipment use, which was multiplied by the fuel economy (L 

fuel/hr) of the equipment and then divided by the amount of waste. Other sites directly reported 

the fuel consumption which were divided by the amount of waste. 
cBased on the site questionnaire assumptions from the Ecobalance report.4  

 

2.1.4 Post-Closure Care 

The post-closure care phase involves the maintenance and replacement of the final cover 

over a 30-year post-closure monitoring period (default time) (Table A8). The life cycle inventory 

of the post-closure care module includes production of the final cover materials that are used to 

replace a fraction of the cover over time as well as the fuel consumed in a light-duty truck for 

inspections and in equipment for cutting vegetation. The replacement of the final cover materials 

and the heavy equipment use were assumed as a percentage (10%) of landfill closure LCI (Table 

A8). 
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Figure A6. Post-closure care system boundary 

 

Table A8. Timeframe, fuel use, and percentage of cover replacement during the post-closure care 

period. 

Parameter Value Unit  Comment 

Diesel equipment 2.08E-05 L/Mg-yr Fuel required for inspection and 

mowing vegetation 

Post-closure care period 30 years Based on U.S. EPA Subtitle D 

regulations 

Percentage of cover materials 

replaced over the post-closure 

period 

10 % The uses of cover materials, fuel, 

and equipment are based on this 

percentage applied to those 

consumed in the closure system. 

 

2.1.5 Summary of Capital Goods Inventory 

The quantity of materials consumed in construction, operation, closure, and post-closure 

care were quantified using the parameters in Tables A2ïA8 and summarized in Table A9. Fuel 

and electricity as well as transportation that are typically based on field data are also summarized 

in Table A9.  Capital goods inventory was used to estimate the emissions from the extraction and 

production of materials, fuel, electricity, and transportation. 
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Table A9. Summary of intermediate calculations (e.g., land surface area and volume of waste 

buried) for materials, fuel, and electricity used for the construction, operation, closure, and post-

closure care phases of the landfill life cycle. The capital goods quantities estimated are based on 

1 Mg of waste buried in a ólargeô landfill that has a mean annual waste acceptance of 233,091 

Mg/yr and a 80-yr operating years, as defined in the main body Modeling Approach. 

Process Intermediate Calculations Value Unit  

Landfill Design Volume of waste capacity 17,460,000 m3 

Landfill Design Volume of available waste disposal 19,206,000 m3 

Landfill Design Mass of waste capacity 18,647,280 Mg 

Landfill Design Depth of liner and leachate system 1.22 m 

Landfill Design Depth of final cover 1.07 m 

Landfill Design Height of waste above the grade 59.89 m 

Landfill Design Height of waste below the grade 6.40 m 

Landfill Design Width of waste disposal volume 689.56 m 

Landfill Design Length of waste disposal volume 689.56 m 

Landfill Design Landfill area covered by waste 475,491.72 m2 

Landfill Design Bottom landfill length 643.84 m 

Landfill Design Top landfill length 323.80 m 

Landfill Design Bottom waste length (considering liners depth) 636.51 m 

Landfill Design Top waste length (considering liners depth) 317.39 m 

Landfill Design Area of bottom including side slopes 466,823 m2 

Landfill Design Area of top including side slopes 480,055 m2 

Construction Volume of clay used in the liner 284,575 m3 

Construction Volume of sand used in the liner 256,11 m3 

Construction Volume of gravel used in the drainage 28,457.518 m3 

Construction Volume of HDPE used in the liner 711 m3 

Construction Mass of clay liner per Mg waste 28.11 kg/Mg 

Construction Mass of sand liner per Mg waste 21.45 kg/Mg 

Construction Mass of gravel liner per Mg waste 2.32 kg/Mg 

Construction Mass of HDPE liner per Mg waste 0.04 kg/Mg 

Construction Side length 20.24 m 

Construction Number of rows of pipes in the leachate 

collection systems (LCS) 

22.00 pipes 

Construction Number of rows of branches pipes in the LCS 22.00 branch 

pipes 

Construction Length of header pipe 1,273 m 

Construction Length of bottom and side pipes 16,549 m 

Construction Length of branches pipes 14,894 m 

Construction Total length of pipe 32,716 m 

Construction Length of HDPE pipe per Mg waste in LCS 0.0018 m/Mg 

Construction Length of PVC pipe per Mg waste in LCS 0.0000 m/Mg 

Construction Number of vertical gas wells 117 wells 

Construction Number of wells across landfill width 11 wells 
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Process Intermediate Calculations Value Unit  

Construction Length of HDPE pipe per Mg waste in gas 

collection and control system (GCCS) 

0.00044 m/Mg 

Construction Mass of vertical PVC wells per Mg waste in 

GCCS 

0.0011 kg/Mg 

Construction Heavy equipment during landfill construction 0.02 kg/Mg 

Construction Asphalt used for landfill construction 0.09 kg/Mg 

Construction Concrete used for leachate sumps 0.01 kg/Mg 

Construction Fuel used for heavy equipment during 

construction 

0.30 L/Mg 

Construction Transport fuel and other materials (HDPE, PVC, 

heavy equipment, concrete, asphalt) 

51.78 kg-km/Mg 

Construction Transport fuel and other materials (HDPE, PVC, 

heavy equipment, concrete, asphalt) 

0.0017 v-km/Mg 

Construction Transport soil, clay and/or sand/gravel 985.64 kg-km/Mg 

Construction Transport soil, clay and/or sand/gravel 0.04 v-km/Mg 

Final Cover & Closure Volume of topsoil used in the cover 73,160 m3 

Final Cover & Closure Volume of sand used in the cover 146,321 m3 

Final Cover & Closure Volume of HDPE used in the cover 732 m3 

Final Cover & Closure Volume of clay used in the cover 292,642 m3 

Final Cover & Closure Mass of soil per Mg waste 7.23 kg/Mg 

Final Cover & Closure Mass of sand per Mg waste 12.26 kg/Mg 

Final Cover & Closure Mass of HDPE per Mg waste 0.04 kg/Mg 

Final Cover & Closure Mass of clay per Mg waste 28.91 kg/Mg 

Final Cover & Closure Heavy equipment used for heavy equipment 

during closure 

0.06 kg/Mg 

Final Cover & Closure Fuel used for heavy equipment during closure 0.140 L/Mg 

Final Cover & Closure Transport fuel and other materials (HDPE, PVC, 

heavy equipment, concrete, asphalt) 

50.73 kg-km/Mg 

Final Cover & Closure Transport fuel and other materials (HDPE, PVC, 

heavy equipment, concrete, asphalt) 

0.0017 v-km/Mg 

Final Cover & Closure Transport soil, clay and/or sand/gravel 623.47 kg-km/Mg 

Final Cover & Closure Transport soil, clay and/or sand/gravel 0.03 v-km/Mg 

Waste Placement Operations Electricity used for office and maintenance 

buildings 

0.08 kWh/Mg 

Waste Placement Operations Heavy equipment used during waste placement 0.16 kg/Mg 

Waste Placement Operations Fuel used for heavy equipment during operation 1.19 L/Mg 

Waste Placement Operations Transport fuel and other materials (HDPE, PVC, 

heavy equipment, concrete, asphalt) 

414.64 kg-km/Mg 

Waste Placement Operations Transport fuel and other materials (HDPE, PVC, 

heavy equipment, concrete, asphalt) 

0.01 v-km/Mg 

Post-Closure Care Mass of soil replaced annually 0.02 kg/Mg-yr 

Post-Closure Care Mass of sand replaced annually 0.04 kg/Mg-yr 

Post-Closure Care Mass of HDPE replaced annually 0.0001 kg/Mg-yr 

Post-Closure Care Mass of clay replaced annually 0.10 kg/Mg-yr 

Post-Closure Care Heavy equipment used during post-closure care 

(PCC) 

2.07E-04 kg/Mg-yr 

Post-Closure Care Fuel used for heavy equipment during closure 8.66E-04 L/Mg 
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Process Intermediate Calculations Value Unit  

Post-Closure Care Transport fuel and other materials (HDPE, PVC, 

heavy equipment, concrete, asphalt) 

25.03 kg-km/Mg 

Post-Closure Care Transport fuel and other materials (HDPE, PVC, 

heavy equipment, concrete, asphalt) 

0.0008 v-km/Mg 

Post-Closure Care Transport soil, clay and/or sand/gravel 2.08 kg-km/Mg 

Post-Closure Care Transport soil, clay and/or sand/gravel 0.0001 v-km/Mg 

 

Table A10. Final life-cycle inventory of materials, electricity, fuel uses, and transportation based 

on 1 Mg of waste buried in a ólargeô landfill that has a mean annual waste acceptance of 233,091 

Mg/yr and a 80-yr operating years. 

Activity  Sub-activity Value Unit  

Material Use Clay 57.11 kg/Mg 

Material Use Sand 33.75 kg/Mg 

Material Use Gravel 2.32 kg/Mg 

Material Use HDPE liner 0.074 kg/Mg 

Material Use HDPE Pipe 0.002 m/Mg 

Material Use PVC Pipe 0.001 kg/Mg 

Material Use Heavy equipment 0.238 kg/Mg 

Material Use Asphalt 0.085 kg/Mg 

Material Use Concrete 0.007 kg/Mg 

Material Use Soil 7.25 kg/Mg 

Building Buildings for personnel operating trailer and maintenance 2.29E-05 m2/Mg 

Energy Use Electricity 0.081 kWh/Mg 

Fuel Use Diesel equipment 1.63 L/Mg 

Transportation Heavy-load heavy duty truck, full run 542.98 kg-km/Mg 

Transportation Heavy-load heavy duty truck, empty run 0.018 v-kma/Mg 

Transportation Medium-load heavy duty truck, full run 1,611 kg-km/Mg 

Transportation Medium-load heavy duty truck, empty run 0.067 v-kma/Mg 
a v-km = vehicle-kilometers travelled 
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2.2 Landfill Gas Generation, Collection, and Control 

2.2.1 Landfill Gas Generation 

The U.S. EPAôs Landfill Gas Emissions Model (LandGEM)6 is widely used in practice for 

predicting methane generation in the U.S., and it was adopted for this model (Eq A1): 

 

 ὗ Ὧὒ
ὓ

ρπ

Ȣ

Ȣ

Ὡ ȟ (A1) 

 

where Qn is the CH4 generation rate (m3 yrī1) in year n; k is first-order waste decay rate (yrī1); L0 

is the CH4 generation potential (m3 Mgī1 wet waste); Mi is the waste mass placement in year i 

(Mg); j is an intra-annual time increment used to calculate CH4 generation; and t is time (yr). 

 

2.2.2 Landfill Gas Collection 

LFG collection efficiency varies with the timing of waste being buried and the lengths of time that 

waste has been buried and wait before initial collection, interim or long-term cover, and final cover 

(Figure A7). A given mass of waste could be buried at different times and we are not sure about 

when the waste is disposed, and waste buried later in the landfillôs life will wait less time to reach 

improved gas collection than waste buried earlier in the landfillôs life. Therefore, the collection 

efficiencies must be averaged to estimate the fraction of gas collected after an average mass of 

waste has been buried for a specific period of time (Figure A8 and Figure A9). The gas collection 

schedule and collection efficiency estimates for each schedule shown in Table A11 were used to 

calculated a temporally averaged collection efficiency for each year of cell operation after waste 

burial. The temporally averaged annual collection efficiencies are used to estimate the volume of 

CH4 collected, flared, combusted for energy, oxidized, and emitted for MSW and each material 

over 1,000 years, under which 99.99% of the CH4 emissions has been released at the lowest decay 

rate of 0.02 yr-1. 
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Figure A7. Conceptual diagram for time-varying collection efficiency that depends on the year 

waste is buried in the cell and waste age.  
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Table A11. Landfill Gas Collection Inputs and Landfill Gas Combustion System Parameters Used in the Flare and 

Energy Recovery Scenarios. 
 Gas collection schedules7,8 

Parameter Aggressive CA 
EPA 

Typical 

Clean Air Act 

Minimum  

Time until initial gas collection (yr) 0.5 1 2 5 

Initial gas collection efficiency (%) 50 50 50 50 

Time to increased gas collection efficiency (yr) 3 2 5 5 

Increased gas collection efficiency (%) 75 80 75 75 

Time to long term cover since waste burial (yr) 15 15 15 15 

Gas collection efficiency under long term cover (%) 82.5 85 82.5 82.5 

Time from final waste placement to final cover (yr) 1 1 1 1 

Gas collection efficiency under final cover (%) 90 90 90 90 

Flare Inputs     

Allowable minimum gas flow rate (m3 minï1) NA 2.8 NA NA 

Nonmethane organic compounds emission rate at which gas collection is turned off (NSPS, 1999): 50 Mg/yr [34 Mg/yr] 

Flare turn-on time (yr) a 0.5 1 2 5 

Flare turn-off time (yr) by decay rate (k) a 

k = 0.02 yr-1 95 [113] 233 [233] 95 [113] 95 [113] 

k = 0.04 yr-1 95 [110] 161[161] 95 [100] 95 [100] 

k = 0.06 yr-1 95 [95] 134 [134] 95 [95] 95 [95] 

k = 0.12 yr-1 95 [95] 106 [106] 95 [95] 95 [95] 

Energy Recovery Inputs     

Minimum landfill gas collection required for an energy 

recovery project (m3 minï1) 
9.9 9.9 9.9 9.9 

Energy recovery engine downtime (%) 3 1 3 3 

Energy recovery turn-on time (yr) by decay rate (k) a 

k = 0.02 yr-1 10 9 10 12 

k = 0.04 yr-1 6 5 6 8 

k = 0.06 yr-1 4 4 5 7 

k = 0.12 yr-1 3 3 3 5 

Energy recovery turn-off time (yr) by decay rate (k) a 

k = 0.02 yr-1 170 171 170 170 

k = 0.04 yr-1 128 129 128 128 

k = 0.06 yr-1 112 113 112 112 

k = 0.12 yr-1 95 95 95 106 
a Gas combustion system turn-on and turn-off times were calculated based on the mean size of the landfill (233,091 

Mg MSW/yr), its operating lifetime (80 years), the bulk decay rate, the flare turn-off NMOCs, and the minimum 

landfill gas rate required to install an energy project. 
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Figure A8. Temporally averaged annual gas collection efficiency for the flare scenario across 

four gas collection schedules, four decay rate constants, and NMOC thresholds. The turn-on and 

turn-off times of gas collection and control system were calculated across all scenarios for the 

mean landfill size and operating life (Table A11). Collection efficiency of zero indicates that the 

gas collection system has been turned off. 

 

 
Figure A9. Temporally averaged annual gas collection efficiency for the energy recovery 

scenario across four gas collection schedules and four decay rate constants. The turn-on and turn-

off times for the gas collection and control system were calculated across all scenarios for the 

mean landfill size and operating life (Table A11). NMOC regulations do not affect the timing of 

installation and turnoff of the gas collection system with energy recovery. 
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2.2.3 Waste Component-Specific Properties 

Table A12. Methane Production Potential (L0) and Field Decay Rate for Eight MSW 

Componentsa 

Waste 

Material 

L0  

(m3 CH4/wet Mg) 

Field decay rate derived from bulk MSW decay rate (k) 

k = 0.02 yr-1 k = 0.04 yr-1 k = 0.06 yr-1 k = 0.12 yr-1 

Leaves 40.4 0.057 0.114 0.171 0.343 

Vegetables 84.9 0.048 0.096 0.144 0.289 

Wood 12.2 0.021 0.042 0.063 0.125 

Textiles 80.9 0.010 0.020 0.030 0.059 

Newsprint 64.7 0.011 0.022 0.033 0.066 

Corrugated 

Cardboard 
162.9 0.007 0.013 0.020 0.039 

Office Paper 240.5 0.010 0.020 0.030 0.059 

Mixed Paper 124.0 0.010 0.021 0.031 0.063 

Mixed MSW 100.0 0.020 0.040 0.060 0.120 

aValues are adopted from De la Cruz and Barlaz (2010).9 

2.3 Landfill Leachate Generation 

The volume of leachate is calculated as a percentage of precipitation, which is dependent 

on the cover type and varies with time (Table A13). As the model is based on 1 Mg of MSW, the 

time-varying leachate generation was estimated for the average mass of waste year over the 80-

year life of the landfill as for the time-varying LFG collection efficiency. For example, a 40-year-

old landfill could have young cells (e.g., buried for 3 yr) with intermediate cover only, as well as 

sections that have final cover.  In this case, most leachate will be generated in the younger cell. 
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Figure A10. Temporally averaged percentage of precipitation that becomes leachate based on the 

assumptions in Table A13. 

 

Table A13. Landfill Leachate Generation Rate as a Percentage of Precipitation Varying with 

Time and Cover Typea 

Parameter 
Time 

(yr)  

% precipitat ion that becomes 

leachate b 

Leachate generation period 1: time to 

placement of intermediate cover 
5 20 [586 gpad @ 1000 mm/yr precip c] 

Leachate generation period 2: years when a 

larger fraction of intermediate or final cover 

is placed (yr) 

6-80 13d [380 gpad @ 1000 mm/yr precip c] 

Leachate generation period 3: years when 

100% final cover has been placed (yr) 
81 0.4e [10 gpad @ 1000 mm/yr precip c] 

aTimes in the table are based on the landfill with an expected mean operating life of 80 years. 

We assumed that waste would be under intermediate cover in year 5 and that final cover would 

be placed gradually over the landfill life, with final cover placement complete 1 year after 

landfill closure (Table A11) 
bPercentage of precipitation that becomes leachate is based on field data.10 
cgpad = gallon per acre per day. 1 gpad = 1.08×10-11 m/s. 
dThe original source reported that 6.5% of precipitation becomes leachate when an undefined 

fraction of intermediated and final covers is present.10 This corresponds to 190 gpad at 1000 

mm/yr precipitation. This is low based on the authorsô experience and the default leachate 

generation rate was doubled. 
e U.S. EPA reported that the leachate flow rate is approximately 10 gpad within ten years after 

landfill closure, which corresponds to 0.4% of 1000 mm/yr precipitation that becomes leachate.11  
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3. Life Cycle Impact Assessment 

Table A14. Normalization factors for ten impact categories based on U.S. 2008 according to 

TRACI v2.112 

Impact Category Abbv. Reference Unit (per capita per year) U.S. 2008 Values 

Acidification ACID kg SO2 eq 91 

Ecotoxicity ETOX CTUe 11076 

Eutrophication ETP kg N eq 22 

Global Warming GW kg CO2 eq 24000 

Ozone Depletion OD kg CFC-11 eq 0.16 

Photochemical ozone formation SMOG kg O3 eq 1400 

Human Health - Cancer HHc CTUh 5.05E-05 

Human Health - Non-Cancer HHNc CTUh 1.04E-03 

Respiratory effects RE kg PM2.5 eq 24 

Fossil Fuel Depletion FFD MJ surplus 17000 

 

4. Supplementary LCA Results 

 
Figure A11. (a) Critical flow contributors that cumulatively contribute 90% of the acidification 

(ACID) impact, (b) contribution of critical flows from capital goods and landfill treatment, and 

(c) contribution of composite materials consumed. 
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Figure A12. (a) Critical flow contributors that cumulatively contribute 90% of the ecotoxicity 

(ETOX) impact, (b) contribution of critical flows from capital goods and landfill treatment, and 

(c) contribution of composite materials consumed. 

 

 
Figure A13. (a) Critical flow contributors that cumulatively contribute 90% of the eutrophication 

(ETP) impact, (b) contribution of critical flows from capital goods and landfill treatment, and (c) 

contribution of composite materials consumed. 
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Figure A14. (a) Critical flow contributors that cumulatively contribute 90% of the fossil fuel 

depletion (FFD) impact, (b) contribution of critical flows from capital goods and landfill treatment, 

and (c) contribution of composite materials consumed. 

 

 
Figure A15. (a) Critical flow contributors that cumulatively contribute 90% of the global 

warming (GW) impact, (b) contribution of critical flows from capital goods and landfill 

treatment, and (c) contribution of composite materials consumed. 
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Figure A16. (a) Critical flow contributors that cumulatively contribute 90% of the human health 

cancer (HHc) impact, (b) contribution of critical flows from capital goods and landfill treatment, 

and (c) contribution of composite materials consumed. 

 

 
Figure A17. (a) Critical flow contributors that cumulatively contribute 90% of the human health 

non-cancer (HHNc) impact, (b) contribution of critical flows from capital goods and landfill 

treatment, and (c) contribution of composite materials consumed. 
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Figure A18. (a) Critical flow contributors that cumulatively contribute 90% of the ozone depletion 

(OD) impact, (b) contribution of critical flows from capital goods and landfill treatment, and (c) 

contribution of composite materials consumed. The data used to generate this result is the 

composition of LFG as presented in the U.S. EPA AP-42 database.13 The trace organic constituents 

in LFG in this database are based on LFG composition data from the 1990s and the CFCs likely 

result from refrigerants in appliances.  CFC concentrations have likely decreased over time.   

 

 
Figure A19. (a) Critical flow contributors that cumulatively contribute 90% of the respiratory 

effect (RE), (b) contribution of critical flows from capital goods and landfill treatment, and (c) 

contribution of composite materials consumed. 
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Figure A20. (a) Critical flow contributors that cumulatively contribute 90% of the smog (SMOG), 

(b) contribution of critical flows from capital goods and landfill treatment, and (c) contribution of 

composite materials consumed. 
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Figure A21. (a) Normalized impacts as person equivalent (PE) and (b) contributions of capital 

goods and landfill gas and leachate emissions for the electricity recovery scenarios with the EPA 

Typical collection across two NMOCs threshold for gas regulation and ten impact categories. 

The landfill was considered with the mean size and operating life across original range of U.S. 

landfills, accepting 233,000 Mg of MSW per year and operating for 80 years. 
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Figure A22. Contributions of capital goods (electricity, fuel, material, transportation) and landfill 

gas and leachate emissions across ten impact categories based on the flare scenario and EPA 

Typical collection schedule, given the 1st to 3rd quantile range of landfill size (260 to 1020 Mg/day, 

as presented in Table A1) for the flare scenario and EPA typical collection schedule. There is a 

step change at ~770 Mg day-1 that is selected to separate the small and large landfillsô design cross-

sections (Figure 2.1). 
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5. Landfill Methane Profile  

 
Figure A23. Landfill methane inventory that is collected and flared, oxidized, and emitted based 

on the flare scenarios and EPA Typical collection across five landfill types (i.e., four decay rate 

constants and the representative landfill that is a composite of four decay rates) and two flare 

turnoff NMOCs thresholds. At decay rates of 0.06 and 0.12 yr-1, two NMOC lines are overlapped 

and thus one is invisible. The landfill was considered with the mean size and operating life 

across original range of U.S. landfills, accepting 233,000 Mg of MSW per year and operating for 

80 years. 
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Figure A24. Landfill methane inventory that is collected and flared, oxidized, and emitted based 

on the electricity recovery scenarios and EPA Typical collection across five landfill types (i.e., 

four decay rate constants and the representative landfill that is a composite of four decay rates) 

and two flare turnoff NMOCs thresholds. The stricter NMOC thresholds do not affect the 

collection performance of energy recovery scenarios and thus two NMOC lines are overlapped. 

The landfill was considered with the mean size and operating life across original range of U.S. 

landfills, accepting 233,000 Mg of MSW per year and operating for 80 years. 
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Figure A25. Percentage of emissions that are released by 20 and 100 yr. Results are based on the 

energy recovery scenario and EPA Typical collection across five landfill types (i.e., four decay 

rate constants and the representative landfill that is a weighted average of four decay rates). Results 

are presented for two NMOCs thresholds and for the mean size and operating life across landfill 

(233,000 Mg MSW per year and 80 yr operating life). 

 

 
Figure A26. The fraction of generated methane that is combusted to produce electricity, flared, 

oxidized, and emitted across two gas treatment and four gas collection scenarios by decay rate, 

based on the (a) flare and (b) electricity recovery scenarios. The effect of regulatory changes in 

NMOCs emission thresholds (34 vs 50 Mg/yr) is displayed for each case. 
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Figure A27. Effective collection efficiency of mixed MSW, corrugated cardboard, and vegetable 

waste under the flare scenarios with two NMOC thresholds and four decay rates across the range 

of U.S. landfill sizes. However, the 1st-3rd quantile range of LMOP landfill database is from 260 

to 1020 Mg/day (Table A1). 
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Figure A28. Percentage of CH4 generated by 20, 50, and 100 yr across four decay rate constants 
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6. Monte Carlo Analysis Inputs and Distributions 

Table A15. Default values, ranges, and distribution of uncertain inputs for Monte Carlo analysis. The given uncertainty range is based 

on ±10% of the default value of the parameter, except when we have a better reference from literature or expert judgement as 

presented in table notes. 
Landfill 

Module 
Parameter Unit  

Default 

Value 

Distribu

tion  

Distribution 

Hyperparameters 
µ/min ů/max 

mo

de 

Landfill 

design 
Waste acceptancea Mg 

MSW/yr 
233,091 

Lognorm

al 
Õ=12.94, ů=0.76 

12.9

4 
0.76  

Landfill 

design 
Operating yearsa yr 80 

Lognorm

al 
Õ=4.09, ů=0.8 4.09 0.8  

Landfill 

design 
Height above the grade (mul factor) unitless 1 Uniform min=0.9, max=1.1 0.9 1.1  

Landfill 

design 
Excavation depth (mul factor) unitless 1 Uniform min=0.9, max=1.1 0.9 1.1  

Landfill 

design 
Waste density (small) kg/m3 890 Uniform 

min=711, max=1008 (1200, 1700) 

lb/yd3 
801 979   

Landfill 
design 

Waste density (large) kg/m3 1068 Uniform 
min=1009, max=1187 (1700, 2000) 
lb/yd3 

961 1175   

Capital 

goods 
PCC factor (a)b unitless 0 Uniform min=0, max=1 0 1  

Landfill gas Gas collection efficiency (mul factor)c unitless 1 
Triangul

ar 
min=0.9, max=1.1, mode=1 0.9 1.1 1 

Landfill gas Oxidation efficiencyd % 10 Uniform min=10, max=55 10 55   

Landfill gas Biogenic carbon contente % MSW 27 
Triangul

ar 
min=21, max=32 21 32 27 

Landfill gas 
Fraction of anaerobically degradable 

carbone 
% bio C 53 

Triangul

ar 
min=41, max=64 42 64 53 

Landfill gas Bulk decay ratef yr-1 0.04 
Triangul

ar 
min=0.02, max=0.17, mode=0.04 0.02 0.17 

0.0

4 

Landfill gas Electricity conversion efficiencyg unitless 0.35 
Triangul

ar 
min=0.3, max=0.4, mode=0.35 0.3 0.4 

0.3

5 

Landfill 

leachate 
Initial % leachate of precipitation % 20 Uniform min=18, max=22 18 22  

Landfill 

leachate 
Interim % leachate of precipitation % 13 Uniform min=11.7, max=14.3 11.7 14.3   

Landfill 
leachate 

Final % leachate of precipitation % 0.4 Uniform min=0.7, max=0.9 0.36 0.44  



 

133 

 

Landfill 

Module 
Parameter Unit  

Default 

Value 

Distribu

tion  

Distribution 

Hyperparameters 
µ/min ů/max 

mo

de 

Landfill 

leachate 
Leachate collection efficiency % 99.1 Uniform min=97.1, max=99.9 97.1 99.9  

Capital 

goods 
Heavy Equipment Construction kg/Mg 0.016 Uniform min=0.014, max=0.02 

0.01

4 
0.0176   

Capital 

goods 
Asphalt Construction kg/Mg 0.085 Uniform min=0.0765, max=0.0935 

0.07

7 
0.0935   

Capital 

goods 
Diesel Construction L/Mg 0.22 Uniform min=0.198, max=0.242 

0.19

8 
0.242   

Capital 

goods 
Heavy Equipment Closure kg/Mg 0.062 Uniform min=0.0558, max=0.0682 

0.05

6 
0.0682   

Capital 

goods 
Diesel Closure L/Mg 0.067 Uniform min=0.0603, max=0.0737 0.06 0.0737   

Capital 

goods 
Electricity Operation kWh/Mg 0.081 Uniform min=0.0729, max=0.0891 

0.07

3 
0.0891   

Capital 

goods 
Diesel Operation L/Mg 1.19 Uniform min=1.071, max=1.309 

1.07

1 
1.309   

Capital 

goods 
Heavy Equipment Operation kg/Mg 0.16 Uniform min=0.144, max=0.176 

0.14

4 
0.176   

Capital 

goods 
Diesel Soil extraction L/kg 1.4 Uniform min=1.26, max=1.54 1.26 1.54   

Capital 

goods 
Diesel Sand extraction L/kg 1.8 Uniform min=1.62, max=1.98 1.62 1.98   

Capital 

goods 
Diesel Aftercare L/Mg-yr 2.08E-05 Uniform min=0.00001872, max=0.00002288 

2E-

05 

0.00002

288 
  

Capital 

goods 
Thickness of sand in bottom liner m 0.6096 

Triangul

ar 

min=0.54864, max=0.67056, 

mode=0.6096 

0.54

9 
0.67056 

0.6

1 

Capital 
goods 

Thickness of HDPE in bottom liner m 0.001524 
Triangul
ar 

min=0.0013716, max=0.0016764, 
mode=0.001524 

0.00
1 

0.00167
64 

0 

Capital 

goods 
Thickness of Clay in bottom liner m 0.6096 

Triangul

ar 

min=0.54864, max=0.67056, 

mode=0.6096 

0.54

9 
0.67056 

0.6

1 

Capital 

goods 
Thickness of topsoil in top cover m 0.1524 

Triangul

ar 

min=0.13716, max=0.16764, 

mode=0.1524 

0.13

7 
0.16764 

0.1

5 

Capital 

goods 
Thickness of sand in top cover m 0.3048 

Triangul

ar 

min=0.27432, max=0.33528, 

mode=0.3048 

0.27

4 
0.33528 0.3 

Capital 

goods 
Thickness of HDPE in top cover m 0.001524 

Triangul

ar 

min=0.0013716, max=0.0016764, 

mode=0.001524 

0.00

1 

0.00167

64 
0 

Capital 

goods 
Thickness of clay in top cover m 0.6096 

Triangul

ar 

min=0.54864, max=0.67056, 

mode=0.6096 

0.54

9 
0.67056 

0.6

1 
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Landfill 

Module 
Parameter Unit  

Default 

Value 

Distribu

tion  

Distribution 

Hyperparameters 
µ/min ů/max 

mo

de 

Capital 

goods 
Gravel percentage of sand volume % 10 Uniform min=9, max=11 9 11 10 

Capital 

goods 
Clay haul distance Construction km 8 Uniform min=7.2, max=8.8 7.2 8.8  

Capital 

goods 
Sand haul distance Construction km 32 Uniform min=28.8, max=35.2 28.8 35.2  

Capital 

goods 

Heavy Equipment haul distance 

Construction 
km 402 Uniform min=361.8, max=442.2 

361.

8 
442.2  

Capital 

goods 
Concrete haul distance Construction km 80 Uniform min=72, max=88 72 88  

Capital 

goods 
Asphalt haul distance Construction km 80 Uniform min=72, max=88 72 88  

Capital 

goods 

HDPE (liners and pipes) haul distance 

Construction 
km 402 Uniform min=361.8, max=442.2 

361.

8 
442.2  

Capital 

goods 
PVC pipes haul distance Construction km 402 Uniform min=361.8, max=442.2 

361.

8 
442.2  

Capital 

goods 
Fuel haul distance Construction km 80 Uniform min=72, max=88 72 88  

Capital 

goods 
Clay haul distance Closure km 8 Uniform min=7.2, max=8.8 7.2 8.8  

Capital 

goods 
Sand haul distance Closure km 32 Uniform min=28.8, max=35.2 28.8 35.2  

Capital 

goods 

Heavy Equipment haul distance 

Closure 
km 402 Uniform min=361.8, max=442.2 

361.

8 
442.2  

Capital 

goods 
HDPE haul distance Closure km 402 Uniform min=361.8, max=442.2 

361.

8 
442.2  

Capital 
goods 

PVC haul distance Closure km 402 Uniform min=361.8, max=442.2 
361.
8 

442.2  

Capital 

goods 
Fuel haul distance Closure km 80 Uniform min=72, max=88 72 88  

Capital 

goods 
Heavy Equipment haul distance km 80 Uniform min=72, max=88 72 88  

Capital 

goods 
Fuel haul distance km 402 Uniform min=361.8, max=442.2 

361.

8 
442.2  

Capital 

goods 
Medium truck payload 

Mg/ 

vehicle 
24 Uniform min=21.6, max=26.4 21.6 26.4  

Capital 

goods 
Heavy truck payload 

Mg/vehi

cle 
35 Uniform min=31.5, max=38.5 31.5 38.5  
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aThe values were based on the LMOP landfill database and the developed lognormal distribution in Table 2.1. 
bThis post-closure care (PCC) factor corresponds to a cover replacement of 10 to 100% over 30 to 100 yr PCC. Considering more cover replaced over a longer 

PCC period, PCC factor a was used to indicate the correlation between the % cover replacement and PCC period: (1) % cover replacement: 10% + a * (100% - 

10%) and (2) PCC period: 30 yr + a * (100 yr - 30 yr), where a defines the correlated (same) increasing rate from the minimum assumption for either 

parameter.  Then, by varying a between 0 and 1, we can do the sensitivity analysis on both parameters that are correlated. For example, the default case is a = 0 
where we replace 10% of the cover over 30-yr PCC; if a = 0.5, we replace 55% over 65 years. 
cJudgment based on the values for the better and worse collection case relative to the typical one presented in Table A11. 
dThe minimum oxidation rate of 10% is recommended by the EPAôs AP-42 database14 and the judgment for the maximum value (55%) is based on Chanton et 

al., 2009.15 
e Biogenic carbon content and fraction of biogenic carbon converted to biogas were varied to represent the uncertainty in waste composition. These ranges 

correspond to a range of L0 between 64ï144 m3/Mg wet MSW with a default value of 100 m3/Mg, and the judgement is adjusted based on Sun et al. (2019)16 and 

Staley et al. (2009).17 There is considerable uncertainty in the value of L0 but a lot of waste composition data is old and not useful to quantify variations by 

region. Seasonal and socioeconomic factors are likely more important. 
fAdopted from IPCC (2006).18  
gThe internal combustion engine (ICE) is most commonly used in energy recovery of LFGs because of low cost and high electricity efficiency. 30% to 40% 

conversion efficiencies can be achieved by the ICE based on the LFG energy projects 2017 in the US.19 
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7. Effect of NMOC Threshold on Gas Collection Efficiency under Uncertainty 

The stricter NMOC threshold generally increases the effective collection efficiency by <5% points 

on average across all iterations under uncertainty (Figure A29). However, uncertainty in the 

improved averaged collection efficiency increases with decreasing decay rate. A decay rate of 0.02 

yr-1 is more sensitive to the stricter NMOC threshold than landfills with higher decay rates. This 

is because ~30% of emissions are released after collection and control ceases when the decay rate 

is 0.02 yr-1. 

 

 
Figure A29. Boxplot showing the uncertainties associated with the increase in collection efficiency 

due to lowering the NMOC threshold from 50 to 34 Mg/yr across four decay rates.  The outcome 

uncertainty is based on a 5,000-iteration Monte Carlo analysis considering the uncertain ranges 

and distributions of all the inputs summarized in Table A15. The × represents the mean of each 

data set, while the interior line represents the median. The boxes bound the interquartile range 

(IQR) (25th to 75th quartile). The whiskers extend to 1.5 times the IQR, and their ends show the 

highest and lowest value excluding outliers, which are represented by solid black points. 

 

  


