ABSTRACT

WANG, YIXUAN . Improving Life Cycle Assessmestior Sustainablé&olid Waste Management
Decision Making (Under the direction of Ddames 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 electtiaityfills are acritical component of the
U.S. MSW management (MSWM) infrastructutieat currently acceps over half of generated
MSW. Landfills are also the third leading source of anthropogenic methang @dhissions in

the U.S, behind natural gasxtractionand livesock. Life-cycle assessment (LCAg a decision
support framework used tquantify and understanthe environmental impacts and resource
consumption oMSWM scenarios and processes, including landfdiswever, landfill LCAs are
complicated by their vargg sizes, waste compaosition, gas collection and control regulations, and
the dynamic nature of gas and leachate production and managé@imasit.accurate models to
estimate the environmental emissiomsd impactsattributable to landfills are importarior
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 analyseReducingthe data requiremesfor inventory and impact

assessmentsill facilitate the wider use of LCAs during early system planning

The objectives of thisesearchinclude (1) developing a lifeycle model to represent how a
municipal landfill works inconsideration of size, wastemposition and regulations that govern
landfill gas collection and controf2) evaluating how the dynamic nature of leéegn emissions

from landfills affects the associated global warming impacts; and (3) developing a streamlined



LCA framework for MSWM systems that substantially reduces modeling effort while maintaining

decision consistency.

A stateof-the-art landfill LCA model was developed to represent how a U.S. municipal lasdfill
constructed, operated, and closed under multplgfigurations and to guide GHG emissions
reduction strategies and policieBhe study found thator the population of landfills that are
already required to collect gas, collecting gas longer is more importantdhecting gas earlier

to reduce ChHemissions, although the benefits of each vary with waste decayl@agssess the
global warming impacts associated with lelegm emissions from landfilling MSW, dynamic and
static 100yr and 20yr global warming potential (GWP) estimates were compareddaous
landfill configurations.When comparing singipoint 100yr 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 coegifte the delayed emissions when

a shortterm time horizon (29r) is used.

For MSWM LCAs to be most usefugffective early incorporation of LCAs neededo allow
quick analysis on existing and potential MSWM alternativesirdple model may be pretdsle

to a complex modadiven limited resources. &kameworkfor streamlining LCAsvas developed
and applied for an integrat®dtiSWM systenmwherel8 scenariosvere considered for generalizing
the implications from streamlined LCAEBhe results indicate théte number of impacts and flows
can be drastically reduced whdensistently identifyinghesametop 3 scenarioas the full LCAs

This highlights thatthe results of MSWM.CAs canbe more transparently communicatgith
communities using a much shortest that emphasizes the most relevant impacts and flows for

comparing alternatives during thesultsinterpretation phase



Valuableinsightswereobtained regardinthe use of LCAas adecisionsupport tooto guide GHG
emissions and climate mitigatigrolicies for achieving sustainable MSWM, which can also be
readily applied in the early strategy planning with limited datagetsanced LCAs for bth
landfills and integrated MSWM systerage demonstrataahder several configurationshus, the

methodsdevelopedandresults generated in thissearcttan be generalized similar systems.
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Chapter 1: Introduction

Globally, 2.01 billion tons ofmunicipal solidwaste(MSW) are generated annugllgndthis is
expected to grow tover 3.4 billion tondy 20501 Waste generation continues to grow worldwide,
and its proper management is essentigrtonote effective use of material and energy resources
reduce greenhouse gas (GHG) emissians] protecthuman health andhe environment.
However, developing integrated sustainableolid waste management (SWM)ystems and
strategiess challenged bychanges in waste generation and compositregulations climate
mitigation policiesandthedevelopment and improvement of treatment and dispeshhologies
While there is an increasing trend towards recovery of energy, nutrients, and materials from waste,
landfills areand will remaina critical component adur SWM systens. Along with open dumps,
they account for 7@ of MSW management (MSWMjlobally,! andin the U.S.landfills accept
over half of generateMSW.? Landfills are the third leading source of anthropogenic methane
(CH4) emissionsbehindleaks from natural gas systems atite raising of livestock.Reducing
landfill gas emissions catherefore play a key role in reducing shibred climate pollution.
However,GHG emissions from landfillsan be released fatecades to centurie§he dynamic
nature of landfill gas generation and management and their vasig@@nd waste composition,
complex engineang designcomplicate the evaluation of the environmental footprint of landfills
This complexity oflandfills andthe complexity ofSWM systemsn generakequires a modeig
methodology thatomprehensivelyepresens their full environmentalmpactsandis capable of

identifying themost criticalaspect®f these systemf®r improving their sustainability.

Life-cycle assessment (LCA) sn environmental assessment framework that can be used to
evaluatethe systmwide environmental implications of SWhtrategiesand suppors decision
making to improve environmental sustainability by identifying tratfe among cost and multiple
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environmental impacts associated with alternative systems or p6f€i&NM LCA quantiies

the environmentakemissions and impactand resource consumption of waste management
scenarios and processes, including landfitfs. Most pevious LCA studies of landfills
emphasizé thar global warming impacts/here landfill gas domirtas butthey often neglected
the impacts associatedth landfill construction and operatioas well aghe temporal variability

of landfill gas generation, collection, and contelhtive to the landfill agevhichnecessitates the
development othe $ateof-the-practice landfill lifecycle modethatmoreaccurately reflesthow
modernmunicipal landfilswork. The stée-of-the-practice landfill lifecycle model should also be
capable of considerindifferences in sizeand waste compositicend changes to regulatiotisat

may affect the performance of landfills.

While LCA provides valuable insightmto environmental sustainability decisiomaking the
large time and data requirements of LCA limits their ability tanlgeliporated early and iteratively
in the planning and design phases of projedten limited time and resources are available
Developing highquality life-cycle inventorydatais essential to establish the technical basis for
the assessment big often ime and resource demandifiySimpler LCAsthat maintain the
accuracy of more comprehensive L@AI help more communitieand companies usescience
based understanding of the potential impacts of alternative MSWM strategies at the planning phase
when an LCA can have tlggeatesimpact!®t+*2 |t is important thathe decision consistency of
the simpified LCA is maintainedso thatthe highest ranked strategiese the same as a more
comprehensive LCAThe early incorporation with LCA without compromisinige decision
accuracy and consistency necessitates a streamlined framewguidéoanalysts and decision

makerswith insights into the dllowing questions:What are the most influential impacts,



processes, and inventories for performing LCls SWM system8 How reliable is the

streamlined LCA in selecting threost environmentally sustainatderategies?

This research aims to achieve tb#édwing three research objectives:

(1) Developalife-cycle model to represehbw a municipal landfilworks inconsideration of
size, waste compositipmnd regulations that govern landfill gas collection and control

(Chapter 2).

(2) Evaluate howthe dynamic nature of loAgrm emissionsrom landfills affects the

associated global warming impa¢@hapter 3)

(3) Develop the streamlined LCAamework for the sadl waste management systehat

substantially reduces modeling effort while maintaining decision consist€hepter 4,

Chapters 2, 3 and 4 were writtenrgdividual research manuscrip@sndAppendices AC provide
supportinginformation and correspondith Chapters 2through 4 respectively Chapter 2
describeghe stateof-the-art landfill life cycle modelconsideringthe influence of size, waste
composition, enigeering designand regulations that govern gas collection and cordrol
environmental pgdormance Chapter 3assesses the lostigrm emissions from landfills antie
influence of timings of emissions on the global warming imgpddte global warming potential
(GWP) estimates using dynamic and static accounting approaches were corapdsesveral
choices of static GWP values were considef&uapter describesan approach tetreamlining
LCAsfor integrated SWMystems and strategitgtidentifiesthe mostritical inputs, processes,

emissions, and impacts while retaining the cdesisselection of thénighest rankedSWM



strategies, compared tonaore comprehensivieCA. Finally, the conclusions that can be drawn

from this research are presented in Chapter 5.
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Chapter 2: Life-Cycle Assessment oA Regulatory Compliant U.S. Municipal
Solid Waste Landfill

2.1 Abstract

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

of anthropogenic methane emissions. iajele 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 perfoffie 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 contré@&®75% to
toxicity impacts while LFG emissiom®ntribute 5099% to global varming, ozone depletion, and
smog impactsThe current noimethane organic compound regulatory thresh{@dl Mg yr?)
reduces methane emissions by <7% relative to the former thre@Ig yr'). Requiring
landfills to continue collecting LFG until théofv rate is <10 mimin! reduces emissions by 20

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 mathasiens.

2.2 Introductio n

The World Bank (2018) estimates th&@% of municipal solid waste (MSW) is disposed in
landfills or open dumpsglobally! and the U.S. EPA estimates that approximately 52% of U.S.
MSW is landfilled.? Life-cycle assessment (LCA) can be used to quantify the environmental

impacts and resourceonsumptionof waste management scenarios and processes, including



landfills >*° Landfills are complex engineered facilities, and multiple factors contributesio th
environmental footprint.The complexity of lifecycle 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 ctdléca temporallvarying gas collection

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

and the varying extent of methane (laxidation in a landfill cove?’ In addition, materials,

fuels, and electaty are consumed during landfill construction, operation, closure, and post
closure, and shoul d -tyee periormanodtetfore, a comprdhensive f i | | ¢
model is needed to estimate the environmental emissions and impacts at&ibwuiabdfills 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 emissiadsrapacts 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 landill LCA system boundary due to an emphasis on global warming impacts where LFG
dominated:®>1% While recent landfill LCAs incorporated capital goods and reported that they are
a significant contributor to several impact categories, the studies weetoped based on
European landfill configurations that differ from U.S. landfills (e.g., landfill size, liner and cover
materials)>®191213 Second, most landfill LCA studies present gas collection efficiency as a single
value**® or constant values tiin a few time period%!® 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 mateszdy dt

different rates, the gas collection system is installed and expanded over time, aoxid2ition



rates vary with cover type and Gfux. For example, the first waste buried in a cell may not come
under gas collection fori b yr, while waste buried in the third year may experience gas collection
after I 2 yr. The collection efficiency will improve as additional wells are added ardcad
transitions from receiving daily to intermediate and final cover. Gas collection under final cover
may exceed 909%. Finally, Camobreco et al. and Bagchi reported comprehensive U.S. landfill
life-cycle models in 2008*'° However, their models didot incorporate the interaction of
regulations with the timing of gas collection and contfét. The New Source Performance
Standards (NSPS) of the Clean Air Act govern the timing of LFG collection and control based on
the mass of nemethane organic cgmounds (NMOCSs) generated annually. In 2016, the NSPS
reduced the threshold under which LFG collection and control was required from 50 to 34 Mg
NMOC yr?, which reduced the minimum size landfill that is required to manage’t RGddition,

the timing forthe installation of LFG collection and control systems is affected by landfill size and
whether the LFG is recovered as an energy solnath of which have increased over tifde.
Therefore, there is a need for an updated landfill model that addrestms 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 statef-the-practice landfill design and regulatecpmpliant LFG management,

and (2) investigatehe effects of gas collection and control regulations, landfill size and design,
and waste composition on LFG emissions and overall landfill environmental perforritéace.
considered the three most common LFG management scenarios: passive Vaningg,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.



2.3Modeling Approach

2.3.1Representatig U.S. Landfill

The functional unit for the model is the behavior of 1 Mg®[®g) of wet MSW discarded in a
landfill. The system boundary includes emissions from the extraction and production of materials
used for construction, transportation of matesdald fuels, and net electricity productidnmodel

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 tiféheycle inventory (Cl) 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
thresholdand requireLFG collection after 5/r.2* Lognormal satistical distributions for landfill
size and operating |ifetime were developed ba
Program (LMOP) databasddble 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
consideredThe LMOP database providedormation on landfill size, status of open/closed and

LFG contol projects, and expected operating life as voluntarilyreglbrted by landfill owners.

While the Greenhouse Gas Reporting Program (GHER®R commonly used dataget MSW

landfills that comply with the GHG reporting rule (i.e., £émissions>25,000Mg COe), the
GHGRP database includes fewaperating landfills that include data on both annual waste
acceptance and operating years than LM®RBomparisorof the two datasets and a description

of the1,108 LMOP landfills considerad presenteih Secton 1 of the Supplementary Information

(Sl).



Table2.1 shows that the mean waste acceptance of a U.S. landfill is 233,091 Mg MSWnhgir

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 asmall landfill, a lognormal distribution was developed by assigning more weight
to larger landfills Figure Al). The developed lognormal distributions of waste acceptance and
operating life were used to develop estimates of the environmental emissidngants 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 precipitatioméble2.1).° To describe a representative ton of MSW disposed in
acompositeU.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 StDeVj

Waste acceptance (Mg¥r 233,091 [276,465] 12.94 [0.76]

Operating years 80 [66] 4.09 [0.8]

Landfill type Arid Moderate Wet Bioreactor
Annual precipitatioR(cm) <51 511102 >102 NA

LFG decay rate constant (jr 0.02 0.03& 0.057 0.17
Percent of waste received 18 39 33 10

a8Parameters used to develop lognormal distributions of waste acceptance and operating life based
on the LMOP landfill databagé.

bBased on U.S. EPA, 2028.

‘The mass of waste disposed in bioreactor landfills veasimed 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 theercent of the U.S. population within the precipitation rarges.
dJudgment based on values reported in Barlaz?étald Tolaymat et &

2.3.2Material, Fuel, and Electricity Use

Construction, operation, closure, and pdssure 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 heawyy truck trasport of materials. The
environmental profile of materials extraction and production, as well as energy consumption, was
developed from Ecoinvent v38BEstimates of capital goods consumption were based on the waste
acceptance rate, excavation geometny @epth, land area, and liner and cover design. The input

parameters used to develop the LCI are presemf€dbles A-A8.

Constructing a landfill involves site excavation, liner installation on the bottom and sides of the
excavated volume, cov@lacement, 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 crgsstion of the liner and cover systems as well as the laadrafeand
capacity (m) of the landfill, which were in turn estimated based on the waste density, annual waste
acceptance rate, and expected operatingHifpife2.1). Both the above and below grade volumes
were assumed to have trapezoidal profilesarfye landfill is likely to have a higher waste density
and deeper excavation relative to a smaller landfifi.this study, a landfill that receives >200,000

Mg yrt (=770 Mg day}, 260 days per yearyas assumed to have a greater excavation and above
ground height based on the waste acceptanceTal®eg?2.1, Figure2.1). Estimates of materials,

fuel, and electricity consumed are summarizet@lahles 2 andA10.
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(a) Excavation of a small (large) landfill, (b) Cross sections of top cover and liner
Waste density = 1500 (1800) Ib/yd?[890 (1068) kg/m?] -
0.5 ft [0.15 m] Topsoil

[ 1 ft [0.3 m] Sand Drainage

60 mil[1.5 mm] HDPE Liner
2 ft[0.61 m] Clay

100 (200) ft
[30.5 (61) m]
l 2 ft[0.61 m] Sand
60 mil[1.5 mm] HDPE Liner
20 (25) ft
[6.1(7.6) m] 2 ft [0.61 m] Clay
i Soil Base

Figure 2.1. Crosssection of (a) small and large landfills that accept <200,000 NMgayd
200,000 Mg y¥, respectively, and the cresections of the cover and liner. Figure b applies to
both landfill sizes. H:V describes the horizortavertical slope ratio. The dimensions for the

large landfill are given parentheticallyhe designof the gas and leachate collection system
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 pipirg embedded within the saA’

Daily cover is required b$ubtitle D of the Resource Conservation and Recovery Act (R@RA)
reduce odors, pests, and wibdwn debrs3! Daily cover may consist of esite or offsite soil,

single or multiuse plastic sheetrevenuaeneratingmaterial (e.g., compost, yard waste,
contaminated soiff as well as other options. The default assumption is that 10% of the landfill
volume is consumed by esite soil used for daily and intermediate cover. fetmture
maintenancés 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 3gear postclosure period? Fuel consumption (2.08& L/Mg waste buried

yr) during the postlosure care period was adopted from site data reportEddiyalancé?
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Other materials used in a landfill include hidénsity polyethylene (HDPE) and/or polyvinyl
chloride (PVC) pipes foleachate and gas collection systems and groundwater monitoring wells,
concrete for sumps, asphalt for roadways, and heavy equipiradsie$ A andA6). Reinforced
concrete was used to construct five cylindrical leachate collection sufapée (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 eeuoifrased on site datBables Al,

A6, andA7). Approximately, 88% (0.16 kg/Mg MSW) of the required heavy equipment is used in

the operating phaséFuel combusted in heavy equipment was estimated based on sité data.

2.3.3Landfill Gas Generation, Collectionand Control

LFG (CHs + COy) is generated from the anaerobic biodegradation of organic wastéantid

model estimates LFG emissions for 1,000 yr after waste burial to include 99.99% of the potential
LFG vyield at the lowest decay rate of 0.02.yFhe 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 ¢production potential of the wasteofl(eq. S1)°> NMOC generation

was calculad using the ARI2 default concentration of 595 ppmv in LEGThe 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 B&tIepur decay rate cetants 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 definebalole All. These
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scenarios cover the range of schedules for the initiation of gas collectiondrSthe given mass

of waste will experience different gas collection efficiencies depending on when the waste is buried
relative to the | andfill déds age, the gas coll e
that the LFG collection system efates. 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 aing LFG collection efficiency, a
temporally averaged gas coll ection efficiency
in a landfill each yearHigure A7).3® FiguresA8 andA9 show the temporgl 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 thieme of CH collected, flared, combusted for energy,

oxidized, and emitted.

Gas collection system twon and turroff times were calculated based on the landfill size,
operating lifetime, the MSW decay rate, and the gas collection system installatatulecand
assumed efficiencyT@ble AL1). NSPS requires installing a gas collection and control system once
NMOC generation is estimated to exceed 34 (previously 50) Mbgased on specified calculation
protocols?® While not quantified here, the lowerMOC threshold will force more landfills to
collect and control their LFG he lower NMOC thresholi$ estimated by the U.S. EPA to reduce
NMOC and CH emissions from U.S. landfills by 281 and 44,300 Mg, yespectively, compared

to the NMOC threshold &0 Mg yrtin 20252° LFG control includes, at a minimum, an enclosed
flare with a CH destruction efficiency of 99.9% and may include beneficial use of thgi@]

energy recovery through combustion in an internal combustion e[i§iEg with an electricity
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conversion efficiency of 359 and a CH destruction efficiency of 99.9%). Once the gas
collection and control system is activated, it must opdi@tat leastl5 yr and untiNMOC
generation is below 34 Mg yr In California, regulations additionally require flare operation until

the gas flow rate is below 2.8*min™. While CH: destruction by a flare is driven by regulation,
energy recovery systemgeadriven by economics. An energy recovery system is typically
activated after 10 ALFG min! have been collected for at least 1 yr (e.g., year 8 at a decay rate of
0.04 yt!based on the EPA Typical scenario and burid238,091Mg yr?'). The energy sysm

will typically be turned off when less than 13 itFG min? is collected, and the twwoff time
depends on the MSW decay rate, the collection efficiency, and the mass of waste disposed. The
cutoff of 10 m* was developedrom discussions with landfilloperators. When energy is

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

A fraction of the uncollected CHs oxidized to CQin the landfill cover soil, and the remaining

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

35%, based on U.S. EPA guidarié&/hen no gas collection is in place, the landfill has a relatively

high CH; flux and 10% oxidation efficiency is assumbdsed ot he U. S. EPAGs Ma
Reporting of Greenduse Gase®. 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 meansffibetive collection
efficiencies (i.e., total gas collected/total gas generated) are mafeetific*? Slowly degrading
materials such as paper and cardboard will produce more gas after the system has Hoéfen shut
and less gas before the system is turned on relative to materials with relatively high decay rates

such as food or grass. The £production ptential (Lo) and field decay rate for each waste
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component are summarizedTiable Al2, and effective collection efficiencies were estimated for

each waste material.

2.3.4Leachate Generation, Collection, and Control

Leachate is the water that infiltrates thadéll 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
releas€® The nodel estimates leachate generation, collection, andty@agtment composition

over a 106yr time horizon. A 10§r cutoff was used for leachate emissions because 99.9% of
the BOD is released by 100 yr, and only 0.04(mr-day)* of leachate is produceat 1,000 mm

yr precipitation once the landfill is under final cover based on our mbklelvolume of leachate
generated per Mg of waste was estimated from the percentage of precipitation that becomes
leachate, which depends on the cover type and vaithstime, and is based on observed data
(Table A1L3 andFigure AL0)18A 99.1% leachate collection and recovery system efficiency was
adopted from Barlaz et &,which results in the release of 0.9% of leachate to groundwater.
Leachate contaminant carttrations were adopted from Damgaard éf ahe assumed BOD,

COD, ammonia, phosphate, total suspended solids and heavy metal treatment efficiencies are 97,
80, 98,22, 96 and 85%, respectively BOD removal via aeration requires energy and produces
biogenic CQ. The POTW was estimated to consume 0.99 kWh electricity and produce 0.36 kg

CO; per kg BOD removedt

2.3.5Life Cycle Impact Assessment (LCIA)

Environmental impacts are quantified for ten midpanpact categories based on the th&sed
Tool for Reduction and Assessment of Chemicals and Other Environmental Impacts (TRACI
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v2.1)% We assumed that the biogenic carbon in discarded waste is part of theshararbon
cycle, therefore biogenic Gz emissions have a global warming potential (GWP) of zero, whereas
biogenic carbon in a landfilhat is not converted to biogas after 1,000 yr is considered to be stored,
provides a net reduction of atmosphericCdnd has a GWP ef. Impacts were noralized based

on U.S. per capita emissions in 2008The impact categories and their corresponding

normalization reference factors are summarizethible Al4.

2.4 Results and Discussion

2.4.1Life Cycle Impacts

Normalized lifecycle impact results are presentedtfio identify the activities that contribute the

most to the overall environmental burdemsgure 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 tfiare 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 CHemissions Figure 2.2 and Figure AL5). LFG emissions contribat

99% to both the global warming and ozone depletion impaktdowerNMOC 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 seclibe. ozme depleting substances

(e.g., CFCs in LFG) arékely 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 datbase? In the other impact categories, materials use

accounts for B75% of the normalized impacts. The contribution from materials use is largest for
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ecotoxicity[73%], and human health cand@5%] and norcancer effectf68%] due to the use of

clay, snd, gravel, and the heavy equipment used for waste compaction and soil excavation
(FiguresA11i A20). In contrast, in the energy recovery scenarios, electricity offsets dhe to
conversion of LFG to electricitdominate most of the impacts by contribgti6a 96% of all

impact categories except global warming, ozone depletion, and Sigogg(A21). LFG emissions
contribute 6690% of global warming, ozone depletion, and smog impacts. In general, the
normalized impacts are lower in the energy recovery siceaie 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 Bugiec: (A22).
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Figure 2.2. (a) Normalized impacts iperson 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 healtcammer, OD =

ozone depletion, RE = respiratory effect, SMOG = smBgkults are a weighteaverage based

on the share of waste received in each U.S. climate region for a landfill with the mean size and
operating years2@3,000 Mg MSW per year and 80 yr operating)lifeBui | di ngo does
up since its contribution is <0.5% across all impacts based on the mean estimated area use of
2.29E5 né/Mg.

2.4.2Materials Use Inventory

Materials consumed to construct a landfill are the largest contributexsotoxicity and human
health in the flare scenaribifure2.2). Heavymetal emissions (e.g., chromium (VI), zinc, nickel,
and arsenic) cumulatively contribute >90% to the ecotoxicity, human health cancer, and human

health norcancer categories (Figurésl2, A16 andA17). Materials consumed during the site
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construction and operation phases contributé83% to these toxic emissions, with heavy
equipment, clay, and sand together contributing98%c of the materialassociated toxic
emissions This dominanceesults frommaterials usen 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 progessupled with stealequired for a buildingrad heavy
equipment)Heavy equipment consumption per Mg of waste was assumed constant based on site
data, regardless of landfill sizEigure 2.3 shows how the mass estimates of clay and sand vary
with landfill size and design and how larger landfills arere 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 depeity on the study objective. Landfills that accept less than 770 Mg aiay
assumed to have lower heights (30 m versus 61 m, respectively) and waste densities (890 kg m
versus 1068 kg M respectively) compared to larger landfills. However, every ihisldlifferent,

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
separ at e-settibnefigsrekal). The a n d
red dashed line and equation correspond to the materials consumption of small landfills and

't hat is selected
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turquoise dashed line and equation correspond to large landfills.

2.4.3Landfill Gas Inventory

Fugitive CH, emissions from waste biodegradatiare the single largest contributor to global
warmingfor a landfill (Figure2.2). Figure2.4 shows the percentage of fugitive £émissions at
20 and 100 yrdor the flare scenario with the EPA Typical collection. Lowering the NMOC
threshold from 50 t84 Mg yr* reduces the emissions ©Hs by <7%, but only in landfills with a
decay rate that is0.04 yrt. This is because at lower decay ratég§08 of CH emissions are

released after 100 yr and lowering the NMOC threshold may require the flareatedpager. In

contrast,

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 NMOKRrdshold. Therefore, using a 100 yr time horizon for
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modeling LFGgenerationmesults in landfills with decay rates).04 yr! to appear better than they
areover 1,000 ymecause 430% of thetotal emissionsare excluded from the analysis. Figures
A23 andA24 show thdiogenic CH inventory profile for the flare and energy recovery scenarios,
indicating that systems that collect gas to produce electricity collect moreadi¢r and longer

due to the 10 MCH. cut-off criteria, and that this cuiff value rather than the NMOC threshold,
governs the longevity of LFG collection and contrbhus, theenergy recovery scenarios have
higher effective CH4 collection efficiencieshased on the assumptitimt the reenue produced

from the sold electricity is greater than the marginal costs required to continue to operate the
system69i 99.5% of CHemissions are released within the 4@@ime horizon Figure A25).The

lower NMOC threshold does not change the fractdrCHs 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 region3 &ble2.1). Figure A26 shows that while continuing to
collect gas until <10 Amintis generated benefits the ¢Chiitigation the most at any decay rate,

the 0.02 y** case is much more sensitive to the revised NMOC threshold in tha¢@idsions

are reduced by 120% relative to the other decay rates that result in <7% reduction.
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Figure 2.4. The cumulative prcentage othe totalemissions that are releasafier year20 and

100 yr. Results are based on the flare scenario and EPAargpilection 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 NMOCSs thresholds and for the mean size and operating
life across landlls (233,000 Mg MSW per year and 80 yr operating life).

Figure 2.5 shows the percent of generated Ghht is collected and flared and/or combusted to
produce electricity, oxidized, and emitted for a composite U.S. laridél] weighted average
acrossthe range of landfills in four climate regions shownTable 2.1 and considering waste
generation in each regiarfiResults for each decay rate are showhRigure A26. The disposition

of generated CHdoes not change with decay rate, gas collection,N\M@C threshold in the
passive venting scenario. 3% of the generated GhHk released in th#lare scenarios while
electricity recovery reduces GHmissions by 1i3% compared to the flare scenarigsen
though LFG is collected earlier in the Aggressschedule, the CA schedule requires operation of
the flare system until the LFG flow rate is below 2.8min, while the other schedules allow the

flare to turn off 15 years after closure if less than 34 MgNMOCs are generated. Thus, the CA
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scenario leads to the lowest estimated fugitive Qe to the longer flare operating time coupled

with the higher assumed collection efficiency under interim andiemg coversTable All).

Lowering the NMOC thresholftom 50 to 34 Mg yt does not affect fugitive CHemissions in

the electricity recovery scenarios or the CA flare scenario, and it only redugesr@dions by

7% in the other flare scenaridagure2.5). The stricter NMOC threshold increases LFG aziltn
efficiency by less than implementing the aggressive or CA collection scenarios or by increasing
beneficial useThus, despite the increase in flare operating time, lowering the NMOC threshold
exerts little influence oeffectiveLFG collection at ladfills that were already required to collect
their LFG. Subsequent results are only presented for the 34 MgNOC threshold because it is

the current U.S. standard.
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Figure 2.5. The fraction of generated Glthat is combusted to produce electricitgred, 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 yea283,000 Mg MSV per year and 80 yr operating lfd he effect of
changing the NMOC emission threshold from 50 tdvBftyr? is displayed for each case.

Figure2.6 shows how the effective collection efficiencies vary by material, which is a function of

the componenspecific decay, the bulk MSW decay rate that varies by climate region, and the
landfill size, which governs when collection and control systems araredq(able All).

Collection efficiencies are lowest for the smallest landfill modeled in all cases. This is because gas
coll ection and control are either not require
which time more gas has been releh Cardboard has the lowest decay rate (0.0138ty0.04 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 dec@y&ge (

yrlat 0.04 y* bulk decay rate) decreases with the increasing decay rate. As the bulk MSW decay
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rate increases, more of the £frtbm vegetable waste is released prior to gas well installation which
lowers effective LFG collection. However, for chaérd, increasing the bulk MSW decay rate
results in more Ckbeing produced when the gas collection efficiency is highelecay rate of

0.12 yr! leads to the maximum effective collection efficiency of 75% for carboard while a decay
rate of 0.02 y* leads to a maximurefficiency of 76% for vegetables. Rapidly degrading materials
like food and yard waste generally result in higher €rissions in wetter regions, regardless of
landfill size. Therefore, arid regions may need to continue collecting gaspamdting a flare
longer than required by regulation to reduce fugitives 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 taratfill size

than are vegetableBifjure2.6). Landfills that accept 1000 Mg day* of MSW generate < 34 Mg

yr NMOCs, therefore their flare system can be shutoff 15 years after closure. In contrast, landfills
accepting >1000 Mg dayof MSW have a prionged 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 stsnder
improved collection efficiencies during the first ~50 years, regardless of decay rate and gas
collection practice, even though the larger waste acceptance increases thedtatmg time

(Figure A28).

26



Bulk Decay Rate (yr'1)

0.02 0.04 0.06 0.12
804 A
X o 2 8 A 4 8 4 a
o A 0 8 & o)
S 607 0 o o
S o o ° o
i 40- ¢
S O o
8 20+ 0
e} a
)
0_

FEYP PRI Sy Sy
» F ¢ N ¥ X
®+® o"b QQ'Q ®+® O’b QQ,Q @\.‘_ O‘b A@q

Landfill Size (Mg/day) © 500 © 2000 4 4000

Figure 2.6. Collection efficiencies of mixed MSW, cardboard and vegetable waste across four
decay rate constants and three landfill sizes (smallMg@ay*; medium: 2000Mg day?; large:
4000Mg day?), based on the flare scenario, EPA Typical collection, and NM®@&hold of 34

Mg yrt. The componerspecific field decay rates are giverTiable Al2.

2.4.4Sensitivity Analysis

A 5,000Citeration Monte Carlo sensitivity analysis was performed to explore and compare the
uncertainties associated with LFG collection effigies 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|andfill design profile) as well as the assumed parameter distribution are

presented imable ALS.

Figure 2.7 shows thesix parameters that havgpearman correlation coefficients with absolute

values.3 across ten impact categories and four gas collestioedulesSpearman 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 scenagmshdoenariobiogenic

carbon content, fractioof anaerobically degradable carbon, gag collection efficiency are the
primary contributos to the uncertainty iglobal warming Annual waste acceptance is important

in nearly every impact and scenario because it affects materiaEusephication 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 finainstakation
Electricity conversion efficiency is a criit source of uncertainty for the electricity recovery
scenarios for acidification, ecotoxicity, eutrophication, fossil fuel depletion, human health cancer
and norcancer effects, and respiratory effects, which are dominated by electricity dfigeise(

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 wagrand 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 larger biogenic carbon contemécause NOQemissions from LFG

combustion in an ICE are greater than the associatedNk@t.

28



Other 3 Collection Practices | Electricity Recovery

CA
Waste acceptance . . .. . . . - .
] O H

Operating years
Gas collection eff . .
Elec. conversion eff

Biogenic C content .
Fraction of C biodegradable . .
QTR QNI PE AL AR QRGN E A TR QIR P2

C |

Spearman Corr. Coeff._1_0 05 00 05 10

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 Wingtenarios, as
defined inTable AlL1l. eff = efficiency, Elec. = electricity. The critical input profile for electricity
recovery scenarios is regardless of gas collection practices.

2.5Policy Implications

Understandindgactors that influence the environmahitmpact 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 andlFEA collectionschedules reduced
fugitive CHs emissions by #43% relative to EPA Typical collection. Furthermore, the CA
scenario requires LFG collection and control for3@ yr longer based on a lower minimum LFG
flow rate before system deactivation (2.8 vs fonin') and thus reduces fugitive GEmissions

by 3852% compared to the other flare scenarios aridi®¥% compared to the other energy
recovery scenarios. Thus, requiring landfills to continue collecting and controlling LFG until the
flow rate is <10 Mimin™ can reduce fugitive CHemissims by 2052% relative to the ne@A

flare scenarios. In contrast, using the lower NMOC threshold of 34 M(formerly 50 Mg yrY)

only reduced ChHemissions by <7% for a national average landfill (i.e., weighted average across
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the range of landfills imlifferent 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 theg &aas 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 regionsare more sensitive to regulatp or operational changes (e.g., operating the flare
longer or earlier) becaudandfills with decay rates >0.02 Yymrelease 90100% of total CH
emissions prior to closuravhile landfills withk = 0.02 yr* only release 5%64% of CH emissions

prior toclosure The lower NMOC threshold requires more landfills to collect gas earlier and forces
longer flare operation. This results in more effectives @rhissions mitigation (1420%) in arid
regions than the other climate regions (<7P&wever,as landfillsin arid regions produce more

gas later,this improvement still leads to less of a reduction of fugitives @hhissions than
continuing to collect gas until the flow rate is <18 min™ (31i 58%). In addition, the effective
collection efficiency is highemilarger 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 emis$fiis.

The quantitative analysis ofvaste componensspecific collection efficiencies sha@athat the
collection performance &lowly degrading materials more sensitive to landfill size and climate
than that of rapidly degrading materials. Of course, this factannca 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 highee@idsions and lower

gas collection efficiencies in wetteegions, regardless of landfill siZEhissuggests that to reduce
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fugitive CHs emissions, wet regionsould improve food waste diversion policies while arid

regionscould collect and control LFG for long#ran currently required by federal law.
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Chapter 3: An Assessment of the Dynamic Global Warming Impact

Associated with LongTerm Emissions from Landfills
3.1 Abstract

Landfills are a major contributor of anthropogenic sG¢nissions. Since the greenhouse gas
(GHG) emissions associated with landfilling waste can occur over decades to centuries, the
standard static approach to estimating global warming impactsotagccurately represent the
global warming impactsf landfills. The objective of this study is to assess the implications of
using 10Byr and 20yr static and dynamic global warming potential (GWP) approaches to estimate
the global warming impacts frormunicipal solid waste landfills. A lifeycle model was
developed to estimate GHG emissions for three gas treatment cases (passive venting,sflare, CH
conversion to electricity) and four decay rates. th&100yr GWP, other model uncertainties

(e.g., stic GWP valuesdecay rate, moisture content,gascollection 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 sipgiet GWP values,hie choice of static
versusdynamic is relatively unimportant for most landfilld/hile dynamic GWPs consider
temporal variance and provide useful estimates for the warming over a set time horizon, for most
comparative analyses, static values provide reddenbounds for the actual 190 warming

impact.

3.2Introduction

Globally, an estimated 1200 to 2400 Tg of municipal solid waste (MSW) is generated annually,
which is projected to grow by ~70% by 2095Approximately 60% of this waste is disposed in

landfills or open dumps$,which are togethethe third leading source oflobal anthropogenic
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methane (Ck) emissionsbehind fossil fuels and livestoékAccurately estimating the global
warming impact of landfills and dumps is important for allocating ressuend developing
policies to mitigate the impacts of climate changandfill-related greenhouse gas (GHG)
emissionoccur over decades or centuries and theaad@mgoing debate over the most appropriate

way to account for the global warming impactudge longerm GHG emission®®

Global warming potential (GWP) estimates the ability of a substance to absorb infrared energy
(760 nm to 1,000 nm waves) radiatedStdticl®an t he |
yr GWPsare the mostidely usedbased on the recommendations ofltitergovernmental Panel

on Climate Change (IPCC)? Values from the Fourth Assessment Report (AR#é}he IPCC are

required for national GHG inventories in accordance with thméted Nations Framework
Conveition on Climate Change (UNFCCE&) Thel PCC6s Fifth Assélssment
developedupdated 10§r GWP valuesThe 108yr GWP from AR4 was 2&kg COe/kg CH: and

the updated AR5 values were 38d 34 kg Cee/kg CH:.. The larger value considers climate

carbon feedbacks that represent ¢thangesn global carbon storage due to amplified warming
induced by GHG emissionwhile the lower value does ndeverthelesdjfe-cycle assessments

(LCASs) of solid waste managemetf8 WM) systemsstill typically usethe AR4values (e.g., for
wasteto-energy facilitie$*'3, material recovery faciliti¢$ open dumps, and SWM system¥

18). However, some studies have comparedptvhile others exclusively used AR5 valef&s,
Twentyyear GWPs have also been recommended and used in an attempt to better reflect short
term climate impacts and peak warmitg The 20yr GWPs for CH are 84 to 87 (2.4 to 3 times

greater than their respective 10 GWPs). Therefore, using AR5 wuas or 26year GWPs
substantially increases the estimated global warming impact associated with landfilling waste

compared to the standard *Pp0AR4 GWPs'®
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Traditionalstatic global warmingmpact assessmentethodsassigna constantadiative forcing

for all emissions withina settemporal boundarf e . g. , 0 yrDandzercOimpacd 1 0
subsequenemissions(e.g., t > 1000 yr¥ An alternative to static GWPs is the dynamic GWP
approach, which was developed to considedifferential effects of thaemporal distribution of

GHG emissiong? Similar to static GWPs,yhamic GWPompare theelativechange iradiative
forcing due to the emission of a set of GHGs over time tactfange from themission of 1 kg

CQO, at time zeroHowever, dynamic GWPsonsider the total increase in radiative forcirgm

an emission until aset time horizor(e.g., year 100 for 169r GWP). For example, the 180
dynamic GWP from the emission of 1 kg £H year 5 is 30 kg C&/kg CH, and this is reduced

to 17 kg CQe/kg CH; if the emission occurs in year 90 (estimated using the AR5 parameters and
considering CH oxidation to CQ). 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 enmisgear 90. In
contrast,static100yr GWPs consider th&ull 100 years ofwarmingfrom an emitted substance
regardless of when it is emittéd.g., the AR4 static 16(r GWP is 25 kg Cee/kg CH;). The
physical implications of dynamic GWPs are therefolearer since they estimate the warming
caused by a set of emissions until a specified.tifmvever, this clarityesults ina sacrifice in
thatthe dynamic metho@jnores warming caused after the end of the time horikbis. can be
addressed using GWRmves 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 impactsk-or a landfill, the 26/r dynamic GWP will estimate the actual increamsglobal
warming over the next 20 years, but it will ignore the warming caused by fuGitiveeleased

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

but it reduces the relative impact of shiored gases such as GH
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Dynamic global warming impact models have bpegviously applied in LCAs of biproducts,

solid biofuels (e.g., wood fuels and crop residue), and building prdeétPrior studieshave

shown that usingynamicGWPs maydecrease émates ofglobal warming impactby over80%
compared to equivalent static estimatésr exampleBeloin-SaintPierre et af® used dynamic
GWPs inanLCA of different energy sources for domestic hot water productiorhendstimated

global warming impets 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 biogenie Q@ake during biomass regrowthiHowever,

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 proddeé#s.LCAs of
buildings have founthatusingatime-dependent GWP approadid not change the rankings of
scenarios (e.g.choice of building materials) but did alter therelative differencebetween
alternatives® The cumulative radiative forcing based dynamic LCA method highlights the
importance ofemissions that occur in early yedt3>3® Sproul et al. argued that later emissions

can be consided by usinglongertime horizors and monetized social damagés.

Nevertheless, the effects of using dynamic GWPs on the global warming impacts assatliated
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) herefore, there is a need to investightmplicationsof alternative

GWP accounting methodsr emissions associated with landfilling MSW.

The objective of this studis to assess the temporally differentiated global warming impacts
associated with lonterm emissions from landfilling MSW ugindynamic GWPs. Comparing

dynamic and static GWP estimates will provide insightswitetherand 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 g@missions 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 pesentation and discussion of the results and policy implications.

3.3Modeling Approach

3.3.1Landfill Model

The functional unifor our life-cycle modeis the disposal ol Mg (1 megagram = 1000 kg) of
wet mixedMSW in a US landfill. The model estimates GH@issions for 1000 yeafsllowing

waste burigl which is long enough to include 99.99% of landfill gas emissions assuming a
minimumbulk decay rate of 0.02 yr A landfill life -cycle model was developed to estimate annual
GHG emissios from fuel and matal use andandfill gasgeneration, collection, oxidation, and
combustion based dhe model presented lhevis and Barlaz83%4° Landfill gasgeneration was
modeledfor 1 Mg of wasteusinga first-orderdecay model with four bulk decay rates: (1) 0.02
(2) 0.04, (3) 0.06, and (4) 0.12¥1These decay ratepproximately correspond &wid, moderate,

wet, and bioreactor landfills, respectivéhiandfills were modeled with three different landfill
gas treatment options: (1) passive venting, (2) flanel (3) electricity generation to investigate

how different landfill configurationgteract with alternat&WP choics.

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 wikkperience different gas collection efficiencies depending on when
it was disposed relative to the Il andfihl és ac

temporally averaged gas collection efficiemcg used t o si mul atte®®Forhe fAav
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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 ttemporallyaveragd efficiencies are shown ifiable 3.1 andTable BL 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'yit wasassumed that 10% of the uncollected,@hs

oxidized to CQ in the landfill cover sojlbased on IPCEand US EPAG6Gs LandGEN
values*® Higher CH, oxidation efficiencies have been reported (e.g., 22 to 55%) in field studies,

and therefore the effects of the collection and oxidationieffty assumptions are explored in the

sensitivity analysié?

40



Table 3.1. Typical Landfill Gas Collection Inputs andindfill GasCombustion System
Parametert)sed in theFlare and Energy RecoveBcenarios.

Parameters Values
Landfill gascollection
Time until initial gas collection (yr) 2°
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 cowe) ( 15
Gas collection efficiency under losigrm 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 compounesiissiornrateat which gas 34
collection isturn-off (Mg/yr)
Flareturn-ontime (yearj 2
Flareturn-off time (yearj 65
Energy recovery inputs
Minimum landfill gas collectiomequired for an energy recovery 10
project(m® min'%)
Energy recovergnginedowntime (%) 3
Time to install energy systeafter at least 10 fmin™ is collected
(year)
Energy recoveryurn-ontime (year)oy decay ratekj®
k=10.02 yr 12
k=10.04 yr 7
k=10.06 yr 5
k=0.12 yr 4
Energy recoveryurn-off time (year)oy decay ratek”
k=0.02 yr 122
k=10.04 yr 93
k=10.06 yrt 80
k=0.12 yr 65
@Default inputs values developed from Levis and Barlaz (2014)
Thest arting time (year 2) to collect gas repre
Typicalvaluei n t he US EPA6s Waste Reduction®wWedel (V

starting time varies with landfill size and waste acceptance raseal landfill site may delay
collectionwhile a larger landfill may be required to collect sooner based on NSPS requifément
fdel ayedbo

The

resul ts
and Discussion.
‘Gas cdlection system turion and turroff times were calculated based on the model presented
by Levis and Barlaz (201#)based on the size of the landfill (200,000 tons per year), its operating
life (50 years), the bulk decay rate, and the gas collectionegfties.

of

a

case

wher e

ni ti al
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The timing of the flare and energy teon and turroff 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®® The gas collection and control system including the flare is turned on in year 2 because
the model estimates that over 34 Mg!yof nonmethane organic compounds (NMOCs) are
generated based on US EPA MSW landfill New Source Performance Standards {NBRS).

flare and gas collection system can be turned off 15 years after operations cease (i.e., year 65), if
less than 34 Mg yrof NMOCs are being collected. The energy recovery system is turned on after
year 3 when 10 Amin have been collected for latast 1 year (i.e., year 7 with a bulk decay rate

of 0.04yr1). The energy system is turned off when less than®ifim'is collected, and this tusn

off time depends on the decay rate of the bulk MSW as well as the collection effidi¢nes.

energy isrecovered, electricity is offset based on th&national average grifGHG Intensity =

0.7 kg CQe kwh?).4
3.3.2Global Warming Potential

The total global warming impaetas estimatefbr each scenario using static and dynamic GWP
methods. GWHKs a measure dhe amount of radiative energy a unit mass (e.g., kg) of a substance

will absorb over a given time horizomHK) relative to the energy absorbed by 1 kg o, C21).1!

~

5 "0w 0 { YO 'YQ 606 Q06
00wl s YO yo & 80 Qb

"0w 0 "Y'O (3.1)

whereC(t) is thefraction of a unit pulse of substanicemaining in the atmosphere in yéére.,

the atmospheric loadAGWRum,iis the cumulative absolutBWP of substance, andRE 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 kg 2). Thefinal relative GWRof a substancis the cumulative
AGWP of the substance at the chosen time hometativeto that of 1 kg C@over the same time
horizon. The temporal effect afmospheric load, absolute cumatglobal warming potential,

and relativeglobal warming potentials illustrated inFigure B5 for releasing d kg of CO, and

CHs at time 2ro. The relatively short lifetime of CH12.4 yr)compared to C&Xno single lifetime

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

thatthe staticGWP of CH decreasesubstantiallyas the time horizomcreases.

A time-dependent characterization factoodeldevelopedy Levasseuet al?* was implemented

to estimate dynamic GWPs for annual emissions released from the laradilk B2 summarizes

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

the analyses. Thealculations are detailed in Secti@rof the Sl. Instantaneous and cumulative
radiative forcing associated with all decay rates and gas treatment scenarios are presented in

Figures Br to B10.

3.3.3Biogenic C Flow Accounting

Solid waste LCAs use multiple approaches for considering the global warming impact of biogenic
CO; emissions and storag&Most waste LCAs consider biogenic €@missions to have a GWP

of zero (Neutral Ceb) (3.3a) because the COs considered part of the shaerm carbon cycle

and is being returned to the atmosphéfé!>1718204%9 ynder this assumption, the storage of
biogenic C is considered a net benefit since it removesfo the shorterm carbon cycle.
Alternatively, if the biogenic C is assumed to already be stored in the waste material before it is

disposed in a landfilthen CQ-biogenic and C@fossil emissions should be treated as equivalent
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and there are no benefits attributable to keeping biogenic C stored in the landfill (Postive CO
method)(Eq 3.2). While the choice of approach will change the numerical reshésankings of
alternatives will not changas long ashe goal of the analysisclimate system boundariesnd C

balance are defined clearly and consistetftiy?-°!

Thedefault assumption in this analysgghat CQ biogenic emissions are equivaleo CQ fossil

emissiongPositive CQb). This assumptiors more intuitively consistent witihechoserdynamic

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

warming impacts are always positivea facilitate comparisons with existing landfill LCA studies
the Neutral C@b alternative was also explorefib make the Neutral CO approach consistent
with the dynamic GWP model while considering biogenic C storage benefitsst@@ge credit
was given o the initial biogenic C content of the landfilled waste @Rp). Eq3.3bis equivalent
to Eq3.3aexcept it allove for a dynamic change over time as the C stored is convertedstar@H

COs. Neutral CQb accounting leads to a decrease in the dynamic @d\Rs by a constant 735

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

differentscenarios

"Ow L 0
(3.2
00 0O p OO0 0O p 00 0O T
0w o
o]V} 0O p OO0 0O 1 060 0 p (3.39)
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3.4 Results and Discussion

3.4.1Biogenic Carbon Inventory and GWP Estimates

The time-varying biogenic Chlinventory profile for the flare scenario with a bulk decay rate of
0.04 yrtis shown inFigure3.1and other inventory results are showirigures B to B3. Because

we are modeling the CHemissions from 1 Mg of waste using a ficstler decay model with no

lag time, the maximum CHemissions occur at year 0 and then exponentially decrease over time
with slight variations based on the timing of landfill gas collectiigure 3.2 shows thelynamic

global warming impact over time for each landfill gas management option and decay rate. The
trends are similar for each decay rate above 0:62yith peaks between years 16 and 66, followed

by a long exponential decay. Wheire decay rate 8.02 yr?, 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.€@®lg waste {310 to 3500 kg Cee/Mg waste for
Neutral CQb accounting). Theases with lower decay rates and beneficial use of gas lead to the
lower peak values. dndfills with larger decay raseconcentratemore emissionsin a shorter
timeframe and thereforgause larger peakthat occur earlier than those with smaller decasrat

All the decay rate scenarios convegdter ~2D0 yr because there is little remaining imp&om

the fugitive CH emissions andhe final CO; emissions are essentially the same for each decay
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ratesince all the released C is eventually converted ta Ts means that the dynamic GWP for

any time horizon greater thai200 yearss essentially independent of decay rate
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Figure 3.1. Time-varying biogenic Chlinventory profilefor flare scenaris

46



5000

M
g B 4000 4 e
z 23000 4 5 oo,
2 . e m m— SR,
= 2 Jd: - s TP
E .._u_? 2000 :: , ra = e i ¥ PP .
§‘ ON 1000 _/ drveas
oo 0
=T T T T
=
= 0 50 100 150 200
Time (Year)
2000
‘g‘ ------------- b. Positive CO,b, Flare
e B | T
g g S e
[="1] 47 -———— = - ',.L""""--.W
E E 1000 —— -l?--ﬂ..-r..'n.ﬂ..h.rr..ﬂ..-r..ﬂ.n
g 9 k=0.02 = = =k=0.04
S. 8 K=0.06 «eecenses k=0.12
un 0 T T T
=
- 0 50 100 150 200
Time (Year)
2000
o % e c. Positive CO,b, Energy Recovery
s & ST
(C] S e
Q9 %ﬂ 1000 q; o~ e Ut
E : P L L T T P
S e T T T e e e e T e
2o o _— === —————
un 0 T T T
=
- 0 50 100 150 200
Time (Year)

Figure 3.2. Dynamicglobal warming potentials fa@ach gas control scenario and decay dte.
trends are similar in each case, but the peak values vary by over 830&dr@® the lowest
decay rate to the highest.

The incoming waste contains 201 kg of biogenic C perMget(735 kg as biogenic CQ and
approximately46% of this C (343 kg biogenic C as £aer wet Mg) isstored beyond 1,000 years
(Figure B1). Thefraction of C that remains stored reflects the remaining C after releasingn@O

CHa from the total fixed amount of C buried and is therefore inversely proportional to the methane
yield. The fraction ofCO, and CH collected, oxidized, or emitted vasievith decay rate due to

the timevarying changes in Citollection efficiency Figure3.3 shows the percent of generated
CHas that is flared, combusted for energy, oxidized, and emitted. In the flare scenarios, 29 to 40%

of generated CHis emitted, whilein the energy scenarios 22 to 29% is emitfBlde energy
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scenarios collect landfill ga®r 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 systenilhe 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 ieamntrol 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.

%100 .
% 60 | 4o 31 28 29 29
L 9 8 L 7 / 8
8 60 - 12 % / % 7
5 65 66 1
g 57 62 63 2 7 0
S 20 A 42 / / / /
- 0 10 44 3// Qé Ué
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OFlared B Energy recovered @ Oxidized W Emitted

Figure 3.3. Percent of generateatiHs that is flared, combusted for energy, oxidized, and emitted
for each decay rate and gas management scenario. The disposition of genesatieeChbt
change with decay rate in the Passive Venting scenario.

Figure3.4showsthe AR4 baseline static GWPs as well as the percent change in GWP due to using
the other static and dynamic GWP methods showiralrie B} for each gas control scenario and
decay rateFigure BL3 shows these results using the NeutrabliC&pproach and a summary of
GWP estimates is provided Trable B5 across all scenarios evaluated. When using ayd GWP

with a decay rate of 0.04 Vyror higher, the dynamic GWP estimates aithin the range of the

48



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
climatecarbon feedbacks. However, atexdy rate of 0.02 y the dynamic 109r GWP is lower

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

decay rateKigure Bb).

When using a 2@r time horizon, the dynamic GWP method estimated impacts ave89%

lower than the static AR4 values because 66 to 83% of thee@lksions occur after year 20
(Figure Bp). This highlights how the time horizon is applied differently in the static and dynamic
GWP methods. The dynamic method attempts to account fptlmlvarming 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 hobelaying the
collection system installatior(g., from year 2 to year 10) does not change the impact of the choice
of static versus dynamic GWP method across all scenafigsré BL2), except that the delayed
collection influences the higher decay rates more heavily because the delay allows issomem

and higher impacts prior to collectioRigure BL1). The comparative results for the default and

delayed collection cases are summarizetiahle B.
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Figure 3.4. Static AR4 GWP estimates for each decay rate gaglmanagementase (red
diamonds; ? y-axis) and the percent difference of the dynamic and AR5 static GWP relative to
the static AR4 GWP values {400yr; b - 20-yr). ox - the methane oxidation effectcfb - climate
carbon feedback.

The results show that collecting and flaring the landfill gas reduces the global warming impact by
31to 52% based on a 109r time horizon while collecting gas to generate electricity reduces the
impact compared to no gasllection by an additional 7 to 33 The benetial offsets associated

with electricity productiorare dependent on tl&HG intensity of the substituteslectricity, which

are summarized imable B3. For example, switching from the national average tgriti00% coal
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decreases the estimated GWP of all decay rate scenarios with electricity generation by 84 to 126
kg COe/Mg while switching to 100% natural gas increases the GWP by 15 to 29 JaMzO

(Figure BL4). These results can be explained byl#nger electricity offset attributable to coal

(1.24 kg CQ/kwnh) versus natural gas (0.57 kg &Kwh). Switching the substituted grid leads to
larger changes in GWP when using static accounting methods relative to dynamic accounting
methods (e.g., the offs increases by 1 to 38 kg @2Mg 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 0YiRgeases GHG
emissions by 110 to 230 kg G&Mg compared to a decay rate of 0.04 pecause the effective

gas collection efficiency is lower in the 0.12'yrase (i.e., the rapid decay leads to more emissions
prior to the higher collection efficienciefyegative net impacts frequently occur when biogenic

C storage credits are considerétj(re BL5). However, it should be noted that the zero point for

the Neutral C@b approach is the hypothetical value if all the biogenic C in the waste is released
as CQ. It is not necessarily meaningful from a policy perspective since a landfill with fugitive
CHas 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 itatiidill does not mitigate the

warming caused by the Glémissions.

3.4.2Sensitivity Analysis

Parametricand Monte Carlo sensitivity analgs were performed to explore and compare the
uncertainties associated with the emissions estimates and the choid&Pim@thod The
minimum, maximum, and default values for each input as well as the assumed distribution for the
Monte Carlo analysiare presented iMable B2. The parametric analysis varied each one of the

input valuesat a timefrom the minimum to the maxum to explore how the uncertainty in each
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individual value affed the estimated global warming impad 10,000 iteration Monte Carlo
analysis was also performeding the distributions and parameters showiahle B for each
input. Ten thousand iteians were used to ensure that the means and standard deviations of the

outputs were well converged.

Because different landfills have different decay ratecay rateis a sitespecific factor that
describes the timing of gas production and subsequent global warming infjgiets 3.5 shows

how static and dynamic 160 and 208yr GWPs vary with increasing decay rates and indicates
that the impact of switching GWP apprbas 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 emiEs&ons.
100yr GWP estimates are relatively insensitive to decay rate compared teyfh&¥20Ps because

the majority of emissions occur after theyaOtime horizon.Each of the 2§r dynamic GWPs
increased by over 1000 kg @&3Mg as the decay rates increased from @02.17 yrt. 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 decrate does not affect the static GWPs since the same amount

of CHs and CQ are released, just at different times.
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Figure 3.5. Effect of decay rate ostatic and dynami@¢00yr and 208yr GWPs under each gas
control scenario, includingassive ventingflaring and electricitygeneration.

Figure3.6shows the change in static and dynamic-OGWP for each gas collection case when
using the minimum and maximum values fack input shown iffable B. Figure BL6 shows the

same comparisons using a-@0GWP. 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 largesffect 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 wanpagj due
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to choosing static versus dynamic GWPs are generally similar to the differences caused by
uncertainty in the other model inputsloisture content is the only parameter that shows a
difference in the direction of change when using the Positveug Neutral Céh accounting
methods Figure3.6 versusFigure BL7 for 100-yr andFigure BL6 versusB18 for 20Gyr). In both

cases, increasing the moisture content decreases the incoming biogenic C. In the Pogitive CO
case, increasing moisture content decreases fugitivea@ti CQ emissions and thus decreases

the global warming impact. However, when using the Ne@f@lb 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 fugitivesGH
decreasing the incoming biogen 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 scenario§&ifures B9 toB21), and the rankings of the most sensitive inputs
from the correlation analysis are similar to those of the parametric sensitivity analysis based on

100yr and 20yr time horizon.
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Figure 3.6. Ranges ofstatic and dynamikO0yr GWPs. The default value of each inpigfines

the baseline shown in the middle separating the lower and upper Gdwnblack and white bars

refer to the GWP estimates using the maximum and minimum values for each impbtari2,
respecti vedGWPoNn Stedteircs € t h edroncthedARLaadsARD (6.9, GWP v
AR4 [CHs = 25] and AR5 with climate carbon feedbacksjJGH 36] ) . There i s no
CHsGWPO to dynamic GWP esti mates.

Figure 3.7 is a boxplot that shows the distributions of the static and dynamic global warming

impacts for each gas management scenario based gm 404 20yr time horizons. For the 100

55



yr time horizon, the static and dynamic distributions show considerable overlap, while the static
global warming impacts are substantially larger than the dyngiota@l 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 redastirom 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.

100-yr 20-yr

7500
GWP Accounting Method

B8 Dynamic
E Static l

6000 o

4500

30004

GWP (kg CO.e/Mg)
[ ]

E-I-EL St |
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Figure 3.7. Boxplot showing theglobal warming impacts associated with each gas treatment
scenario based on 100 and 20yr time horizon. Static CHGWPs values were sampled at random
within their minmax ranges. The represents the mean of each dataset, while the interior line
represats the median. The boxes bound the interquartile range (IQRX¢ZB" 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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3.5Policy Implications

Accurately estimating global warming impacts is essential for developing effective GHG
mitigation policies and strategies. The results of this analysis show that when usingead 00
GWP, the choice of static versus dynamic GWP methods is abaupagant as the choice of

static GWP values and the choice of key input parameter values (e.g., decay rate, collection
efficiency, oxidation efficiency, and Ghyield). 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 CQel/kg CH: to the statef-the-science value of 34 or 36 kg @kg CH. The only
exception $ when the decay rate is 0.02'yA decay rate of 0.02 yris the US EPA default value

for arid regions (<50.8 cm of precipitation per yedilowever, the lowest default decay rate for

bulk MSW recommended by the IPEGs 0.05 yrt, and Wang et & did not find any besfit

decay rates for US landfills lower than 0.04ys0 it is unlikely that a large proportion of landfilled
waste is in landfills with decagates(.02 yrt. The results indicate that AR4 and AR5 static
impact factors can be uséal provide reasonable lower and upper bounds on therl§bal
warming impact from landfills. This is useful since most existing LCA software cannot readily

incorporate timevarying impact factors.

The choice of biogenic C accounting method does fiettathe rankings of scenarios if applied
consistently and correctly and may be more or less appropriate for a given analysis. However, from
a policymaking standpoint, the control of fugitive @Bind CQ emissions from landfills should

be considered ingendently of biogenic C storage. It is intuitively obvious that storing C in the
ground is better than releasing it to the atmosphere a®0ED,, therefore policies should focus

on reducing these emissions regardless of the biogenic C accounting nnetbdod
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The results also indicate that when selecting a time horizon, analysts should consider the bulk
decay rate of the landfill. Usinidpe 100-yr dynamic GWP for landfills with a decay rate of less
than 0.02 yt leads to the exclusion of 13 to 39% of the emissiBherefore, it would be valuable

to use a longer time horizahan 100 yr to capture a larger fraction of the emissions and the
subsequent warming impact, if using a dynamic method. For landfills ed#ydates 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 forytO@ynamic GWPsIf a 20yr time horizon
becomes more popular or a consensus standard, thidirbie 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 €Emissions occurred after year 20. Therefore, while the dynamic
20-yr GWP does notrmpvide a comprehensive assessment of the climate impact, it does highlight
the potential shotterm benefits of temporary carbon storage in landfills. We have used set time
horizons to facilitate comparisons between the static and dynamic accounting snétlotihe

benefit of the dynamic GWP method is that it shows the-tiarging 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 etreugh the singkpoint 100yr 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 eomssdccur 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: Developmentof 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 impastresgs 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, lifecycle inventory emissia@) 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, wastnergy combustion, singkdream
recycling, mixel 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 pndpased i
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. Thighest 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 lifecycle assessments (LCAs) have besgrito support decision making to improve
environmental sustainability by identifying tradd#s among cost and multiple environmental

impacts associated with alternative systems or poliéi®ghile LCAs provide valuable insights,
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developing and assesgithe 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.qg., buitd)ngsoduct
design (e.g., construction materfysechnology development (e.g., photovaitiichnolog§and
manufacturing 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 prafde to a complex model due to the limited resources
available to assess multiple alternati¥&¥ Streamlined LCAs can also improve the transparency
associated with identifying the causal relationships between input and outputs, which will

ultimately ad decision makers in comparing alternatives during the interpretation Jhase.

Most recent efforts to streamline LCAs focus on narrowing the range of impact categories selected
to represent the overall environmental burtféelf. Dimension reduction thniques, such as
principal component analysié* representative index approaand hybrid combinations of

mixed integer linear programming and multivariate linear regreSsftimve been used in systems

with multiple functionalities (e.g., electricity mix, oil) to remove highly correlated metrics and
minimize the similarity in theange of impact categories. Previous resoi#tge shown that less

than one third of the impact categories are necessary to accurately compare altéPdaireesr
example, Steinmann et al. found that climate change and marine ecotoxicity accoud4éd &b

the variation in product rankings across 976 categories of product systems (e.g., transportation,
electricity, water) from the ecoinvent datab&sddowever, no single impadndicator can

accuratelypredictanother indicatot®

Although the seld@n of impact categories provides insights into the most relevant impacts arising
from a product, service, or systeins relatively easy to collecllecting characterization factors

for relevant impact categories based on establishedyldie impat assessment (LCIA) methods
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(e.g., ReCiPé’ ILCD,*® and TRACH9. 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 texsphere and emitted to the biosptéré Thus,
reducing the data requirements for inventory analysis could makes isitéplerand help more
communities to better understand the environmental impacts causembt®naalsystem. While

many inventory datzases exist, they are frequently not adaptable enough to specific applications,
and therefore unsuitable for use in the foreground system of an @ditionally, this
streamlining effort can help identify when simple databbasentoriesmay provide reaswble
estimates for less critical valuedowever, past efforts in reducing the size of the considered
inventory flows focused omeglecting specific upstream or downstream processes (e.g., rose
production?? transportatiorf? constructiol®), applying surogate or secondary data (e.g., waste
managemertt; packaging’® meat prodcutioff), or cutting off inventory flows that contribute less
than 1% of the energy, volume and mass are excltfdEde 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 Wwastenent and disposal
strategies, or illustrated the impact of simplification on alternative rakiidt Bisinella et al.
identified large simplification potentials for 80 selected input parameters across three municipal
solid waste management (MSWkenarios in the LCA model EASETECHThe 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 notprovide a robustassessment of a simplification strategy. While it is important to

understand the effects of simplifyingdividual LCA componerd (e.g., impact categories or
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parameters) on the numerical inventory and impact results, it is also imgortartterstand how

the integration othesesimplificationsaffects the finalranking 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 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, andsityg@sed on their
contributions to the overall environmental impact and their effect on scerarkings. A
streamlined LCA will ease theurdens associated with evaluating potential MSWM systems and
strategies antlelp communitie$o more easilyundersand the most influential contributors to the
system. The work also helps improve the deci s
for scenario analysig\ framework for streamlining LCA is proposed in this study and the highest
ranked strategies arconsistent between the streamlined and full LCAs across 18 MSWM

alternatives.

4.3Modeling Approach

4.3.1Streamlining Framework Description

Figure4.1lillustrates the streamlining processes within the LCA framework based on the iterative
nature of LCA feedback aps. The first iteration (Scope 1) covers a-fdale 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 (Scopef)d 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 eleped a full LCA for a hypothetical US
MSWM system to compare 18 scenarios usingdifele process models for waste collection and

their respective treatment and disposal alternatives. The results and rankings from these scenarios
were used as our bas®di 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 inesede th
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.

A 4

Scopel M LCI1 ™ LCIALl ‘

Selection of _— Discernibility Analysis
Critical Impacts Contrlbut'|on and Overlap Area
Goal Analysis ]

and Inventory Approach

___________________________ Consistent

: scenario rankings?
» Scope2  LCI2 > LCIAZ2 |

I

I

|

Figure 4.1. The process of streamlining a full kfgcle model ta simple model

4.3.2Full Life -cycleModel

We developed LCAs for 18 scenarios for a hypothetical US MSWM system u$imgteonal

unit of 1 metric tonof generated municipal solid wasie a wet mass basisingprocess models
from the Solid Waste Lifeycle Optimizatio(SWOLF)3? The system includes waste collection,
fuel use, precombustion (e.g., coal mining and raw material extraction), waste separation for

recycling, biological and thermal treatment, ahsposal Figure4.2), but not all processes used

68



in each scenarioData used in the unit pross development, inventory analysis and impact
assessment for the full LCA are summariredables A-C4 of the Supporting Information (SI).

Three waste collection schemes and six treatnprocesses 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 opins (Table4.1). For example, the LISSMRFAD scenario represents a case
where commingled recyclables are collected at curbside and delivered to sBieghe material
recovery facility (SSMRF), mixed organics (yard waste and food waste) are collected separately
and treted 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, electrioitydeesel 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 diagaaiapted from Levis et .

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 materfeden 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
wereseparated and recycled for reprocessing and remanufacturing. The difference between
bottom and fly asihas been removed from the diagram for simplicity. The processes utilized in
each scenario are identified Tiable4.1.

The full LCA included impact assessment where elementary flows in the LCI were classified,
characterized, normalized to perseguivalents, and finally weighted to a single score to represent

the overall environmental burdefigbles A-C3). Ten midpoint impact categories were selected
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as metrics of the environmental and human health based impacts usinghbsddST ool for the
Reductionand Assessment of Chemical and other environmental Impacts (TRACI3%2.1).
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 refetéficerepresent the overall environmental
burden, the normalized person equivalent impact scores were further weighted into a single score
using each of seven published weighting schefh&sThe effets 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 altatives 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.

Single Mixed Organics
Residual Waste Collection Stream Coll 9
. Recycling ollection
Scenario Nanfe
. . . MRF
(Mixed WasteRecycling Waste Mixed Receivin Anaerobic
Organics) Landfill . Waste ving . . Composting
Combustion Commingled Digestion
(LF) MRF (COMP)
(WTE) (MWMRF) Recyclables  (AD)
(SSMRF)
LF-NoRecNoOrg X
WTE-NoRecNoOrg X
MWMRF-NoRecNoOrg X
LF-SSMRFAD X X X
LF-SSMRFCOMP X X X
WTE-SSMRFAD X X X
WTE-SSMRFCOMP X X X
MWMRF-SSMRFAD X X X
MWMRF-SSMRFCOMP X X X
LF-NoRecAD X X
LF-NoRecCOMP X X
WTE-NoRecAD X X
WTE-NoRecCOMP X X
MWMRF-NoRecAD X X
MWMRF-NoRecCOMP X X
LF-SSMRFNo0Org X X
WTE-SSMRFNo0Org X X
MWMRF-SSMRFNoOrg X X

aNoRec and NoOrgdescribe alternatives in which sowsgparated singlstream recycling or organics collection
are not used, respectiveltyphens were used to separate the respective treatment or disposal destination of the
waste collected from each of three collectishemes in the scenario: Mixed WaRtecyclingOrganics.

4 .3.3Streamlined LCAS

To provide estimates of the overall impacts including the input uncertainty, 143 input parameters

were varied, includingnaterial 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 uncertéeties

impact estimates of MSWM systerfts®941 Their default values and distributions are

summarized infable Cl. To explore the comparative results between the streamlined and full
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LCAs in consideration of input data uncertainty and inclusion ofiBpampact categories, a
10,000 iteration Monte Carlo analysis was perforemusideringhe selecd143 uncertain inputs
simultaneouslyfor each of eighteen scenarios. The mean and standard deviation of outputs were
well converged by 3,000 iteratioris.each iteration of a scenaribe 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., lai@ily W
mixed waste MRF). For example, in the-BSMRFAD 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%) ofayaakles 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 performedentify the most

critical impact categories and associated LCI fl®ased on the fraction of contribution of each

impact category to the total weighted impact and contributions of each flow to each impact,
respectively.Since thanost critical impact dagoriesmay vary with stakehol de¢
each impact category and the reference regions, we investigated the effect of the choice of
normalization references and weighting schemes on the implicatiothe farcommended impact

categories of mogtignificance

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 technosphuse in each process (i.e., collection, disposal facility,
transportation, preombustion) is illustrated based on their contributions to the top twenty
nontrivial (always cumulatively contributing95% to the overall environmental burdens) flows

in theLCl. The critical uncertain inputs were identified based on their correlations to the leading
characterized impacts. The raoider based spearman correlation coefficient was used to indicate
how much variance in scenario rankings of the final weightgzhats could be explained by the

inputs.

4.3.4Decision 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 approaehisetul,

the results for the full and streamlined LCAs must consisteatlit the best scenarios that have

the smallest impact®iscernibility analysis was used to investigate how frequently one scenario

is ranked consistently among all 18 alternativaseld 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.

Discernbility 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. ¥erkap areaaproach? was performed for
pairwise comparisons across scenario alternatives based on their mutual differences in final
impacts(Section 2.2 in the SIThe overlapping indeX 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 impactsHigure Q). Thus, this overlap area quantifies the probability that they cannot
be differentiated from each other; the complement of the overlap area (ievertap 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 (GHahly) 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 @Rl LCA was built only considering the
relevant greenbuse gas emissions (i.e., carbon dioxide JIC@ethane [CH|, carbon monoxide
[CO], and nitrous oxides [MD]) and the subsequent global warming potentiisteover, many
waste LCAs only consider climate change because the emissions and their chaiantarea
relatively wellestablishedcompared to other impact categorie®*#4’ However, assessing
climate change alone may risk problem shifting to other toxreilgted impacts since global
warming is not well correlated with toxic emissiorf8. These findings highlight that global
warming is not necessarilya 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 hatvay impacts contribute to human health and the environment
and whether climate change as a stalathe indicator leads to the consistent selection of the least

impactful strategies as the full LCA.

4 .4 Results and Discussion

4.4.1Critical Impact Categories

Figures C2-C19 llustrate 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 ciiidet, 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
(Figure4.3). This highlights that onlya few impats 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 schees and normalization references. In general, normalization references
have similar influence as the choice of weighting schéfigri(e Q0). However, the contributions

of eutrophication and global warming are strongly affected by changes in weighting,clibile

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 contrédt®% to overall impact, except when using

CAN 2005 (up to 13%) as the normalization reference. The US 2008 ardANS2008
normalization factors of ozone depletion are 39 times larger than the CAN 2005 value. This
exception implies that reference regiolilee Canada, that release considerably less 6zone
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 ozonedepleting emissions will have the same impact whether released in the US or

Canada.
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Figure 4.3. Meanpercentage contribution of each impact category in the final weighted impacts
across the seven weighting schemes and tiwgaalization 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 inpuncertainty across 18 scenarios are showkignre4.4. The

results across all the 10 impact categories in each scenario are praséngedes @-C19. The
dominant impacts (human health cancer and ecotoxicity) also show the largest ranges, with
impads 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 iroptegories. 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 leadfilate), and
extraction and production of materiggnsumed to construct a landfill generally results in higher
toxic emissions than landfill leachate.contrast, global warming potentials are primarily driven

by biogenic CQstorage and biogenic Glemissions, of which over 99% on average result from
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waste biodegradation in an anaerobic digestor or langiglfe4.50). Aerobic or anaerobic waste
biodegradation typically do not e@ry with the processes that release toxic substances (e.g.,
electricity production, recycling, and transportatioR)gre C24). It should be noted thahe
critical flows may vary in each scenario. For example, fossip @dissions drive the global

warming potentials when waste is incinerated instead of being landfiligaré G3).

© 70
@ ~ | T T T T T T T T T T T T T T T 1
£ - ETOX ETP - FFD -& HHc -5 Other |
1::60' + & e
9
ey
550+
[
z
T 40 }
S
230
e
520
3
Em}HHHH !
c
o
AR I R R B (R (R I R I
° P & o o © o Q Q g ©  © o Q e Q & & o

<0 20 ‘éoo Q?oy‘ Q?_o q@ov' ’00‘& 90“\ OO\-‘\ QS ‘ Q(—‘ Qg ¥ ’DO‘\\ ,OO\&\ q Q \@O ’eoo eoo
o o & F S o o & & 8 & & & & & &
S S R A e & @QS% \é‘@% S & £ & & &

% < < &

&€ & v ‘@“‘ & & ¥ E @q\@@ &

Figure 4.4. The mean (points) arglandard deviations (bars) in contributions for the four dominant
impact categories (HHouman health cancer, ETGatotoxicity, ETPeutrophication, and FFD
fossil fuel depl etion) and the other six i mpa

It shodd 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 d¢eadtto the selection of
different influential impact categories. For example, ILCD, ReCiPe, and TRACI all agree on the
importance of ecotoxicity and human health cantwever,ILCD and ReCiPe each show a

large contributionfrom water depletion to thénal weighted impactvhile water depletions

excluded in the TRACIRigure @1). If only the ten impacts included in TRACI are considered,

then the results show that ILCD consistently selectedatrecritical impact categoriess TRACI
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with the exceptin ofresource depletigriwhile ReCiPe showed a much larger contribution from
ecotoxicity than the other two methodisgure 22). Nevertheless, LCA studies using a different
LCIA method could still use the streamlining framework to determine the masemifhl impacts

for their desired impact categories.

4.4.2Critical 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 infpgate 4.5a
illustrates that only 3.3% of flows (20 out of 605) are sigfit 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 metharend benefits from storing biogenic ef@sulting from landfills or
anaerobic digestion followed by land application. The scerspeaific critical flows in the LCI

are presentenh Figures @-C19.
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(a) Top 20 Flow Contributors (b) Fraction of Top 20 Flows from Direct and Indirect Source
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Figure 4.5. (a) Marginal (bars) andcumulative (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 th 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 presenfigure @3, which shows that

only distinct 24 flows (4%) contribute over 92% across all impact categories. For example, sulfur
dioxide (SQ) dominates (~40%) both acidification and respiratory effects, while nitrogen oxides
(NOx) alone account for 88 of smog. The leading contributors of toxierglated 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 fo®@% to

of total toxicity. Therefore, the reduced flow set highlights that an MSWM LCA can be streamlined
using a reducetbrm list of flows in the LCI based on the translation of impact categories to
inventory flows while losing a relatively small amounttbé 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 depletiomtii@ct emissions

from energy and material flows consumed from the technospRiyeré 4.50). Also, emissions

from liquid treatment in AD and landfill processes are considered direct sources and contribute the
most to COD emissions. However, indireousces 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 gaBigure4.5b).

The importance of the technosphere us@riscessdependent. 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., HOPE liners and PVC pipes) and a WTE plant (e.g., lime, ammdrg)re 4).

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 fraste wambustion.
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. Transmortafrom MRFs to
remanufacturing dominates diorne nickel emissions by accounting for 32% of these emissions,
that contribute to human health noancer effects. Preombustion due to remanufacturing
contributes 7 to 24% to the fin&lHs-N, natural gas, &', SQ, and Freofl2 flows. Figures @-

C19 show theuncertain ranges in fractions of critical flows from direct treatment in MSWM
facilities and indirect processpecific technosphere uses across all 18 scenarios. The leading

contributors to the criticdlows 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.

4.4.3Critical Inputs

Spearman correlation coefficients between inputs and impact dateg@re used tmentify 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 presentedrfeach impact category and scenaRaure 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, andodbssahare the

most sensitive inputs in characterizing the fossil fuel depletion and terétitied impacts. This
highlights the importance of optimizing collection and transportation routes to reduce fuel
consumption. When recyclable materials ara@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 heakbammer effect by avoiding agueous

zinc emssions 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 untgitaime global warming
potential since they substantially affect methane yield and emissions, and carbon storage in

landfills.*® Eutrophication is strongly influenced by the electricity conversion efficiency of the
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engines used for converting landfillgyto electricity due to avoided emissions of phosphate from

electricity substitution.
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Figure 4.6. Critical inputs identified for LANoRecNoOrg, LFNoRecAD, LF-SSMRFAD, and
LF-SSMRFNo0Org scenarios based on Spearman correlation between inputs and characterized
impacts. The figure only illustrates the 11 inputs that have |correlation coeffi€dhgsfor the

top six impact categotjie (ETOX-ecotoxicity, ETPeutrophication, FFBossil fud depletion,
GW-global warming, HHéhuman health cancer, and HHNaman health neoancer). The
daker cells indicate higher Spearman coefficients and more sensitive inputs. The white cells
represent environmental impacts that are insensitive to the papameter. OC®@Id 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 shBignne 5.

Most of the sensitive parameters are consisterass 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 fam@ding the ecotoxicity and/or human
health norcancer effects due to avoided zinc emissions from primary OCC production during the

reprocessing processes.
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4.4.4Decision Consistency Evaluation

The ability of the streamlined LCAs to provide consistent rarkiagross waste management
strategies compared to the full LCA is illustrated based on the scenario rankings performance in
Figure4.7. The results indicate that the streamlined LCA that uses only the 20 most critical flows
provides consistent rankings assathe 18 scenarios. The top 3 scenarios resulting in the lowest
environmental burdens are WIESMRFNoOrg, WTENoReecNoOrg, and MWMRFNoRec

NoOrg and they outperform the other alternatives in both full and streamlined LCA over 39%,

32%, and 22% of the tie) respectively.

Decision Consistency in Scenario Rankings of Full, Streamlined, and GHG-only Systems
Full System [ Streamlined System (20 Flows) || GHG-Only System

100

75

50

Percentage of Time

25

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
Rank
MWMRF-SSMRF-COMP WTE-SSMRF-COMP MWMRF-NoRec-NoOrg LF-SSMRF-NoOrg MWMRF-NoRec-AD LF-SSMRF-COMP
WTE-NoRec-COMP WTE-NoRec-AD WTE-NoRec-NoOrg MWMRF-SSMRF-NoQOrg MWMRF-NoRec-COMP LF-NoRec-COMP
MWMRF-SSMRF-AD WTE-SSMRF-AD WTE-SSMRF-NoOrg LF-NoRec-NoOrg LF-SSMRF-AD LF-NoRec-AD

Figure 4.7. Percentage of time that each of the 18 scenarios has the lowest weighted impact based
on full, streamlined, and GH@nly LCAs. The lower rank indicates that a scenario is more
environmentally sustainable. Only scenarios thak 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
studies3394044 49 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 burdenF{gure 4.3. NonethelessFigure 4.7shows that the GH®nly 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 Gy LCAs agree on which

three scenarios are most likely to be preferred and thativelprobabilities 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 ranking®yond 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 scEiganes.

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 -@niyHGA can

select the same ta@nked scenario as the full LCA >90% of the time.

The dscernible scenario rankings results identified which scenarios are consistently the best
alternatives across all three LCAs (full, streamlined, and @HIg LCA). In addition, the paired
comparisons validated the decision confidence in mutual preferbet@een MSWM scenario

pairs. The mutual probabilistic differences (overlap area) of total impacts distributions between
every pair of scenarios among the full, streamlined, and-@GrI$ELCAS are shown iffables G-

C7. The decision consistency results asrals scenarios using discernibility analysis and overlap

area are summarizedTmble (. 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 GRIGLCA 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 inclusioorefpmocesspecific emissions
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or inputs (e.g., MRF processes and remanufacturing offsets) that lead-@H@remissions.

Also, similar to the discernibility results for the scenarios sending mixed or residual waste to a
landfill, the GHGonly 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 founel 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 ol 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 toxcity-related impacts because human health and ecotoxicity are inherently complex to
model due to théimited choice ofwell-documentedspecies? large uncertainty in the fate and
exposure of toxic substancesand spatial and temporal variability of fatled exposuré? 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 characteation factors in USEtox (e.g., a machine learning tool to estimate
the multimedia faté$ and hazardous concentratighef chemicals based on their physical and

chemical properties).
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The recommended reducéam flows in the LCI and inputs imply thabmmunication 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, itis importanttoeot t hat cthé¢ i tmdm® i nputs shoul d nc¢
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 byaits su

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 val-uestfoal ©hpaif aant@lty effusncerthe yesubisot s ub st

A simpler LCA will provide decision makers with a sciefmesed 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 faciés), at the planning phase when an LCA can have the most
influence given time and resource constraiRtsthermore, the findings here daa applied to the
assessment of emerging technologies. example, in considering an emerging MSW treatment
technobgy (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 frameweul# also be applied to
systems beyonSWM 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) Iwde 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 stafethe-practice landfill lifecycle model that considers landfill size,
engineering design, waste composition, gas collection and control regulations, andr{img
emissions releases, as well as a framevorkstreamlining life cycle assessments (LCAs) for
integrated municipal solid waste management (MSWM) systems under input uncertainties. The
stateof-the-practice landfill lifecycle model described in Chapter 2 addressed several factors that
have not preiusly 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 clo&acerately 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 easdr 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 stioppsize, 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 poéisi 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 regadiesting 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 natwkeGHG emissions from landfills, which occur over decades or
centuries, and its effect on estimates of global warming impacts, the landfldke model was

then improved in Chapter 3 by considering the timing of GHG emissions and the subsequent effect
on global warming impact3.his study provides insights into developing and prioritizing effective
GHG mitigation strategies. The results found that for most landfill configurations, the effect of
switching from 106yr static global warming potential (GVE) 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 tim@arying mpact factors, and the dynamic method is more computationally
intensive. While the singipoint 100yr 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
globalwarming 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 staralatghamic 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 alternatiMSWM strategies and systems, particularly compared to
alternatives with the immediate emissions profile (e.g., wastmergy) would be valuable to

better understand the implications of dynamic GWPs on sustainable MSWM deneskamg.
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Beyond the comlex 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), whaSW\IN
scerarios were considered. Streamlining the LCA methodology is essential to ease the burdens
(time, cost, and resources) of achieving sustainable MSWM. A simpler LCA framevedes it

easier for decisiomakers and communities to develop a scidresed undstanding of the
potential critical impacts of alternative MSWM strategigfie analysis found a substantial
potential to reduce data requirements in impact assessments, inventory analysis, and inputs. The
shorter list of impact categories, flows, and irgmnables the early incorporation of LCA into the
MSWAM strategy planning phase when an LCA can have the most influence on the sustainability
of a project or systemApplying this framework to perform a simplified LCA will also facilitate

more accessible camunication 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 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 generalizabilityhefstreamlining
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 compositiongcticity 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 lamarbon energy technologies are deployed could provide insights
into the potential decish 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 recommendeddniba

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 redutctenabling 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. EPAG6s Landfil|l Met hane ZXythatmassh Pr og
key information about 2,629 MSW landfills and landfill gas (LFG) energy projects in thé U.S.
However, not all landfills updated data each year or reported complete data. For example, some
landfills miss the reporting of (viable) open/closure years socannot 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 afize 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
Aunknowno | andfill s, (2) removi ngdeterminedtiiei | | s 1
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 pikeep the latest record).

Table2.1 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, lagnormal distribution was developed by assigning a
larger weight to larger landfills. The distribution of values sampled 10,000 tome®rged well
with the assumed lognormal distributidfigure AlL).

The U.S. EPAA&s Gr eenhous RBP)iGanstheRcenpmonmlytused g Pr
dataset for MSW landfill§ 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 CHemissions equadent to >25,000 tonnes G& Also, only 1,034
landfills reported available and n@ero 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 rad larger landfills with useful information used to estimate landfill sizble

Al), operating lifetime, and design, we chose LMOP database over GHGRP.
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Table AlL. Statistical comparison between LMOP and GHGRP database based on waste
acceptance angperating lifetime.

Annual Waste Acceptance

Operating Years (yr)

Statistics (Mglyr)
GHGRP LMOP GHGRP?2 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

20nly includes reporting years 202019 for the MSW landfills data entries (GHGRP, 2020).

(a) Evaluation of the distribution of waste acceptance

Waste acceptance (Mg/yr)
(b) Evaluation of the distribution of landfill operating life
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Figure AlL. Evaluation of the distribution from the 100,000 random samples of (a) waste
acceptance and (b) operating years based on the LMOP landfill database ahrenchstandard
deviation of the sampled distribution converged well with the assumatblogal distribution.
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2. Life Cycle Inventory of Landfill Modules

A landfill life-cycle model was developed to estimate the emissions attributaddgital goods
and resources consumed during landfill construction, operation, closure, awctbpose, as well
as emissions attributable to LFG and leachate. The functional unit for the model is the behavior of
1 Mg (1@ kg) of wet MSW discarded in a Idfill. 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 aretmitivhen 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 £&&kidation in the cover soil. Leachate emissions are estimated from
the volume generated and the release of contaminants (e.g., BOD, CGI)Nifter treatment,

and the resulting biosolids management.

Table A2. Landfill design profile and wasteharacteristics

Parameter Unit Value  Comment

Waste acceptance per  Mglyr 233,091 Mean annual waste acceptance rate basel
year LMOP landfill database

Annual operating days  days/yr 260

Operating years (useful yr 80 Mean operating life based on LMOP landfi
life) database

Waste density kg/m? 1068 Small landfills receiving <200,000 Mg/yr:

1500 Ib/yd (890 kg/n?); large landfills
receiving 200,000 Mg/yr: 1800 Ib/yds
(1068 kg/m)

Height of top of landfill m 60.96 Small landfill: 100 ft; large landfill: 200 ft.

above grade See Figure.1.

Depth of excavation m 7.62 Small landfill: 20 ft; large landfill: 25 ft. See
Figure2.1.

Ratio of length to width  unitless 1

of landfill

Slope (vertical to unitless 0.33 Rise over run: 1 to 3. See Figtd.

horizontal)
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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 materializati on ioefdodan( ifi.len d,u satsrsiuan
crusher) from the Ecoinvent v 326yhich 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 -Eleyed and healloyed 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 catistiu
equipment (e.g., wheeled tractmraper) and heawyuty trucks transporting fuel and materials
are also included in the life cycle inventory associated with liner construeigame A2 illustrates
the system boundary for the construction moduldefiandfill life cycle.Table A3 andTable 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 itadled over time and prior to final cover placemérable 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/m?
Density of asphalt 1038 kg/m?
Density of sand 1562 kg/m?
Density of clay 1842 kg/m?
Density of gravel 1520 kg/m?
Density of concrete 2374 kg/m?
Density of HDPE 955 kg/m?
Density of PVC 1350 kg/m?
Density of geotextile 94.1 kg/m?
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 Ad. Bottom liner cross section layer thicknesses and other inputs for the construction of
the leachateollection 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 ol 30.48 m 100 feetFigure A3.

the landfill bottom

Fraction of HDPE used for 1 unitless 1 means all HDPE pipes while 0

piping (PVC is the means all PVC pipes in the leachat

alternate) collection and control system

Heavy equipment 0.016 kg/Mg Wheeled tractescraper is the
predominant equipmeht

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 0.22 L/Mg Average estimates based on field

equipment datdc

Payload medium duty trucl 24 Mg

Payload heavy duty truck 30 Mg

Clay haul distance 8 km Field data

Sand hautlistance 32 km Field dat&

Heavy equipment haul 402 km Field data

distance

Concrete haul distance 80 km Field dat&

Asphalt haul distance 80 km Field data

HDPE (liners and pipes) 402 km Field data

haul distance

PVC pipes haul distance 402 km Field data

Fuel haul distance 80 km Field dat&

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/equipmé&gigfuipment]

®The 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 equipmseai 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.

°Based on the site questionnaire frime Ecobalance repdtt.
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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 1 unitless 1 represents all HDPE pipes while

piping (PVC is the alternate) 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 2.47E04 well/m? 1 well/acre

2.1.2 Waste Placement Operation

Landfill operation involves the need for daily cover and dedicated heavy equipment (e.qg.,
refuse compactor) to spread, compact and cover waste. Both equipment construction and soil cover
excavation contribute to the landfill life cycle inventdfjgure Ad illustrates the system boundary
for the operations module of the landfill life cyclable 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 Ad. Waste placement operation system boundarysi@nsoil is the default for daily
cover and no emissions from daily cover transport were included. Alternatives for daily cover
materials could be ofite soil, HDPE tarps, or revengenerating cover (e.g.pmpost, 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 m? Assuming a building area of
50ft*12ft for personnel office trailer

Maintenance area 372 m? Assuming a building area of 4,000
ft2 for maintenance and equipment
storage

Office area electricity use 256 kWh/nv-

yr

Equipment storage and 82 KWh/nv-

maintenance electricity use yr

Office and maintenance buildin 0.081 kWh/Mg  Calculated based on the office are

electricity and electricity use per area per ye:

Daily cover or not? TRU Logical Assuming daily and intermediate

E cover was excavated ite by
default

Percentage of totéandfill % 10

occupied by daily and

intermediate cover

Diesel equipment for waste 1.19 L/Mg Average estimates based on field

placement (excluding soil and datd-°

sand extraction)

Heavy equipment 0.16 kg/Mg Refuse compactor is the
predominant equipment used durir
operation$

Heavy equipment haul distance 80 km Field data

Fuel haul distance 402 km Field data

Soil extraction fuel use 1.4 L/Mg soill Aver?ge estimates based on field
data

Sand extraction fuel use 1.8 L/Mg Average estimates based on field

sand dat&

aThefuel 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 wagliadilby 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 calculagstidrathe 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].
°Based on the site questionnaire assumptimra the Ecobalance repdrt.

9The 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 consuttign 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 Joedyytrucks transporting final
cover materialss also included in the closure modutégure A5 illustrates the system boundary
for the closure modul@.able 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.

: Final Cover Materials Equipment
Fuel Production Production Production
Fuel Transport to Final Cover Materials Equipment Transport
Site Transport to Site to Site

Final Cover and
Closure Construction
LCI

Figure Ab. 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 anltl landfi
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 closérre

Diesel equipment 0.067 L/Mg Av%gage estimates based on field
dat

Clay haul distance 8 km Field data

Sand haul distance 32 km Field data

Heavy equipment haul distanc 402 km Field data

HDPE (liners and pipes) haul 402 km Field data

distance

PVC pipes haul distance 402 km Field data

Fuel haul distance 80 km Field dat&

#The 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/equipm&gigfuipment]

®The 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 equipmseat 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.

°Based on the site questionnaire assumptiara the Ecobalance repdrt.

2.1.4 PostClosure Care

The postclosure care phase involves the maintenance and replacement of the final cover
over a 3Byear postlosure monitoring period (default timelgble A8). The life cycle inventory
of the postclosue 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-duightuck for
inspections and in equipment for cutting vegetation. The replacement afidhedver materials
and the heavy equipment use were assumed as a percentage (10%) of landfill clostiebdleCl (
AB).
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Figure A6. Postclosure care system boundary

Table A8. Timeframe, fuel use, and percentage of cover replacement duripgsfeosure care

period.

Parameter Value Unit Comment

Diesel equipment 2.08e05 L/Mg-yr Fuel required for inspection anc
mowing vegetation

Postclosure care period 30 years Based on U.S. EPA Subtitle D
regulations

Percentage of cover materials 10 % The uses of cover materials, fut

replaced over the pestosure and equipment are based on th

period percentage applied to those

consumed in the closure syster

2.1.5 Summary of Capital Goods Inventory

The quantity of materials consumed in construction, operation, closure, artgsose
care were quantified using the parameters in TahBA8 and summarized ifable A9. Fuel
and electricity as well as transportation that are typically based orda&dare 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 A. Summary of intermediate calculations (e.g., land surfaceaareé 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 wast e ldndfilfthachds aimean annuallwaste g@eaedptance of 233,091

Mg/yr and a 8&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 m®
Landfill Design Volume of available waste disposal 19,206,000 m?
Landfill Design Mass of waste capacity 18,647,280 Mg
Landfill Design Depth of liner and leachate system 122 m
Landfill Design Depth of final cover 1.07 m
Landfill Design Height ofwaste 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 m?
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 m?
Landfill Design Area of top including side slopes 480,055 m?
Construction Volume of clay used in the liner 284,575 md
Construction Volume of sand used in the liner 256,11 m?®
Construction Volume of gravel used in the drainage 28,457.518 m®
Construction Volume of HDPE used in the liner 711 m®
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 22.00 pipes

collection systems (LCS)
Construction Number of rows of branches pipes in the LCS 22.00 branch
ipes

Construction Length of header pipe 1,273 Pnp
Construction Length of bottom and side pipes 16,549 m
Construction Length of branches pipes 14,894 m
Construction Total length ofpipe 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 0.00044 m/Mg
collection and control system (GCCS)

Construction Mass of vertical PVC wells per Mg waste in 0.0011 kg/Mg
GCCS

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 0.30 L/Mg
construction

Construction Transport fuel and othenaterials (HDPE, PVC, 51.78 kg-km/Mg
heavy equipment, concrete, asphalt)

Construction Transport fuel and other materials (HDPE, PV 0.0017 v-km/Mg
heavy equipment, concrete, asphalt)

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 md

Final Cover & Closure Volume of sand used in the cover 146,321 m®

Final Cover & Closure Volume of HDPEused in the cover 732 md

Final Cover & Closure Volume of clay used in the cover 292,642 md

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 pekg 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 0.06 kg/Mg
during closure

Final Cover & Closure Fuel used for heavy equipment during closure 0.140 L/Mg

Final Cover & Closure Transport fuel and other materials (HDPE, PV 50.73 kg-km/Mg
heavy equipment, concrete, asphalt)

Final Cover & Closure Transport fuel and other materials (HDPE, PV 0.0017 v-km/Mg
heavy equipment, concrete, asphalt)

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 Operation Electricity used for office and maintenance 0.08 kWh/Mg
buildings

WastePlacement Operations Heavy equipment used during waste placemel 0.16 kg/Mg

Waste Placement Operation Fuel used for heavy equipment during operatic 1.19 L/Mg

Waste Placement Operation Transport fuel and other materials (HDPE, PV 414.64 kg-km/Mg
heavyequipment, concrete, asphalt)

Waste Placement Operation Transport fuel and other materials (HDPE, PV 0.01 v-km/Mg
heavy equipment, concrete, asphalt)

PostClosure Care Mass of soil replaced annually 0.02 kg/Mg-yr

PostClosure Care Mass of sand replaced annually 0.04 kg/Mg-yr

PostClosure Care Mass of HDPE replaced annually 0.0001 kg/Mg-yr

PostClosure Care Mass of clay replaced annually 0.10 kg/Mg-yr

PostClosure Care Heavy equipment used duripgstclosure care 2.07E04 kg/Mg-yr
(PCC)

PostClosure Care Fuel used for heavy equipment during closure 8.66E04 L/Mg
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Process Intermediate Calculations Value Unit

PostClosure Care Transport fuel and other materials (HDPE, PV 25.03 kg-km/Mg
heavy equipment, concrete, asphalt)

PostClosure Care Transport fuel and other materials (HDPE, PV 0.0008 v-km/Mg
heavy equipment, concrete, asphalt)

PostClosure Care Transport soil, clay and/or sand/gravel 2.08 kg-km/Mg

PostClosure Care Transport soil, clay and/@and/gravel 0.0001 v-km/Mg

Table ALO. Final life-cycle inventory of materials, electricity, fuel uses, and transportation based

on 1 Mg of waste buried in a o6l arge6 | andfil!/l
Mg/yr and a30-yr operating years.

Activity Sub-activity Value Unit
Material Use Clay 57.11 kag/Mg
Material Use Sand 33.75 kag/Mg
Material Use Gravel 2.32 kag/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 maintenanc 2.29e05 m?/Mg
Energy Use Electricity 0.081 kwWh/Mg
Fuel Use Diesel equipment 1.63 L/Mg
Transportation Heavyload heavy duty truck, full run 542.98 kg-km/Mg
Transportation Heavyload heavy duty truck, empty run 0.018 v-kmé/Mg
Transportation Mediumtload heavy duty truck, fubun 1,611 kg-km/Mg
Transportation Mediumload heavy duty truck, empty run 0.067 v-km?/Mg

a2 y-km = vehiclekilometers travelled
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2.2 Landfill Gas Generation, Collection, and Control

2.2.1 Landfill Gas Generation

The U. S. EP ABmissitnaModdl (LandGEN5swvadely used in practice for
predicting methane generation in the U.S., and it was adopted for this aqdel )

| <

0 O Q F (A1)

Tt

e

8

whereQn is the CH generation rate (fyr' ) in yearn; kis firstorder waste decay rate (); Lo
is the CH generation potential (fMg' t wet waste)M; is the waste mass placement in yiear
(Mg); j is an intraannual time increment used to calculates@eineration; antlis 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 ofterng cover, and final cover

(Figure A7). A given mass of wate could be buried at different times and we are not sure about
when the waste is disposed, and waste buried
i mproved gas collection than wast e dollestioned ear
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 tifigure A8 andFigure A9). The gas collection
schedule and collection efficiency estimatesdach schedule shown Trable AL1 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
CHa collected flared, combusted for energy, oxidized, and emitted for MSW and each material
over 1,000 years, under which 99.99% of the; €issions has been released at the lowest decay
rate of 0.02 yt.

113



Initial installation gas collection well
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Figure A7. Conceptual diagram for timearyingcollection efficiency that depends on the year
waste is buried in the cell and waste age.
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Table AL1 Landfill Gas Collection Inputs and Landfill Gas Combustion System Parameters Used in the Flare and
Energy Recovery Scenarios.

Gas collection schedulé$

Parameter Aggressive CA EPA Clean Air Act

Typical Minimum
Time until initial gascollection (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
Gascollection 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 20 20 20
Flare Inputs
Allowable minimum gas flow rate (fimin'?) NA 2.8 NA NA
Nonmethane organic compounds emission rate at which gas collection is turned off (NSPS, 1999): 50 Mg/yr [3
Flare turnon time (yrf 0.5 1 2 5
Flare turnoff time (yr) by decay ratek)?
k=0.02yr 95 [113] 233 [233] 95 [113] 95[113]
k=0.04 yr 95 [110] 161[161] 95 [100] 95 [100]
k=0.06 yrt 95 [95] 134 [134] 95 [95] 95 [95]
k=0.12yr 95 [95] 106 [106] 95 [95] 95 [95]
Energy Recovery Inputs
rl\t/laic?ci)r\?:r?p Ir?)?:(:fill(%a; ic;]?ll)ection required for an energy 99 99 9.9 9.9
Energy recovery engine downtime (%) 3 1 3 3
Energy recovery turon time (yr) by decay rat&)@
k=0.02 yrt 10 9 10 12
k=0.04yr 6 5 6
k=0.06 yrt 4 5
k=0.12yr 3 3 3
Energy recoveryurn-off time (yr) by decay ratek)?
k=0.02 yrt 170 171 170 170
k=0.04yr 128 129 128 128
k=0.06 yrt 112 113 112 112
k=0.12yr 95 95 95 106

& Gas combustion system tuom and turroff 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 flarefifMMOCs, and the minimum
landfill gas rate required tostall an energy project.
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Gas Collection Practices

Aggressive Clean Air Act Min EPA Typical
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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. Tmeandn
turn-off times of gagollection and control system were calculated across all scenarios for the

mean landfill size and operating lifégble All). Collection efficiency of zero indicates that the
gas collection system has been turned off.

Gas Collection Practices
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Figure A9. Temporally averaged analugas collection efficiency for the energy recovery
scenario across four gas collection schedules and four decay rate constants.-Ghaia turn
off times for the gas collection and control system were calculated across all scenarios for the
mean ladfill size and operating lifeliable AL1). 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 ComponenSpecific Properties

Table Al2. Methane Production Potentialofland Feld Decay Rate for Eight MSW
Components

Waste Lo Field decay rate derived from bulk MSW decay raje (
Material (m*CHa/wet Mg) k=0.02yr! k=0.04yr* k=0.06yr* k=0.12yr"
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 162.9 0.007 0.013 0.020 0.039
Cardboard

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

aVvalues are adopted from De la Cruz and Barlaz (2810).

2.3 Landfill Leachate Generation

The volume of leachate is calculated as a percentage of precipitation, which is dependent
on thecover type and varies with tim&dble AL3). 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 timearying LFG collection efficiencyFor example, a 49ear
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 ALO. Temporally averaged percentage of precipitation that becomes leachate based on the
assumptions ifable AL3.

Table AL3. Landfill Leachate Generation Rate as a Percentage of Precipitation Varying with
Time and Cover Tyge

Time % precipitat ion that becomes
(yr) leachate®

5 20 [586 gpad @ 1000 mml/yr pre€jp

Parameter

Leachate generation period 1: time to
placement of intermediate cover
Leachate generation period 2: years when
larger fraction of intermediate or final cove 6-80 13¥[380 gpad @000 mm/yr precif]
is placed (yr)
Leachate generation period 3: years when o
100% final cover has been placed (yr) 81 0.4°[10 gpad @ 1000 mm/yr precip
aTimesin 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 placementpdete 1 year after
landfill closure Table ALl)
bPercentage of precipitation that becomes leachate is based on fieltl data.
‘gpad = gallon per acre per day. 1 gpad = 1.08kh@s.
9The original source reported that 6.5% of precipitation becomes leaghat an undefined
fraction of intermediated and final covers is preseifihis corresponds to 190 gpad at 1000
mm/yrpr eci pi tation. This is | ow based on the au
generation rate was doubled.
€U.S. EPA reported that the leachate flow rate is approximately 10 gpad within ten years after
landfill closure, which corresponds to 0.4%1600 mm/yr precipitation that becomes leacHate.
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3. Life Cycle Impact Assessment

Table AL4. Normalization factors for ten impact categories based on U.S. 2008 according to
TRACI v2.1*?

Impact Category Abbv.  Reference Unit (per capita per year) U.S.2008 Values
Acidification ACID kg SQ eq 91
Ecotoxicity ETOX CTUe 11076
Eutrophication ETP kg N eq 22
Global Warming GW kg CO:eq 24000
Ozone Depletion oD kg CFG11 eq 0.16
Photochemical ozone formatic SMOG kg Os; eq 1400
Human Health Cancer HHc CTUn 5.05E05
Human Health Non-Cancer HHNc CTUs 1.04E03
Respiratory effects RE kg PMes eq 24
Fossil Fuel Depletion FFD MJ surplus 17000

4. Supplementary LCA Results

Impact Category: ACID
(a) Critical Flow Contributors (b) Fraction of critical flows from sub-activities

NO, M Building

Energy
B Fuel Use
B Landfill Gas
[ Leachate
B Material Use
B Transportation

S0, -

— Cumulative %

HCI

100 90 80 70 60 50 40 30 20 10 O 0 20 40 60 80 100
% Contribution to Impact % Contribution to Critical Clows
(c) Fraction of critical flows from material use
HCI NOx 802 <
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- | | HDPE Liner
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9 L[] Heavy Equipment
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W | | Sand
o 2
Materilall Use Materi'al Use Materilal Use 2

Figure ALl (a) Critical flow contributors that cumulativetpntribute 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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Impact Category: ETOX
(a) Critical Flow Contributors (b) Fraction of critical flows from sub-activities
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(c) Fraction of critical flows from material use
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Figure Al2. (a) Critical flow contributors that cumulatively contribiti8% of the ecotoxicity
(ETOX) impact, (b) contribution of critical flows from capital goods and landfill treatment, and
(c) contribution of composite materials consumed.

Impact Category: ETP
(a) Critical Flow Contributors (b) Fraction of critical flows from sub-activities
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Figure AL3. (a) Critical flow contributors that cumulatively contribute 90% ofeéb&ophication
(ETP) impact, (b) contribution of critical flows from capital goods and landfill treatment, and (c)
contribution of composite materials consumed.
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Impact Category: FFD
(a) Critical Flow Contributors (b) Fraction of critical flows from sub-activities
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Figure Al4. (a) Critical flow contributors that cumulatively contribute 90% of tbssil fuel
depletion (FFD) impact, (b) contribution of critical flows from capital goods and landfill treatment,
and (c) contribution of composite materials consumed.

Impact Category: GW
(a) Critical Flow Contributors (b) Fraction of critical flows from sub-activities
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Figure Al5. (a) Critical flow contributors that cumulatively contribute 90% ofdlubal
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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Impact Category: HHc

(a) Critical Flow Contributors

(b) Fraction of critical flows from sub-activities
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Figure AL6. (a) Critical flow contributors that cumulatively contribute 90% of the humanhealt
cancer (HHc) impact, (b) contribution of critical flows from capital goods and landfill treatment,
and (c) contribution of composite materials consumed.

Impact Category: HHNc
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Figure AL7. (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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Impact Category: OD
(a) Critical Flow Contributors (b) Fraction of critical flows from sub-activities
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Figure AL8. (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. EPA4RRIatabasé’ 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.

Impact Category: RE
(@) Critical Flow Contributors (b) Fraction of critical flows from sub-activities
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Figure AL9. (a) Critical flow cotributors 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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Impact Category: SMOG

(a) Critical Flow Contributors (b) Fraction of critical flows from sub-activities
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Figure A20. (a) Critical flow contributors thacumulatively 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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(a) Normalized Impacts, Electricity Recovery
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(b) Contribution of Sub-activity to Normalized Impacts, Electricity Recovery
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Figure A21. (a) Normalized impacts as person equivalent (PE) anzb(iijibutions 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 mesine 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 andeachate emissions across ten impact categories based on the flare scenario and EPA
Typical collection schedule, given th&tb 39 quantile range of landfill size (260 to 1020 Mg/day,

as presented imable Al) for the flare scenario and EPA typical ealion schedule. There is a
stepchangeat~770 Mgday hat i s selected to separate the
sections (Figure.l).
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5. Landfill Methane Profile
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Figure A23. Landfill methane inventory that is collected and flameddized, 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 day rates of 0.06 and 0.12%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.

127



0.02
= 1.004
7]
= 0.75-
> 1
= 0.50
T
O 0.254
[9)]
-~ 0'00- T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
Time (year)
0.04
=
w
=
()]
=
<t
T
(&)
o
X
100
Time (year)
0.06
= 2.5
2 20
g 1.5
= 1.01
O 0.54
o
< 0.0 , :
0 80 100
Time (year)
0.12
=
w
=
()]
=
<t
T
O
o
x T T T T
40 60 80 100
Time (year)
CH, profile 34 — 50 NMOCs (Mg/yr) — Collected+Oxidized = = Emitted

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 representatidillahat 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 consideredithh 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 recows 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 aradirapéfe across landfill
(233,000 Mg MSW per year and 80 yr operating life).
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b) Electricity Recovery
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Figure A26. The fraction of generated methane that is combusted to produce electricity, flared,
oxidized, and emitted across two gas treatment and four gas collectioncségatecay 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, corraigd 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, théB" quantile range of LMOP landfill database is from 260

to 1020 Mg/day Table Al).
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Figure A28. Percentage of CHyenerated by 20, 50, and 100 yr across four decay rate constants
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6. Monte Carlo Analysis Inputs and Distributions

Table ALS5. Default values, ranges, and distribution of uncertain inputs for Monte &aailgsis.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 Parameter Unit Default Distribu  Distribution min &/ ma MO

Module Value tion Hyperparameters H de

Landfill Mg Lognorm ~ _ o _ 12.9

design Waste acceptante MSWiyr 233,091 al 0=12.94, u=0.76 4 0.76

Landiil Operating yeafs yr 80 Lognom '~ _ 4 09, G=o0.8 409 08

design al

I&ggg:' Height above the graden(il factor) unitless 1 Uniform  min=0.9, max=1.1 09 11

I&ggg:' Excavation depth (mul factor) unitless 1 Uniform  min=0.9, max=1.1 09 11

Landﬁll Waste density (small) kg/m? 890 Uniform m|n=3711, max=1008 (120,700) 801 979

design Iblyd

Landﬁll Waste density (large) kg/m? 1068 Uniform m|n=31009, max=1187 (170@p00) 961 1175

design Iblyd

Capital PCC factor (&) unitless 0 Uniform  min=0, max=1 0 1

goods

Landfill gas Gas collection efficiency (mul factér’ unitless 1 ;:langul min=0.9, max=1.1, mode=1 09 11 1

Landfill gas  Oxidation efficiency % 10 Uniform  min=10, max=55 10 55

Landfill gas Biogenic carbon conteht % MSW 27 ;rlangul min=21, max=32 21 32 27

Landfill gas Fraction of anaerobically degradable % bio C 53 Triangul min=41, max=64 42 64 53
carbor§ ar

Landfill gas Bulk decay rate yrt 0.04 ;rlangul min=0.02, max=0.17, mode=0.04  0.02 0.17 2‘0

Landfill gas Electricity conversion efficienédy unitless  0.35 ;’pangul min=0.3, max=0.4, mode=0.35 0.3 04 2'3

Landiill Initial % leachate of precipitation % 20 Uniform  min=18,max=22 18 22

leachate

:_eznc?]fglne Interim % leachate of precipitation % 13 Uniform  min=11.7, max=4.3 11.7 14.3

Landfill . o . . a

leachate Final % leachate of precipitation % 0.4 Uniform  min=0.7, max=0.9 0.36 0.44
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Landfill Parameter Unit Default Distribu  Distribution min i/ ma MO
Module Value tion Hyperparameters W de
Landil Leachate collection efficiency % 99.1 Uniform  min=97.1, max=99.9 97.1 99.9
leachate

gcggéts' Heavy Equipmen€onstruction kg/Mg  0.016 Uniform  min=0.014, max=0.02 901 0.0176
ggg’ét:' AsphaltConstruction kg/Mg  0.085 Uniform  min=0.0765, max=0.0935 997 0.0035
ggggsl DieselConstruction L/Mg 0.22 Uniform  min=0.198, max=0.242 3.19 0.242

gj‘é’étf' Heavy EquipmenClosure kg/Mg  0.062 Uniform  min=0.0558, max=0.0682 2'05 0.0682
ggg’gs' Diesé Closure L/Mg 0.067 Uniform  min=0.0603, max=0.0737 0.06 0.0737
S?é’étf' Electricity Operation KWh/Mg  0.081 Uniform  min=0.0729max=0.0891 597 0.0801
gggétsl DieselOperation L/Mg 1.19 Uniform  min=1.071, max=1.309 1'07 1.309

gggétsl Heavy Equipmen©peration kg/Mg 0.16 Uniform  min=0.144, max=0.176 2'14 0.176

gggétsl DieselSoail extraction L/kg 1.4 Uniform  min=1.26, max=1.54 1.26 1.54

gggétsl DieselSand extraction L/kg 1.8 Uniform  min=1.62, max=1.98 1.62 1.98

Capital DieselAftercare L/Mg-yr  2.08205 Uniform  min=0.00001872, max=0.00002288 2E- 0.00002
goods 05 288

Capital Thickness of sand in bottom liner m 0.6096 Triangul m|n=0_.54864, max=0.67056, 0.54 0.67056 0.6
goods ar mode=0.6096 9 1
Capital . . . Triangul min=0.0013716, max=0.0016764, 0.00 0.00167
goods Thickness of HDPE in bottom liner m 0.001524 ar mode=0.001524 1 64 0
Capital . : . Triangul min=0.54864, max=0.67056, 0.54 0.6
goods Thickness of Clay in bottom liner m 0.6096 ar mode=0.6096 9 0.67056 1
Capital . - Triangul min=0.13716, max=0.16764, 0.13 0.1
goods Thickness of topsoil in top cover m 0.1524 ar mode=0.1524 7 0.16764 5
Capital Thickness of sand in top cover m 0.3048 Triangul m|n:0_.27432, max=0.33528, 0.27 0.33528 0.3
goods ar mode=0.3048 4

Capital . . Triangul min=0.0013716, max=0.0016764, 0.00 0.00167
goods Thickness of HDPE in top cover m 0.001524 ar mode=0.001524 1 64

Capital . . Triangul  min=0.54864, max=0.67056, 0.54 0.6
goods Thickness of clay in top cover m 0.6096 ar mode=0.6096 9 0.67056 1
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Landfill Parameter Unit Default Distribu  Distribution Imin &/ ma MO
Module Value tion Hyperparameters W de
gc(;a(?(ljtsal Gravel percentage of sand volume % 10 Uniform  min=9, max=11 9 11 10
gc(;a(?(ljtsal Clay hauldistanceConstruction km 8 Uniform  min=7.2, max=8.8 7.2 8.8

g(}:c?g:jt:l Sand haul distancgonstruction km 32 Uniform  min=28.8, max=35.2 28.8 35.2

Capital Heavy Equipmerbaul distance km 402 Uniform  min=361.8, max=442.2 361 4422

goods Construction 8

gggétsl Concrete haul distandggonstruction  km 80 Uniform  min=72, max=88 72 88

g:gétsl Asphalt haul distanc€onstruction km 80 Uniform  min=72, max=88 72 88

Capital HDPE (Iln.ers and pipes) haul distan km 202 Uniform  min=361.8, max=442.2 361. 442 2

goods Construction 8

Capital C pipes haul distanc@onstruction k 02 it in=361.8, max=442.2 361 4422

goods PVC pipes haul distanggonstruction km 4 Uniform  min=361.8, max=442. 8 442.

gggétsl Fuel haul distanc€onstruction km 80 Uniform  min=72, max=88 72 88

gggétsl Clay haul distanc€losure km 8 Uniform  min=7.2, max=8.8 72 88

gglcr))clitsaI Sand haul distandglosure km 32 Uniform  min=28.8, max=35.2 288 35.2

Capital Heavy Equipmenhaul distance km 402 Uniform  min=361.8max=442.2 361. 442.2

goods Closure 8

g:gétsl HDPE haul distanc€losure km 402 Uniform  min=361.8, max=442.2 261' 442.2
ggg)étsl PVC haul distanc€losure km 402 Uniform  min=361.8, max=442.2 261' 442.2
g:gétsl Fuel haul distanc€losure km 80 Uniform  min=72, max=88 72 88

gc?g(;lts | Heavy Equipmentaul distance km 80 Uniform  min=72, max=88 72 88

g:g&tsl Fuel haul distance km 402 Uniform  min=361.8, max=442.2 261' 442.2
Capital Medium truck payload Mg/ 24 Uniform  min=21.6, max=26.4 21.6 26.4

goods vehicle

Capital Heavy truck payload Mg/vehi 35 Uniform  min=31.5, max=38.5 31.5 385

goods cle

134



aThevalues were based on the LMOP landfill database and the developed lognormal distribution 21Table

bThis postclosure care (PCGactor correspond® a coverreplacenent of10 to 100%over30 to 100 yr PCCConsidering more cover replaced over a longer
PCC period, PCC fact@rwas used to indicate the correlation between the % cover replacement and PCGXeriorbver replacement: 10%@* (100%-
10%)and(2) PCC period: 30 yr a* (100 yr- 30 yr), whereadefines the correlated (same) increasing rate from the minimum assumption for either
parameter.Then, by varying between 0 and 1, we can do the sensitivity analysis on both parameters that are correlated. For example, the dedfauli case is
where we replace 10% of the cover ovetyB®CC; ifa= 0.5, we replace 55% over 65 years.

“Judgment based on the values for the better and worse collection case relative to the typieakated iTable ALL

9The minimum oxidation rate of 10% isreeme nde d by t42datalfaddand the jusigment for the maximum wal(55%)is based on Chanton et
al., 2009'°

€Biogenic carbon content and fraction of biogenic carbon converted to biogas were varied to represent the uncertaintgrmpoesisbe. These ranges
correspond to a range of hetween 64144 n#¥/Mg wet MSW with a default value of 100%#vg, and the judgement is adjusted based on Sun et al. {2amé)
Staley et al. (2009. There is considerable uncertainty in the valuedfiit a lot of waste composition data is old and not useful to quantify variations by
region. Seasonal and socioeconomic factors are likely more important.

fAdoptedfrom IPCC (2006}

9Theinternal combustion engine (ICE) is most commonly used in energy recovery of LFGs because of low cost and high eleigniaity 86% to 40%
conversion efficiencies can be achieved by the ICE based on the LFG energy projects 2017 #d the US.
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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 uncertaifigu(e A29). However uncertainty in the
improved averaged collection efficiency increases with decreasing decay rate. A decay rate of 0.02
yr'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*.

Figure A29. Boxplot showing the uncertaintiassociated 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 5,0€ration Monte Carlo analysis considering the uncertain ranges
and distribubns of all the inputs summarized Trable AL5. The x 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 IQRhaircends show the
highest and lowest value excluding outliers, which are represented by solid black points.
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