U.S. Environmental Protection Agency
Office of Resource Conservation and Recovery

Documentation for Greenhouse Gas Emission and
Energy Factors Used in the Waste Reduction Model
(WARM)

Management Practice€hapters

May 2019

Prepared by ICF
For the U.S. Environmental Protection Agency
Office of Resource Conservation and Recovery



THIS PAGE IS INTENTIONALLYBLEANK



WARM Version 15 Table of Contents May 2019

Table of Contents

o N o 0o A WODN B

Yo U] fot = =T U Tod 1 o o 11
=T/ o1 T T 2-1
YN g T T o] oo o =] (o T P PPPERRRURRR 31
1O70] 0 1] 0015111 oo T TP PP PP PP PP PPPPPPPSPPY -1
(0] 001 o] 1110 o PP 51
[ T 111 1o PSR 6-1
a1 (0 )V ] 7= T U 7-1

[ =ToTo] g o] 0 41 Tol 1n ] = ox £ P 8-1



WARMVersion 15 SourceReduction May 2019

1 SOURCE REDUCTION

Thischapterdescribeghe development of materiagpecific emission factors fapurce
reductionin9t ! Qa 2 adS wSR dz&Boukce gduatien RoSviastepteventian) réfers to
practices that reduce the amount of materials entering the waste stream, including changes in the
design, manufacture, purchase or use of materials. Thisrdeatiprovides examples of source
reduction and a summary of how EPA estintbtee GHG benefits from source reduction of materials.

1.1 TYPES OF SOURCE RHION

Source reduction can result from any activity that reduces the amount of a material or
agricultual input needed and therefore used to make products or fb&bme specific examples of
source reduction practices are:

1 Redesigning products to use fewer materials (e.qg., lightweighting, material substitution).
1 Reusing products and materials (e.g., aledfle water bottle).

1 Extending the useful lifespan of products.
1

Avoiding using materials in the first place (e.g., reducing junk mail, reducing demand for
uneaten food).

In addition to the activities abovéhere are limited circumstances where the emissfactors
canbe used to estimate GHG benefitssoibstituting one materiabr productfor another material or
product Sectionl.3.2presents onsiderations for stimating the GHG effects of material substitution.

1.2 A SUMMARY OF THE GIMPLICATIONS OF S@HREDUCTION

When a material is source reduced, GHG emissions associatepradghiicingthe material
andor manufacturing the product anthanaging thgpostconsume waste are avoidedConsequently,
source reductiorprovides GHG emission benefits (i} G2 A RAYy 3 (G KS adzLJAGNBF Yé DI
raw material acquisition, manufacture or production and transpdrthe sourcereduced materigl(2)
increasing the amount of carbon storedforests (when wood angaper productsare source reducegl)
and (3)avoidingthe downstream GHG emissions fravaste management.

Because many materials are manufactured from a mix of virgin and recycled inpugsiatiigty
of virgin material production that is avoided is not always equal to the quantity of material source
reduced. Therefore, testimate GHG emissions associated sitlarce reductionWARM uses mix of
virgin and recycled inputdased on the natioal average for each materidowever, WARM also allows
users to evaluate the benefits of source reducing materials manufactured frorpetr@@nt virgin
inputs, instead of a mix of virgin and recycled inputs. For some materials, such as food waste @and som
wood products, it is either not possible or very uncommon to use recycled inputs during material
production, so WARM always assumes material production using 100 percent virgin inputs.

WARM assumes thaburce reduction of papeand wood products increas the amount of
carbon stored irforests by reducing the amount of wood harvestdeébr more information on the
calculations that went into creating the forest carbsiorageoffset, see theé-orest Carbon Storage
chapter.

In order tomeasure the full GH@nipact of sourceeduction,the user must comparthe GHG
emissiors from source reduction to the GHG emissions of anothatierials managemerdption. For
example, a user could compare the benefits from source reducing one short ton of office paper instead

1 The source reduction pathway was added for food wastdune 2014 into WARM Version 13.
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of sending the paper to the landfilThis approach enables poliayakers to evaluate, on a péon basis,
the overall difference in GHG emissions between (1) source redanaghortton of material, and (2)
manufacturing and then managingdst-consumej one shortton of the same material. For most
materials, source reduction has lower GHG emissions than the othtarials managemerdptions?

Exhibitl-1 presents the net emissions factors of all management options in oadpravide
context for the emissions associated withstream product and material manufacturinfaracterized
by the source reduction emission factors in WARMompared to othemanagement practices

2The most notable exceptiais for aluminum cans, where recycling benefits are higker. aluminum canghe

net source reductioremissiors for the current mix of inputs aremaller tharthe net recyclinggemissions This is

because of two factors: (1) the large difference in GHG emissions between virgin and recycled manufacture of

aluminum cans and (2he relatively high recycled conte(®8 percentin aluminum cansln this instance, source

reduction is relatively lessb&¥ A OA It 06SOFdzaS 2F (KS KAIK NBOeOf SR O2ydsS
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Exhibit1-1: Greenhouse Gas Emissions from Management Optiblaeled in WARM
Net Soqrce ’;eet dSuc():l:i:)c: Net Wet_ Net Wet_ Net Dry Net Dry_
_ R(_edgctlon Emissions Net_ Net _ Net _ Ne_t_ Ar_1aero_b|c Ar_laero_blc Anaerobic Ar_1aero_b|c
Material Emissiondor Recycling| Composting | Combustion | Landfilling | Digestion Digestion . . Digestion
Current Mix for .10.0% Emissions| Emissions Emissions | Emissions with with Direct plgestlpn with Direct
of Inputs Virgin curing Application with curing Application
Inputs
Corrugated Containers (5.58) (8.09) (3.14) NA (0.49) 0.26 NA NA NA NA
Magazines/Thiretlass Mail (8.57) (8.86) (3.07) NA (0.35) (0.39) NA NA NA NA
Newspaper (4.68) (5.74) (2.71) NA (0.56) (0.82) NA NA NA NA
Office Paper (7.95) (8.23) (2.86) NA (0.47) 1.25 NA NA NA NA
Phonebooks (6.17) (6.17) (2.62) NA (0.56) (0.82) NA NA NA NA
Textbooks (9.02) (9.32) (3.10) NA (0.47) 1.25 NA NA NA NA
Mixed Paper (general) (6.07) (7.61) (3.55) NA (0.49) 0.14 NA NA NA NA
Mixed Paper (primarily
residential) (6.00) (7.64) (3.55) NA (0.49) 0.08 NA NA NA NA
Mixed Paper (primarily from
offices) (7.37) (7.93) (3.58) NA (0.45) 0.18 NA NA NA NA
Food Waste (3.66) (3.66) NA (0.18) (0.13) 0.54 (0.06) (0.14) (0.04) (0.10)
Food Waste (nomeat) (0.76) (0.76) NA (0.18) (0.13) 0.54 (0.06) (0.14) (0.04) (0.10)
Food Waste (meat only) (15.10) (15.10) NA (0.18) (0.13) 0.54 (0.06) (0.14) (0.04) (0.10)
Beef (30.09) (30.09) NA (0.18) (0.13) 0.54 (0.06) (0.14) (0.04) (0.10)
Poultry (2.45) (2.45) NA (0.18) (0.13) 0.54 (0.06) (0.14) (0.04) (0.10)
Grains (0.62) (0.62) NA (0.18) (0.13) 0.54 (0.06) (0.14) (0.04) (0.10)
Bread (0.66) (0.66) NA (0.18) (0.13) 0.54 (0.06) (0.14) (0.04) (0.10)
Fruits and Vegetables (0.44) (0.44) NA (0.18) (0.13) 0.54 (0.06) (0.14) (0.04) (0.10)
Dairy Products (1.75) (1.75) NA (0.18) (0.13) 0.54 (0.06) (0.14) (0.04) (0.10)
Yard Trimmings NA NA NA (0.15) (0.17) (0.18) NA NA (0.09) (0.35)
Grass NA NA NA (0.15) (0.17) 0.13 NA NA 0.00 (0.06)
Leaves NA NA NA (0.15) (0.17) (0.52) NA NA (0.14) (0.53)
Branches NA NA NA (0.15) (0.17) (0.50) NA NA (0.22) (0.73)
HDPE (1.42) (1.52) (0.85) NA 1.29 0.02 NA NA NA NA
LDPE (1.80) (1.80) NA NA 1.29 0.02 NA NA NA NA
PET (2.17) (2.21) (1.15) NA 1.24 0.02 NA NA NA NA
LLDPE (1.58) (1.58) NA NA 1.29 0.02 NA NA NA NA
PP (1.54) (1.54) NA NA 1.29 0.02 NA NA NA NA
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Net Soqrce ’;it dsu?:l:igc: Net Wet_ Net Wet_ Net Dry Net Dry_

_ R(_edgctlon Emissions Net_ Net _ Net _ Ne_t_ Ar_1aero_b|c Ar_laero_blc Anaerobic Ar_1aero_b|c

Material Emissiondor Recycling| Composting | Combustion | Landfilling | Digestion Digestion . . Digestion
- for 100% o e . o ; . . Digestion . .

Current Mix Virgin Emissions| Emissions Emissions | Emissions Wlt.h with .DII’?C'[ with curing with .Dlr(.ect

of Inputs curing Application Application

Inputs

PS (2.50) (2.50) NA NA 1.65 0.02 NA NA NA NA
PVC (1.93) (1.93) NA NA 0.66 0.02 NA NA NA NA
Mixed Plastics (1.87) (1.94) (1.03) NA 1.26 0.02 NA NA NA NA
PLA (2.45) (2.45) NA (0.15) (0.63) (1.64) NA NA NA NA
Desktop CPUs (20.86) (20.86) (1.49) NA (0.66) 0.02 NA NA NA NA
Portable Electronic Devices (29.83) (29.83) (1.07 NA 0.65 0.02 NA NA NA NA
FlatPanel Displays (24.19) (24.19) (1.00 NA 0.03 0.02 NA NA NA NA
CRT Displays NA NA (0.57) NA 0.45 0.02 NA NA NA NA
Electronic Peripherals (10.32 (10.32 (0.37) NA 2.08 0.02 NA NA NA NA
HardCopy Devices (7.69 (7.69 (0.57) NA 1.20 0.02 NA NA NA NA
Mixed Electronics NA NA (0.79 NA 0.39 0.02 NA NA NA NA
Aluminum Cans (4.80) (10.99) (9.13) NA 0.03 0.02 NA NA NA NA
Aluminum Ingot (7.48) (7.48) (7.20) NA 0.03 0.02 NA NA NA NA
Steel Cans (3.03) (3.64) (1.83) NA (1.59) 0.02 NA NA NA NA
Copper Wire (6.72) (6.78) (4.49) NA 0.03 0.02 NA NA NA NA
Mixed Metals (3.65) (6.22) (4.39) NA (1.02) 0.02 NA NA NA NA
Glass (0.53) (0.60) (0.28) NA 0.03 0.02 NA NA NA NA
Asphalt Concrete (0.11) (0.11) (0.08) NA NA 0.02 NA NA NA NA
AsphaltShingles (0.19) (0.19) (0.09) NA (0.35) 0.02 NA NA NA NA
Carpet (3.68) (3.68) (2.38) NA 1.10 0.02 NA NA NA NA
Clay Bricks (0.27) (0.27) NA NA NA 0.02 NA NA NA NA
Concrete NA NA (0.01) NA NA 0.02 NA NA NA NA
Dimensional Lumber (2.02) (2.02) (2.47) NA (0.58) (1.01) NA NA NA NA
Drywall (0.22) (0.22) 0.03 NA NA (0.06) NA NA NA NA
Fiberglass Insulation (0.38) (0.48) NA NA NA 0.02 NA NA NA NA
Fly Ash NA NA (0.87) NA NA 0.02 NA NA NA NA
Medium-density Fiberboard (2.22) (2.22) (2.47) NA (0.58) (0.88) NA NA NA NA
Vinyl Flooring (0.58) (0.58) NE NA (0.31) 0.02 NA NA NA NA
Wood Flooring (4.03) (4.03) NE NA (0.74) (0.86) NA NA NA NA
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Net Source ’;it dsuc():l:igcnf Net Wet Net Wet Net Dr Net Dry
Reduction Emissions Net Net Net Net Anaerobic | Anaerobic Anaerolglic Anaerobic
Material Emissiondor Recycling| Composting | Combustion | Landfilling | Digestion Digestion . . Digestion
- for 100% o g . o ; . . Digestion . .
Current Mix o Emissions| Emissions Emissions | Emissions with with Direct . . with Direct
Virgin . - with curing -
of Inputs curing Application Application
Inputs
Tires (4.30) (4.46) (0.38) NA 0.50 0.02 NA NA NA NA
Mixed Recyclables NA NA (2.85) NA (0.42) 0.09 NA NA NA NA
Mixed Organics NA NA NA (0.16) (0.15) 0.21 NA NA (0.06) (0.21)
Mixed MSW NA NA NA NA 0.01 0.36 NA NA NA NA
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1.3 APPLYING EMISSIONCH®RS TO SPECIFICRICE REDUCTION SHWAES

1.3.1 Calculating the Energy and GHG Emissions Benefits of Reuse

TheGHG and energy benefits of rég nonfood materials or products multiple times before
they are sent for enaf-life managementan be modeled using the source reduction pathway in
WARM.The process for calculating the GHG and energy benefits of reasdalows:

1. Using the downloadable (i.e., Extxsed) version of WARM, run the model using a baseline
scenario of landfilling, recycling, combustion or composting (depending on the likely fate of the
material or product if it is not reused), and an alternate scenafisource reductionfor
example, if the item was originally destined for a landfill and now will be reused, the baseline
scenario is landfilling.

2. Select whether the reuseahaterialis manufactured fromLOO percent virgin inputs othe
current mix of virgn and recycled input3(The assumption that the materié manufactured
from 100percentvirgin inputsindicatesan upperbound estimate of the benefits fromeuse.)

3. Multiply the GHG emissions reduction result (iceli 2 G £ OKF y3S AyWARMD SYA aa
by the number of times the material is reused. The reuse number should equal one less than the
number of total uses to account for the production of the initial material.

This methodology for calculating the GHG benefits from reuse is summaritedfiilowing
formula. Energy use can be similarly calculated by replacing the GHG emission factors with energy use
factors.

GHG Benefits of Reuse =¢(lN) x (A)
Where,

N = Number of total uses
A = GHG benefits of the source reduction (alternate) pathmvinus the baseline
LI Kgl& o0APSds adG2GFf OKIFIy3aS Ay DI D SYAaaArzyaé

For example, consider reusable HDPE plastic crates, weighing 1,000 short tons total, used for
transporting bread to a grocery store. Assume that the crates are typically re@ftdeadach use, but
could be reused up to 20 times before they are recycledcalculate the GHG benefits of reusing the
crates, the user can run WARM using a baseline of recycling 1,000 short tons HDPE and an alternate
scenario of source reducing 1,0800ort tons HDPE. Assuming that reusing the crates offsets the
production of HDPE crates that would otherwise have been manufacturedf@@percentvirgin
inputs,2 | wa Q& NI & dzat Solircefegduian®@11,008shorttons of HDPEratesresults ina net
emissions reduction @392 MTQD:E relative to the baseline recycling scendrio.

The GHG benefits should then be multiplied by 19 reuses (i.e., 20 totat Gsmsginal use).
Energy use can be similarly calculated by replacing the GHG emissmms feith energy use factors. In
equation form:

3(2YS YIGSNRIFIt&a Y2RSt SR Ay 2!l wa dziAf Al S mnn LISNOSyid @GAN
cases wherénformation on the share of recycled inputs used in productiamiavailable or is not a common

practice

41f reusing the crates offsets crates that would otherwise have been manufactured from the current mix of virgin

and recycled inputs, sourgeduction of1,000 short tons HDP&ould result in a net emissions reduch of589

MTQO:E relative to the baseline recycling scenario.

11
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GHG Benefits of Reus&$ x (source reduction of 1,000 short tons HRREEycling of 1,000 short tons
HDPE)
100% virgin inputs (upper bound for reductions):
GHG Benefits of Reuse = 19 x (692 MEYC€)3,148 MTC¢EE

1.3.2 Calculating the Energy and GHG Emissions Benefits of Material Substitution

The analysis of source reduction is based on an assumption that source reduction is achieved by
practices such as lightweighting, doulsieled copying and materie¢use.However, it is also possible to
source reduce one type of material by substituting another matefta. GHG impact of this type of
source reductionsthe net GHGbenefits fromsourcereduction ofthe original material and
manufactuing and disposig ofthe substitute material.

Where both the original material and the substitute material available in WARMhe GHG
impacts of source reduction with material substitution may be estimatgdbng as users verify that the
material production and endf-life pathways in WARM are representative of the materials involved in
the substitution However, for cases where one of the materials in the substitution pair is not in WARM,
the user will only be able to calculate the GHG impact of the material usdt(wa comparison with
the potential substitute)The large number of materials that could be substituted for the materials
available in WARMand the need fospecific information on application of material substitution, make
an analysisf all potentid substitutionsprohibitive and highly uncertain

In the case where both the material being replaced and its substitute are in WARKHG
benefits can be estimateas described below. Note that this calculation cannot be run in WARM
because WARM requs the user to have the same material in the baseline and alternate scenarios:

1. Calculate the GHG emissions from manufacturing andodifle management of the original
material that will be replaced by the substitute material (i.e., the baseline scers®go;
equations below for an explanation of this calculation)

2. Calculate the GHG emissions from manufacturing andadtifie management of the substitute
material (i.e., the alternate scenarisee equations below for an explanation of this calculgtion

3. Calculate the mass substitution rat&he mass substitution rate is the number of tons of
substitute material used per ton of original materigbr example, one ton of plastic containers
may serve the same function as two tons of glass containers. Inabés the mass substitution
rate would be 50%n calculating the mass substitution ratesersshouldalsoaccount for any
difference in the number of times that a product made from the original material is used prior to
waste management, compared to tilember of times a product made from the substitute
material will be used prior to waste management.

4. Calculate the net GHG benefits by subtracting the GHG emissions that would have been
generated to produce the baseline material from the GHG emisgiensrated by producing an
equivalent amount of the substitute materials.

This basic methodology for calculating the GHG benefits of material substitution is summarized
in the following formula. Energy use can be similarly calculated by replacing the Gs&Berfactors
with energy use factors.

GHG Benefits of Material Substitution =a(E&te materia® MS ¢ Epaseiine materi
Where,

1-2
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ERiternate materiai= GHG emissions from production and efdife management of the
substitute material per unit o$ubstitute material

ERBascline materia= GHG emissions from production and ewmidife management of the
original material per unit of original material

MS = Material substitution ratee.,amount of substitute material required to replace a
unit of theoriginal material

Because source reduction GHG emission factors represent the benefits of avoided production of
materials, the GHG emissions generated by the production of materials can be calculated by taking the
Foaz2fdziS @t dzS 2F tfattorsaTReiengigy ozBHGemNdoRsdrantiakiifey
management can be calculated using the various-eflife materials management factors in WARM
(e.g., recycling, composting, combustion or landfilling). Consequently, the&k materia@and ERseline
material t€FMS are equal to:

EEllternate material= -E Eource reductionalternate materialt EEnd—of—life management, alternate material

EI‘EaseIine materiaF— ‘EEource reduction, baseline materidl EFendof—Iife management, baseline material

Where,

EFRource reducio= WARM emission factor for source reduction of the baseline and
alternative materials

ERndof.ife managemen= WARM emission factor for the ewndlife management practice
(recycling, composting, combustion or landfilling) usedhanage the baseline and
alternative materials

1.3.3 Calculating the Energy and GHG Emissions Benefits of Mat€halce acrosMaterial Life

In the case where only one material is available in WARM and not the substitute, a WARM user
can still calculate théotal GHG impacacrossmateriallife, including both upstream manufacturing and
downstream materials managemerfburce reduction GHG emission factors represent the benefits of
avoided production of materials. Therefotbe GHG emissions generated by the production of
YFGSNRAFtEa OFy o6S OFftOdAZFGSR o6& GF{1{Ay3a GKS o0&zt dzi
energy or GHG emissions from eofdlife management can be calculated using the various@Hrde
materialsmanagement factors in WARM€(, recycling, compostingnaerobic digestiorgombustion
or landfilling).Using this approach, the energy and GHG emission impacts across the life of a material
can be calculated for baseline and alternative options uliegollowing equations:

EFbaseIine materiaF— -E Igource reduction, baseline materidl EFendof—Iife management, baseline material
EE\Iternate material= -E Igource reductionalternate materialt E'%nd—of—life management, alternate material
Where,

EFRource reducio= WARM emission factor for source reduction of the baseline and
alternative materials

ERndotife managemen= WARM emission factor for the ewndlife management practice
(recycling, compostingnaerobic digestiomsombustion or lanfilling) used to manage
the baseline and alternative materials

1-3
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This approach is demonstratedkixhibit1-2 for an example whee a user wants to compare the
GHG emissions for two different plastic resins across the material liferfrat@rial productiorthrough
recycling.
Exhibit1-2; Example forCalculating the GHG Emissions Batsedf Material Choice across Material Lifie WARM
(MTCQE/Short Ton of Materigl

(@) (b) () (d)
. MateriaI.Prpduction Recycling Emissions Total Emissions
Material Emissions (ERnsors ) (ERsaseline materia)
(‘EFsource reductior) end-of-life managemen, (d =b +C)
HDPE 1.42 (0.85) 0.57
PET 2.17 (1.15) 1.03

1.4 LIMITATIONS

Because the data presented in this chapter weegaloped using data presented in thaw
materials andacquisitionsection of theOverviewchapter (and thé=orest Carbon Storagdapter) the
limitations discussethere also apply to the values presented he@ther limitationsinclude:

9 The source reduction factors for food waste materials are meant to capture the emissions
avoided through waste reduction. They are the closest pathwaitadla in WARM to
approximate the benefits from food reuse and donation, but they likely overstate the benefits.
Applying source reduction factors to donated materials assumes that the donation completely
offsets the use of new materials, but this may betthe case. For example, edible food can be
donated to feed hungry people, and while this may offset the demand for other food, it is
unlikely that the donation will entirely offset the production of an equivalent amount of food.
Also, food donations codlbe reused for other purposes such as feed for livestock, which would
instead offset the production of traditional livestock feed. EPA is conducting research into how
to address food donation and food waste reuse in WARM.

1 WARM allows users to model souregluction for several mixed material types: mixed paper
(all types), mixed metals, mixed plastics, food waste, food waste (meat only), and food waste
(non-meat). For these mixed material categories, all components can be individually source
reduced in WAR!I and users could reasonably implement activities or purchasing practices that
would reduce a representative mix of these materials. The other mixed materials in WARM
mixed recyclables, mixed organics, and mixed M3hnot be source reduced because they
contain a broader mixture of materials at erud-life where users could not reasonably
implement activities or purchasing practices that reduce demand for all components.
Additionally, mixed MSW and mixed organics include waste materials for which there is n
source reduction pathway in WARM.

1 There may bedditional GHG impacts from disposal of industrial wastes, particularly paper
sludge at paper mill8ecause of the complexity of analyzing these seemigr effects and the
lack of data, EPA did not incithem.

1-4
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2 RECYCLING

Thischapterdescribes the developmeif materialspecific emission factors foecycling in
9t ! Qa 21 adS wSRdzO iWiscasgion affoReS tarbastrage antingportant input in
calculating the emission beritf of paper product recyclings also included in this chapter

2.1 ASUMMARY OF TKHHGMPLICATIONS OF RECNG

9t ! RSTAYS &he Bpaiadiod &nll goHkctibnZof Wastes, their subsequent transformation
or remanufacture into usable or marketable products or materials, and the purchase of products made
FNRY NBOeOflofS YIFIUSNRARLFfAE 69t ! Zcomsumematsbal | wa O2Yy A
which are defined agad Y I G SNA I £ 2 NJ T A yskrieditSiRendstNBdaombndbeain K | K I
diverted or recovered from waste destined for disposal, having completdife asaO2 y a dzZY SNJ A 1 SY ¢
(EPA, 204).

Recycling is a process thakes materials or products that are at end of life and transforms
them into either (1) the same product or (2) a secondary product (see discussion ofamueciosed
loop recycling)When a material is recycled, it is used in place of virgin inputs imdeufacturing
process, rather than being disposed of and managed as w@stesequently, recycling provides GHG
reduction benefits in two ways, depending upon the material recycled: (1) it offsets a portion of
GdzLJA GNBI Yé DI Da SYA (silidh,Rnardufdctundana travisgport®MNadkgin inputs @nlgl dzA
materials, and (2) it increases the amount of carbon stored in forests (when wood and paper products
are recycled).

In calculating the first source of GHG reduction benefits, WARM assumes that igcyclin
materials does not cause a change in the amount of materials that would otherwise have been
manufactured Becausghe amount of products manufactured stays the same, and the existing demand
for recycled content is the same, an increase in recytdiadsto a displacement of virgisourced
materials.

For more information on theecond source dBHGreduction benefits that are provided by
forest carbonstorage seethe Forest Carbon Storaghapter.

2.1.1 Open and Closed.oopRecycling

Recycling processes cha broadly classified into two different categories: ogeop and
closedloop recyclingMost of the materials in WARM are modelieda closedoop recycling process
where endof-life products are recycled into the same prodush example of a closddop recycling
process isecyclingan aluminum camackinto another aluminum carDecisions about whether to
model materials in an opeloop or closedoop process are based on how the material is most often
recycled and the availability of data.

Formaterials recycled in an open loop, the products of the recycling process (secondary
product) are not the same as the inputs (primarpduci). In openloop emission factorghe GHG
benefits of material recycling result from the avoided emissions assoacidthdhe virgin manufacture
of the secondaryproducts that the material is recycled intOpenloop recyclingloes notaccount for
avoided emissions from manufacturing the primary material, since recyclingtyeledmaterial does
not displace manufactimg of the primary materialit only displaces manufacturing of the secondary
product. For exampleelectronicsare recycled by dismantling theroductsand recovering and
processing the raw materials it contains for use in secondary products. Consequently, WARM calculates
the GHG benefit from recycliredectronicsbased on the emissions displaced from extracting and
producing these secondary products fraingin inputs, rather than on the emissions displaced from
manufacturing an entire newlectronic product In applying this method, EPA consilonly the GHG
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benefit for one generation of recycling (i.e., future benefits from recycling the secondadiygisointo
additional products were not included).

The materials modeled as opéoop recycling processes in WARM angxed papeycorrugated
containers(partial openloop),® copper wire carpet electronics concrete tires, fly ash asphalt shingles
and drywall (partial openloop).b Corrugated containers and drywall are modesdpartial opedoop
because the recycling emission factors for these materials are a weighted average of dapsed
recycling pathway and an opdoop recycling pathwage.g, 70 percent of recycled corrugated
containers are used in production of more corrugated containers, and 30 percent of corrugated
containers are recycled into boxboar#)y ashis a special casbecause it is a byproduct rather than a
primary product, itwvould be impossible to recycle into additional primary product. For more detail on
any of the materials mentioned, pleasefer tothe materiatspecificchapter.

2.1.2 Material Losses

When any material is recovered for recycling, some portion of the recovesatdrial is
unsuitable for use as a recycled input. This portion is discarded either in the recoveryi stage
collection and at the materials recovery facilioy)in the manufacturing stage. Consequenihgre than
one short ton of material must becovered and processed to produce one short ton of new material
from the recycling processaterial losses are quantified and translated into loss rates. In this analysis,
EPA used estimates of loss rates provide#tanklin Associates, Limited (FALQ20for steel,
dimensional lumberand medivlR Sy &8 A& FAOSNDB2FNR O0GKS &l YS YIGSNRAI
were used, as describedtine Source Reductiochapter).Loss rates foem number ofother materials
GSNBE oFaSR 2y RI I eoDResehdshfark®evéel@gpmemiRD aQdithe iR&s&akcld
Triangle Institute (RTI, 200N aterial-specific sources were consulted for the remaining materials.
These values are shownHxhibit2-1.

Exhibit2-1; LossRates for RecoveredMaterials

(a) (b) (€) (d) (e)
ShortTons of ShortTons of
Product Made Product
per ShortTon of Made per
%of Recovered | Recycled Inputs| ShortTon
Materials in the Recovered
Retained in the Manufacturing Materials
Material Recovery Stage Stage (d=bxc) Data Source
Aluminum Cans 100 0.93 0.93 RTI, 2004
Aluminum Ingot 100 0.93 0.93 Aluminum cans used as pro
Steel Cans 100 0.98 0.98 FAL, 2003
Copper Wire 82 0.99 0.81 FAL, 2003
Glass 90 0.98 0.88 FAL, 2003; RTI, 2004
HDPE 92 0.93 0.86 FAL, 2011
PET 95 0.94 0.89 FAL, 2011
Corrugated Containers 100 0.93 0.93 FAL, 2003; RTI, 2004
Magazines/ThireClass Malil 95 0.71 0.67 FAL2003; RTI, 2004

5 Note that corrugated containers are modeled using a partial eljpep recycling process. Roughly 70 percent of
the recycled corrugated containers are clodedp (i.e., replaces virgin corrated) and 30 percent is opdnop

(i.e., replaces boxboard).

6 Most recycled drywall is used for a variety of agricultural purposes, but can also be recycled back into new
drywall. Approximately 20 percent of recycled drywall is cldseg (i.e., replaces virgin drywall) and 80 percent is
opentoop (i.e., used forgricultural purposes).
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(@) (b) () (d) (e)
ShortTons of ShortTons of
Product Made Product
per ShortTon of Made per
%of Recovered | Recycled Inputs| ShortTon
Materials in the Recovered
Retained in the Manufacturing Materials
Material Recovery Stage Stage (d=bxc) Data Source
Newspaper 95 0.94 0.90 FAL, 2003; RTI, 2004
Office Paper 91 0.66 0.60 FAL, 2003; RTI, 2004
Phone Books 95 0.71 0.68 FAL, 2003; RTI, 2004
Textbooks 95 0.69 0.66 FAL, 2003; RTI, 2004
Dimensional Lumber 88 0.91 0.80 FAL, 2003
Medium-Density Fiberboard 88 0.91 0.80 FAL, 2003
Desktop CPUs 100 See note b See note b See note b
Portable Electronic Devices 100 See note b See note b See note b
Flatpanel Displays 100 See note b See note b See note b
CRT Displays 100 See note b Seenote b See note b
Electronic Peripherals 100 See note b See note b See note b
Hard-copy Devices 100 See note b See note b See note b
Mixed Electronics 100 See note b See note b See note b
Carpet 100 1.00 1.00 FAL 2002a; see note ¢
Concrete 100 1.00 1.00 See noted
Fly Ash 100 1.00 1.00 See noted
Tires 90 0.86 0.78 Corti & Lombardi, 2004
Asphalt Concrete 100 1.00 1.00 Levis 2008
Asphalt Shingles 100 0.07 0.93 Berenyi, 2007
Drywall 100 1.00 1.00 WRAP, 2008
aFranklin Associates, Ltd. (FAL) provided data for column (b), while the Research Triangle Institute (RTI) provided data for

column (c).

b The rate at which recycled inputs are recovered for new products in the manufacturing stage varies by electronizecomp
See theElectronicshapter for more detail.

¢A 0.5% loss rate was assumed for molded products from carpet recycling, based on data provide(09ZBAINo loss was
assumed for the carpet pad/cushion and carpet backing. Since molded productsup2%460f the materials recovered from
recycling carpet, the loss rate was weighted by this percentage to calculate the overall amount of material retained: (100%
0.05% x 25%)/100 = 1.00.

d Due to the nature of the recycling process for fly ash anttete, these materials are collected and recycled on aperton
basis, offsetting the production of portland cement and virgin aggregates, respectively.

e Loss rates for recycling asphalt concrate less than Yoby massBecausehe recovered asphattoncrete is extremely
valuable and typically recovered @ite, the retention rate for recovered asphalt concrete is quite high.

Explanatory notesThe value in colum(b) accounts for losses such as recovered newspapers that were unsuitable for
recycling because they were too wet. Coluto)reflects process waste losses at the manufacturing plant or mill. Coldni
the product of the values ioolumns(b) and(c).

2.1.3 Cdculating the GHG Impacts &ecycling

WARM assesses the GHG emission implications of recycling from the point of waste generation
(i.e., starting at the point when the material is collected for recycling) through the point where the
recycled material or pduct has been manufactured into a new product for use. This includes all of the
GHG emissions associated with collecting, transporting, processing and recycling or manufacturing the
recycled material into a new product for use. To account for the enrississociated with virgin
YIydzFlF OGdzNBx 21! wa OFfOdAFGSa I aNBO&Of SR Ay Lzl



WARM Version 15 Recycling May 2019

avoidg or offsets the upstream GHG emissions associated with producing the same amount of
material from virgin inputs.

The approach for calculating the recycled input credit depends upon whether the material is
recycled in a closear openloop processGHG emission reductions associated withsedloop
manufactureusing recycled inputs are calculated by taking the tbffiee between (1) the GHG
emissions from manufacturing a material (accounting for loss rétes) 100percent recycled inputs,
and (2) the GHG emissions from manufacturing an equivalent amount of the material frope@nht
virgin inputs.

For openloop recycling processes, the emission reductions are calculated by taking the
difference betweer(1) the GHG emissions from manufacturingeaondary productrom 100percent
recycled inputs, and (2) the GHG emissions from manufacturing an equivalent amelmsetondary
product (accounting for loss rates) fro@0percent virgin inputs

The methodology for estimating resource acquisition and manufacturing emissions is described
in the WARMBackgroundand Overviewchapter. There are separate estimates foamufacturing
process emissions for virgin inputs and recycled inputs, and transportation for virgin inputs and recycled
inputs. For details on the components of the manufacturing process and transportation inputs, see the
WARMBackgroundand Overviewchaper.

Therecycling GHG emission fact@i® provided in the chapters corresponding to each
individual material modeled in WARNIhese GHG emission factors represent the GHG emissions
associated with recycling each material into a new product for use, nairiidG emission offset for
avoiding the manufacture of an equivalent amount of the product from virgin inputs.

In evaluating the relative GHG reduction benefits of recycling compared to an existing materials
management practice (i.e., evaluating the berebf recycling relative to source reduction, composting,
combustion or landfilling), the recycling GHG emission factors developed in WARM must be compared
against the corresponding emission factors for the existing management practice. For example, to
evalate the GHG emission reductions from recycling one short ton of aluminum cans instead of sending
the same quantity to the landfill, the GHG emission factor for landfilling one short ton of aluminum cans
must be subtracted from the recycling emission fadtr aluminum cans. Please see tWARM
Backgroundaind Ovengw chapter for additional explanation of the comparative aspect of WARM
emission factors.

2.2 RESULTS

The national average results of this analysis are showxinilt 2-2. The net GHG emission
reductiors fromrecyclingof each materiahre shown in colum(f). As stated earlier, these estimates of
net GHG emissions are expres$edrecyclingn absolute termsand are not values relative to another
waste management option, although they must be used comparatively, as all WARM emission factors
must be. They are expressed in terms of short tons of waste input (i.e., tons of waste prior to
processing).
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Exhilit 2-2: EmissionFactorfor Recycling (MTC&/Short Ton of Material Recovered)
(@) (b) (c) (d) (e) ()
GHG Reductions from|
Recycled Recycled Input|  Recycled Using Recycled
Input Credit® Credit2 Input Credit® | Forest Inputs Instead of
Process Transportatio | Process Non | Carbon Virgin Inputs
Material Energy n Energy Energy Storage (f=b+c+d+e)
Aluminum Cans -5.37 -0.04 -3.72 C -9.13
Aluminum Ingot -4.00 -0.03 -3.18 q -7.20
Steel Cans -1.79 -0.04 0.00 C -1.83
Copper Wire -4.44 -0.05 0.00 G -4.49
Glass -0.12 -0.02 -0.14 [« -0.28
HDPE -0.73 0.01 -0.17 q -0.89
LDPE NA NA NA NA NA
PET -091 0.11 -0.34 G -1.15
LLDPE NA NA NA NA NA
PP NA NA NA NA NA
PS NA NA NA NA NA
PVC NA NA NA NA NA
PLA NA NA NA NA NA
Corrugated Containers -0.02 -0.05 -0.01 -3.06 -3.14
Magazines/ThireClass Mail -0.01 C C -3.06 -3.07
Newspaper -0.66 -0.03 G -2.02 -2.71
Office Paper 0.21 G -0.02 -3.06 -2.86
Phone Books -0.61 G G -2.02 -2.62
Textbooks -0.05 G C -3.06 -3.10
Dimensional Lumber 0.06 0.01 q -2.53 -2.47
Medium-Density Fiberboard 0.05 0.02 q -2.53 -2.47
Food Waste NA NA NA NA NA
Food Waste (meat only) NA NA NA NA NA
Food Waste (nomeat) NA NA NA NA NA
Beef NA NA NA NA NA
Poultry NA NA NA NA NA
Grains NA NA NA NA NA
Bread NA NA NA NA NA
Fruits and Vegetables NA NA NA NA NA
Dairy Products NA NA NA NA NA
Yard Trimmings NA NA NA NA NA
Grass NA NA NA NA NA
Leaves NA NA NA NA NA
Branches NA NA NA NA NA
Mixed Paper
Mixed Paper (general) -0.38 -0.11 -0.01 -3.06 -3.55
Mixed Paper (primarily residential -0.38 -0.11 -0.01 -3.06 -3.55
Mixed Paper (primarily from -0.41 -0.11 -0.00 -3.06 -3.58
offices)
Mixed Metals -3.06 -0.04 -131 G -4.39
Mixed Plastics -0.84 0.07 -0.28 G -1.06
Mixed Recyclables -0.20 -0.03 -0.07 -2.54 -2.85
Mixed Organics NA NA NA NA NA
Mixed MSW NA NA NA NA NA
Carpet -1.43 -0.01 -0.94 G -2.38
Desktop CPUs -1.45 0.01 -0.04 q -1.49
Portable Electronic Devices -1.12 0.01 0.04 G -1.07
Flatpanel Displays -0.99 0.01 -0.02 G -1.00
CRT Displays -0.53 0.00 -0.04 q -0.57
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(@) (b) (c) (d) (e) ()
GHG Reductions fron
Recycled Recycled Input|  Recycled Using Recycled
Input Credit® Credit2 Input Credit® | Forest Inputs Instead of
Process Transportatio | Process Non | Carbon Virgin Inputs
Material Energy n Energy Energy Storage (f=b+c+d+e)

Electronic Peripherals -0.36 0.02 -0.03 q -0.37
HardCopy Devices -0.54 0.00 -0.03 G -0.57
Mixed Electronics -0.77 0.01 -0.03 G -0.79
Clay Bricks NA NA NA NA NA
Concrete -0.00 -0.01 G C -0.01
FlyAsh -0.42 G -0.45 [« -0.87
Tires -0.46 0.08 C [« -0.38
Asphalt Concrete -0.03 -0.05 q NA -0.08
Asphalt Shingles -0.11 0.02 q NA -0.09
Drywall 0.00 0.02 G G 0.03
Fiberglass Insulation NA NA NA NA NA
Vinyl Flooring NA NA NA NA NA
Wood Flooring NA NA NA NA NA

NA = Not applicabléor the plastic resin material types, only HDPE and PET recycling are modeled in WARM due to LCI data availability.
¢ = Zero emissions.

Note that totals may not add due to rounding, and more digits may be displayed thaignificant. Negative values denote

GHG emission reductions or carbon storage

aMaterial that is recycled after use is then substituted for virgin inputs in the production of new products. This crestiersapr

the difference in emissions that resuftem using recycled inputs rather than virgin inputs. The credit accounts for loss rates in
collection, processing and remanufacturing. Recycling credit is based on-aoskdpenloop recyclingdepending on

material.

2.3 LIMITATIONS

The data presentedh this documentinvolve GHG emissions associated with the raw materials
and acquisition of materials; thereforthe limitationsrelated toraw materials and acquisiticior
specific material types are provided in respective material type chap@ter Imitations are as
follows:

1 The recycling results are reported in terms of GHG emissiorshperton of material collected
for recycling. Thus, the emission factors incorporate assumptions on loss of material through
collection, sorting and remanufactugn There is uncertainty in the loss rates: some materials
recovery facilities and manufacturing processes may recover or use recycled materials more or
less efficiently thamsestimated here.

1 Because the modeling approach assumes clésef recycling fomostmaterials, it does not
fully reflect the prevalence and diversity of opkaop recycling. Most of the materials inish
analysis are recycled into a variety of manufactured products, not just into the original material.
Resource limitations prevennaexhaustive analysis of ali the recycling possibilities for each of
the materials analyzed.

1 For the purpose of simplicity, EPA assumed that increased recycling does not change overall
demand for products. In other words, it was assumed that each inen¢ahshortton of
recycled inputs would displace virgin inputs in the manufacturing sector. In reality, there may be
a relationship between recycling and demand for products with recycled cosiece these
productsmaybecome cheaper as the supply otyeled materials increases.
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3 ANAEROBIC DIGESTION

Thischapterdescribes the development of anaerobic digesttoy A aaA 2y Tl OG2NA T2 N.
Reduction Model (WARMIncluded are stimatesof the netgreenhouse gagGHG emissions from
anaerobic digestion of yard trimmings, food waste, and mixed organics waste.

3.1 ASUMMARY OF THE GIMPLICATIONS OF ANREBIC DIGESTION

During anaerobic digestion, degradable materials, such as yard trimmidgs@chwaste, are
digested in a reactor in the absence of oxygen to produce biogas that is betweghpgbcent
methane (Ch). This biogas is then typically burnedsite for electricity generationWARM includes
anaerobic digestioms a materials management option for yard trimmings, fe@ste,and mixed
organicqi.e., yard trimmings plus food wast&lthough there are many different categories of food
waste, includindood waste fronresidentialsources commerciakources wase from specific types of
commercial entities, vegetabdeandmeat, EPA has not located satisfactory datahanv the
characteristics of these different types of waste vahyen managed at end of life. As a resalt,food
waste is treated as one material the anaerobic digestion management practice in WARM same
assumption was made for the landfilling, compostiagd combustion pathways in WARM.

Anaerobic digestion is a biological procasshichmicroorganisms break down organic
material in the alkence of oxygen. While breaking down this matter, the microorganisms release biogas
and leave behind digested solidferred to adigestate?2 | wa Q& | LILINRF OK (2 | yI SNRoO
assumes that the biogas is used for electricity generation and to heatigfester while the digestate is
ultimately applied to agricultural lands.

There are different types of digesters including wet and dry digesters. Wet digesters involve the
addition of water during the digestion process; the liquid resulting from digess recovered and
returned to the reactor once the process is complete. Dry digesters do not require the addition of water.
EPA developed separate estimates of emissions for wet anaerobic digesters and dry anaerobic digesters.
Due to the high amount ofrpprocessing that would be required, EPA assdithat wet digester
operators do not use yard trimmings as a feedstock. Therethyedigestion is the only digestion option
for yard trimmings and mixed organics. EPA also modeled two digestate managerm@nics: the
direct application of digestate to land and the curing of digestate before land application. As modeled in
WARM, anaerobic digestion resultsciarbon dioxide (C£emissions from transportatign
preprocessing and digester operations, carbtorage (associated with application of digestate
agricultural soils)nitrogen and phosphorous fertilizer offsets, net electricity offsets, and where
applicable, digestate curing. Emissions estimates also infligikve emissions of Gtnd nitrous oide
(N:O) produced duringligestatedecomposition

3.2 CALCULATING THE GMBACTS OF ANAEROBIGESTION

The stages of an anaerobic digestion operation that contributed to the WARM anaerobic
digestion energy and emission factamslude the followingprocesses:

I Transport of materials

1 Preprocessing and digester operations
i Biogas collection and utilization

91 Curing andand application

1 Fugitive ClHand NO emissions

" The generated biogas can be used for other applications such as vehicle fuel or upgrading to-giiipe
natural gas. These biogas applications are not modeled in WARM.

3-1
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9 Carbon storage
1 Avoided fertilizer offsets
1 Net electricity offsets

There are numerous configations of anaerobic digestion facilities. WARMIudes the
emissions associated with bo#itontinuous singlestage, wet, mesophilic digestand asinglestage,
dry, mesophilic digesteiVet digestions the most widelyusedtechnologyin practice (whe including
the co-digestionof food waste with wastewater sludge or manuréhe modeled wet digestas
assumed tgrocesonly food wastewhereas the dry digestanayacceptfood waste yard trimmings
and mixed organicDry digestiorsystemsare projet¢ed to represent the majority o&naerobic
digestiongrowth in the UnitedStates (The Environmental Research & Education Foundaoas).

Both the wet and dry digesters modeled in WARM may utilizebiogagproducedto heat the reactor

and to generate kectricity onsite. A majority of currentlypperational facilities beneficially use biogas
(The Environmental Research & Education Founda#iohs. EPA assuntkthat the generated

electricity is used to power thanaerobic digestiofacility and excess electricity is sold to the regional
electrical gridDepending on the system typehe digestate removed from the reactor is dewatered and
can beaerobically cured. The resulting compost is land applied and assumed to store carboffisend
nitrogen and phosphorus fertilizer use.

Exhibit3-1 below shows a flow diagram of the different processes within anaerobic digestion.
Feedstok materials, such as food waste, are jpr@cessed. Prprocessing includes grinding, screening
and mixing the feedstock beforkis fed into thedigester Thedigesterreleases biogas which is
combusted in an internal combustion engine to generate eleityrand heat. The heat is captured and
used to heat the reactor while the net electricity generated is exported to the electrical grid, offsetting
grid electricity generation. The digestate is removed from the digester and, in the case of a wet digester,
dewatered. The digestate is either aerobically cured before land application or directly applied to
agricultural lands.

Exhibit3-1: Flow Diagram of Anaerobic Digesti@s Modeled in WARM

" Life-Cycle StagesThat (|
Are GHG Sources
| [PositiveEmissions)

esultinBoth
tive and Negative

Emissions

Engine

Feedstocks Reactor Digestate )
Curing

The processodeled within WARM results in biogenic £e@issio
decomposition after the resulting compost is added to the ®®lcause this G@s biogenic in origin,
however, it is not counted as a GHG in theentory of U.S. Greenhouse Gas Emissions andaBohis
not included in this accounting of emissions and sfnks.

8 For more information on biogenic carbon emission§sell KS G SBYAGRAR2 y&/ WNRBY . A23SyA0
the WARM Background and Overviehapter.
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The following sections providedditionaldetail on thedatasources and methods used to
develop emissions factors. Secti®r2.1describegshe material properties required to model anaerobic
digestion. SectioB.2.2describes th@ransport of materials in terms of thiessil fuels (disel) used in
vehicles collecting and transporting waste to the anaerobic digestion facility and the@ustmer
transportation Sectior.2.3 discusses the inputs required for th@eprocessing andperation of the
anaerobic digester including fuel and electricity use, water requiremeamnis losses. Sectidh2.4
outlines the biogas collection process and the avoided emissionstirecombuston of methane.
Section3.2.5describes theuring and land application process. SecBah6describeghe fugitive Chi
and NO emissions that occur during digestate curing and after land application. S8@i@describes
the components of carbon storage. Sect®2.8discusses the avoided nitrogen and phosphorous
fertilizer amounts ad emissions fronland application of digestate.

3.2.1 CalculatingMaterial Properties

In modeling anaerobic digestion, EPA first determined the amount of carbon contained in
degradable materials that will be anaerobically digest#ithough a large body of rearch exists on GH
generation from mixed solid wastes, only a few investigatar®st notably Dr. Morton Barlaz and
colleagues at North Carolina State Univensibave measured the behavior of specific waste wood,
paper, food waste and yard trimming comparis. The results of their experiments yield data on the
inputst specifically the initial carbon contentSH generation and carbon storedthat are required for
calculating materiaspecific emission factors for WARM.

The anaerobic digestion process regsi eight material properties for each organic feedstock.
Netemission values are calculated for mixed yard trimmings and mixed organics based on the weighted
averageemission factors fothe constituent materials (i.e., food waste, branches, grass, aatk.

Exhibit3-2 shows the material properties based on the work of Dr. Barlaz and are consistent with the
methodology used for landfilling in WARM, as described ir_LtmafillingChapter.

Exhibit3-2: Material Properties by Material Type

Initial Initial Volatile Methane Percent of Volatile

Moisture | Carbon | Nitrogen Initial Solids Potential FHnal Methane Solids
Content | Content® | Content2 | Phosphorus | Contenta (md3/dry Yield Reached | Destructionf

Material (%) (%) (%) Contenta (%) (%) metric ton) (%) (%)

Food Waste 72.2% 49.5% 3.8% 0.51% 95.6 369.C 90.0% 75.0%
Branhes 15.9% 49.%% 0.8% 0.20% 90.6 106.4 50.0% 47.5%
Grass 82.0% 44. %% 3.4% 0.20% 86.4 194.8 90.0% 75.0%
Leaves 38.2%%0 45.9% 0.9% 0.20% 90.2 65.3 50.0% 47.%%

aDeveloped from Riber et al. (2009).

bInitial carbon content from Barlaz (1998).

¢Mean of literature values reviewegublication forthcoming.

dMethane yield calculated from-I8ss reportedoy Barlaz (1998).

eVaries by process, retention time, and material decay rate. Mgller et al. (2009) used 70% for mixed organics, which was
increased to 90% for food waste and grass and reduced to 50% for branches and leaves.

fUsed average for mesophilieactors reported by EBMUD (2008) for food waste and grass and used average for municipal
wastewater solids for branches and leaves due to their higher lignin content.

The methane yield of food waste is the most critical input value,aareriew of recen
literature shows that it can range from approximaté®1to 544 m3CH/dry ton. The man of the
previous studies is 333 CH/ ton. The current version of WARM uses a facta3@dm®CH/dry ton,
which is within onestandard deviation of the meanhig highervalue was selected for consistency with
the current WARM landfill model.

3-3



WARMVersion 15 Anaerobic Digestion May 2019

3.2.2 Transport of Materials

WARM accounts for the GHG emissions resulting from fossil fuels used in vehicles collecting and
transporting waste to the anaerobic digestion fagilExhibit3-3 showsthe diesel usedor transporting
the feedstock and solids to the anaerobic digester and the-possumer transportationTo caculate
GKS SyYrAaarzyas 21l wa NBRfASE 2y aadzYLliArAz2ya
2015). The NREL emission factor assumes a diesel;hshdrtruck.

Exhibit3-3; Diesel Use byrm®cessand by Material Type for Dry Digestion

bwo[ Q&

Transportation PostConsumer | Total Energy Required fo| Total CQ Emissions from
and Spreading Transportation Dry Anaerobic Digestion | Dry Anaerobic Digestion
Material (Million Btu) (Million Btu) (Million Btu) (MTCQE)

Food Waste 0.25 0.04 0.33 0.02
Yard Trimmings 0.30 0.04 0.34 0.02
Grass 0.28 0.04 0.33 0.02
Leaves 0.31 0.04 0.36 0.02
Branches 0.32 0.04 0.37 0.02
Mixed Organics 0.29 0.04 0.34 0.02

3.2.3 Preprocessing and Digester Operations

WARM modelshe electricity and diesel consumed during preprocessing and digester operation
for both wet and dry digestion based on literature values. Preprocessing includes grinding, screening
and mixing the feedstock before they are fed into the reactor. For thetrdéty used in operations, EPA
assumed the upper literature limit for the wet digestion system, as additional electricity is required for
pumping and mixing within the system (Moller et @009). The lower literature limit was chosen for
the dry digesibn system (Moller et al2009). Dry digestion requires more diesel for its operations as it
involves the additional use of fror@nd loaders to move materials. The reactor moisture content of wet
digestion systems is assumed to be higher than dry digestystems. In the wet digestion system, the
digestate is dewatered and some liquids are recovered and returned to the reactor, with the remainder
being treated in a wastewater treatment plant (WWTP). For dry systems, the digestate is simply
removedwithout dewatering Electricity is consumed during the dewatering process. Additional
operation assumptions are shown belowlrhibit3-4.

Exhibit3-4: Pregprocessing andReactor Operations Inputs and Assumptiorfer Wet and Dry Anaerobic Digestion

Wet Digestion | Dry Digestion
Facility Operation Inputs Units Assumptions | Assumptions Source
WERF, 2012
Percentmethane loss to leaks % 2 2 Sanscartier et a(2012) reports (25%)
Boldrin et al(2011) (48.9 kWh/Mg)
Mgller et al.(2009 (20-50 kwWh/Mg)
Sanscartier et a(2012) (47-67 kWh/Mg for
House electricity demand kWh/ton 45.4 18.1 Dufferin facility)
Dewatering electricity use kWh/ton 68 0 Niuet al.(2013
Boldrin et al(2011) (0.9 L/Mg)
Mgller et al.(2009 (1.6 L/Mg)
Sanscartier et a(2012) (0.3 L/Mg for
Dufferin facility)
House diesel fuel use L/ton 0.91 5.89 WERK2012 (6.5 L/Mg)
% wet
Reactor moisture content weight 95 70 Hansen et al. (2006)
Moisture content after % wet
dewatering weight 76 NA Metcalf and Eddy (2003)
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Percent dry mass Nitrogen loss Developed from Hansen et al. (2006) bas
during AD % 8 8 on initial nitrogencontent

Percent dry mass Phosphorus

loss during AD % 0 0 Assumed

3.2.4 Biogas Collection and Avoided Emissions

The methane biogas produced during anaerobic digestion is collected and cambested to
produce heat and electricity. The recovery of heat and electricity from the combusted biogas offsets the
combustion of other fossil fuel inputs. WARM models the recovery of biogas for electricity generation
and assumes that this electricityfséts nonbaseload electricity generation in the power sector.

Electricity generation from combustion of biogas is assumed to be unavailable perdéntof
operation time and the process is assumed to be@@fentefficient (EPA2013) These values are
consistent with those used for landfill gas combustion in WARM, as describedLiantéllingChapter.

WARM estimates the amount of methane that is collected by gas collection equipExdmkhit
3-5 and Exhibit3-6 show the mass of methane generated, leaked, flasaal combusted foenergy by
material type for wet and dry digestion. The anaerobic digestion of food waste results in almost twice as
much electricity generation compared to yard trimmings and mixed organics due to its higher methane
yield. For all feedstocks, the excesahcaptured from the engine is more than four times what is
needed to heat the digester.

Exhibit3-5: Methane Generation, Teatment, and Useby Material Type for Dry Digestion

Mass of
Mass of Mass of Mass of Methane Energy from

Methane Methane Methane Combusted | Combusted | Electricity | Net Electricity

Cenerated Leaked Flared for Energy Methane Generation | to the Grid

Material (kg/ton) (kg/ton) (kg/ton) (kg/ton) (MMBtu/ton) | (kWh/ton) (kwWh/ton)
Food Waste 60.0 1.18 8.80 50.0 2.37 2014 183
Yard Trimmings 20.7 0.41 3.04 17.3 0.81 69.6 51.5
Grass 20.5 0.41 2.99 17.06 0.81 68.8 50.6
Leaves 13.1 0.26 1.91 10.9 0.52 44.0 25.9
Branches 28.9 0.58 4.26 24.1 1.14 97.1 78.9
Mixed Organics 41.1 0.81 6.03 34.3 1.62 138 120

Exhibit3-6: Methane Generation, Teatment, and Use by Material Type for Wet Digestion

Massof Energy Energy Net Energy
Mass of Mass of | Mass of Methane from Electricity Available | Electricity | Required
Methane | Methane | Methane Combusted Combusted Generation to Heat to the to Heat
Generated | Leaked Flared for Energy Methane (kWh/ton) Digester Grid Reactor
(kg/ton) (kgfton) | (kg/ton) (kg/ton) (MMBtu/ (MMBtu/ (kwh/ (MMBtu
Material ton) ton) ton) / ton)
Food
Waste 60.0 1.18 8.80 50.0 2.37 201.4 1.26 182.8 0.14

WARM applies nobaseload electricity emission rates to calculate the emissions offset from gas
energy recovery because the model assumes that incremental increases in energy recovery will affect
nono  aSt2FR LI2GSNI LI Fyia 6AFRdi 2L02haySNT  LIIEYIRY (-8R 2Gdial- (i
changes in the supply and demand of electricity). EPA caldutatebaseload emission rates as the
average emissions rate from power plants that combust &mnel have capacity factors less than 0.8
(EPA, 2018). The methodology used for anaerobic digestion is consistent with landfilling in WARM, as
described in theLandfillingchapter.
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The net electricity exported tthe grid is the difference between the elkeicity generated from
biogas combustioand the electricity useth the anaerobic digestion process and, if modeled by the
user, digestate curing he majority of the electricity use is dt®material preprocessing and mixing.
Food waste uses less etiecity for dewatering and screenirgecause ithigher moisture content
resultsin lesssoliddigestateproduced.Exhibit3-7 illustrates thenet electricityexported to the gridoy
material type.

Exhibit3-7: Electricity Exported by Material Typir Dry Digestion ad Digestate Curing

Net Hectricity to Grid Net Greenhouse Gas Offget
Material (kWh/ton) (MTCQe/ton)

Food Waste 193.42 0.04
Yard Trimmings 54.93 0.09
Grass 53.38 0.01
Leaves 30.74 0.22
Branches 82.21 0.73
Mixed Organics 12883 0.06

aBased on national average grid mix.

3.2.5 Curing and Landpplication

For both wet and dry anaerobic digestion systems, WARM estimates the emissions associated
with two scenarios for digestate beneficial use: curing the digestate and applying the resultingstomp
to agricultural lands, or directly applying digestate to agricultural lands without curing.

In the case in whicthe digestate is cured, the solids are aerobically cured in turned windrows.
The resulting compost is then screened, transported to afitice lands, and used in place of a portion
of the conventional nitrogen and phosphorus fertilizer that would be needed for the same agricultural
lands. EPA assum¢hat there are Clhland NO emissions released during the curing process. L#£33N
emitted from the cured compost during land application than from compost that was directly applied
due in part to the MO released during the curing procegiired digestate also hadcaver mass of
carbon stored after 100 years compared to digestate direqijyliad to agricultural land€xhibit3-8
outlines the digestate curing input values and assumptions used to develop curing GHG emissions within
WARM.These inputs are used to calculate the diesel used during curing for mixing and windrow turning
and electricity use for screening. Sect®.7and SectiorB.2.8further elaborate on the impact of
curing on fugitive emissions and carbon storage calculations.

Exhibit3-8: Digestate Curing Inputs and Assumptiofts Wet and Dry Digestion

Digestate Curing Parameters Units Value Source

Curing fuel use (mixing windrow turning) L/ton 0.91 | Boldrin et al. (2009) Assumed 1/3 of 3L used
for curing.

Nitrogen lossluring curing % 38.5 | Average from Beekriis et al. (2000)

Carbon loss during curing % 58 Average for open biowaste systems from
Boldrin et al. (2009)

Percent N loss ds,0 % 1 Average for open biowaste systems from
Boldrin et al. (2009)

Percent C loss &H % 1.3 Average for open biowaste systems from
Boldrin et al. (2009)

Screen electricity use kWh/ton 0.882 | Komilis and Ham (2004)

Massvolatile soliddoss per mol C loss g/mol C 12 Haug (1993)

loss
Finished compost moisture content % 40 Haug (1993)
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3.2.6 Fugitive Emissions of Gldnd NO During Quring and After Land Application

In addition to the emissions from cugmrocesses, WARIEIccounts fothe fugitive ChHland NO
emissions that occur during the curing process and after land application. These emissions are
dependent orwhether the digestate is cured before land applicatiBihibit3-9 summarizethe CH
and NO emissions by material type. Food waste has greatérédnissions and nitrogen fertilizer
offsets because ttontainsmore initial nitrogen.

Exhibit3-9: Methane andNitrous Oxide BEmissionsDuring Quring and After Land Application for Wet and Dry
Digestion

NoO Emitted After N.O Emitted After

Methane Enitted N2O Hnitted Land Application Land Application

During Quring During Quring when Cured when not Cured

Material (kg CHiton) (kg NO/ton) (kg NO/ton) (kg NO/ton)

Food Waste 0.26 0.11 0.26 0.50
Yard Trimmings 1.28 0.06 0.15 0.30
Grass 0.32 0.06 0.15 0.30
Leaves 1.95 0.06 0.15 0.29
Branches 2.52 0.07 0.16 0.32
Mixed Organics 0.75 0.09 0.21 0.41

3.2.7 Carbon ®rage

Similar to carbon from compost applied to agricultural lands, EPA askiinaecarbon from
digestate applied to agricultural lands remains stored in the soil through two main mechaudisets
storage of carbon in depleted soils and carlstored in nonreactive humus compound§VARM
calculates the carbon storage impact of each carbon storage path separately and then sums them to
estimate the carbon storage factor associated vattthshort ton of organics composted. For more
information oncarbon storage calculations, see section 2.4 inGoenpostingchapter, which includes
information on the Century model framework and simulations. EPA thleeCentury model to calculate
soil carbon storage by simulating soil organic matter pdetibit3-10 presentsthe soil carbon storage
by material typeThe increased solids content of mixed orgargassesncreased carbon in the compost
when compared to compost from just food waséd thus increased soil carbon storage credits.

Exhibit3-10: Soil CarborStorage by Material Type

Material Soil Carbon Storage (kg C/ton

Food Waste -32.86
Yard Trimmings -159.8
Grass -40.05
Leaves -24268
Branches -31334
Mixed Organics -91.69

3.2.8 AvoidedFertilizer Offsets

EPA assuntkthat digestate applied to agricultural land allows for some synthetic fertilizer use
to be avoidedWARM includes avoided fertilizer offsets for land application of the digestate generated
from anaerobic digestion but not for compost generated from composting due to the difference in
feedstocks used for each material management pathwaynd waste is therimary feedstock for
anaerobic digestion, and contains significant amounts of nitrogen and phosphorus. Yard waste is the
primary feedstock considered in the compost pathway in WARM and contains significantly smaller
amounts of nitrogen and phosphorus. &ise the compost from yard trimmings is less nutrech, it
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is assumed that the compogenerated during compostingpes not offset any synthetic fertilizer use

when applied to agricultural land. Given the nutrient loss rates found in reviewed literahe fertilizer
offsets for uncured digestate were largan those from compost from yard trimmingBeckFriis Pell
SonessonJmsson, & Kirchmani2000). Based on this information, EPA calculated a nitrogen and
phosphorus fertilizer offset for anaerobically digested materials. Further discussion of the fertilizer
considerations for composting is found in tGempostinghapter. The literature valuassed for

mineral nutrient equivalence and the emissions intensity of nitrogen and phosphorous fertilizer use and
application are shown igxhibit3-11.

Exhibit3-11: Literature Values for Calculating Avoided Fertilizer Offsets

Units Value
kg N offset/kg N applied 0.4
kg N offset/kg P applied 1.0
kg CO2e/kg N 8.9
kg CO2e/kg N 1.8

Source
Mgller et al. (209)
Maller et al. (2009)
Boldrin et al. (2009)
Boldrin et al. (2009)

Use on Land Parameters
Mineral Nutrient Equivalent for Nitrogen
Mineral Nutrient Equivalent for Phosphorus
GHG intensity of N fertilizer use and application
GHG intensity of P fertilizer use and application

Exhibit3-12 presensthe nitrogenand phosphorousertilizer offsetby material type Food
waste has greater nitrogen félizer offsetsthan yard trimmings and mixed organ@s it initially
containsmore nitrogen.

Exhibit3-12: Nitrogen and Phosphorous Fertilizer Offset by Material Type

Nitrogen Fertilizer Phosphorous Nitrogen Phosphorous
Offset Fertilizer Offset Fertilizer Offset Fertilizer Offset

Material (kg N/ton) (kg P/ton) (MTCQelton) (MTCQelton)
Food Waste 1.084 1.286 0.01 0.00
Yard Trimmings 0.643 0.844 0.01 0.00
Grass 0.628 0.323 0.01 0.00
Leaves 0.626 1.218 0.01 0.00
Branches 0.691 1.511 0.01 0.00
Mixed Organics 0.873 1.074 0.01 0.00

3.2.9 WARMAnaerobicDigestionResults

The net greenhouse gas emissions resulting from anaerobic digestion are calculated by summing
the emissions fronthe dieselfor transportation and land application, fuel and electricity required for
operation, biogas collection and combustion of methane, curing and land application, fugitive emissions,
carbon storage, avoided fertilizer offsets and avoidésttricity offsetsin WARM, the emissions from
FYFSNRPOoAO RAIS&alGA2Yy NB RSLISYRSydG 2y (GKS dzaSNJ &St
Anaerobic Digestiogh YR d5NB !y SNRPOoAO 5A3SaiAz2yéo yR 2yS
Digestateé | Y R @& 5 A Kb @ihidit3-dAshows theGHG emissions from each spimcess for
the dry digestion ofood waste and mixed organiegth digestate curingexhibit3-14 shows the GHG
emissions from dry digestion with direct land application.

Exhibit3-15 shows the GIG emissions from wet digestion with digestate curkxhibit3-16
shows the GHG emissions from wet digestion with direct land application.
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Exhibit3-13: Components of the Dry Anaerobic Digestion Net Emission Factor by Material Type with Digestate

Curing (MTCeE/Short Ton)

Anaerobic Digestion

May 2019

Avoided Avoided Soll Process Net Emissions
Process| Utility Fertilizer Carbon Nor+ Transportation (Post;
Material Energy | Emissions| Application | Storage Energy Energy Consumer)

Food Wast&b 0.02 -0.14 -0.01 -0.03 0.12 0.00 -0.04
Food Waste (meat only] 0.02 -0.14 -0.01 -0.03 0.12 0.00 -0.04
Food Wastdnorn-meat) 0.02 -0.14 -0.01 -0.03 0.12 0.00 -0.04
Beef 0.02 -0.14 -0.01 -0.03 0.12 0.00 -0.04
Poultry 0.02 -0.14 -0.01 -0.03 0.12 0.00 -0.04
Grains 0.02 -0.14 -0.01 -0.03 0.12 0.00 -0.04
Bread 0.02 -0.14 -0.01 -0.03 0.12 0.00 -0.04
Fruits and Vegetables 0.02 -0.14 -0.01 -0.03 0.12 0.00 -0.04
Dairy Products 0.02 -0.14 -0.01 -0.03 0.12 0.00 -0.04
Yard Trimmings 0.02 -0.04 -0.01 -0.16 0.09 0.00 -0.09
Grass 0.02 -0.04 -0.01 -0.04 0.07 0.00 0.00
Leaves 0.02 -0.02 -0.01 -0.24 0.10 0.00 -0.14
Branches 0.02 -0.06 -0.01 -0.31 0.13 0.00 -0.23
Mixed Organics 0.02 -0.09 -0.01 -0.09 0.11 0.00 -0.06

aFood waste material properties represent a weighted average of vegetable food waste anvégetable food waste
b Although there aremany different categories of food waste, including food waste from residential sources, commercial

sources, waste from specific types of commercial entities, vegetables, and meat, EPA has not located satisfactory data on how
the characteristics of theseftirent types of waste vary when managed at end of life. As a result, all food waste is treated as

one material in the anaerobic digésh management practice in WARM
¢Mixed organics material properties represent a weighted average of branches, geags, leegetable food waste, and ron

vegetable food waste

Exhibit3-14: Components of the Dry Anaerobic Digestion Net Emission Factor by Material TypeDingtt Land
Application (MTCQE/Short Ton)

Avoided Avoided Soll Process Net Emissions
Process|  Utility Fertilizer Carbon Nor- Transportation (Post
Material Energy | Emissions| Application | Storage Energy Energy Consumer)

Food WasteP 0.02 -0.14 -0.02 -0.08 0.12 0.00 -0.10
Food Waste (meat only] 0.02 -0.14 -0.02 -0.08 0.12 0.00 -0.10
Food Waste (nomeat) 0.02 -0.14 -0.02 -0.08 0.12 0.00 -0.10
Beef 0.02 -0.14 -0.02 -0.08 0.12 0.00 -0.10
Poultry 0.02 -0.14 -0.02 -0.08 0.12 0.00 -0.10
Grains 0.02 -0.14 -0.02 -0.08 0.12 0.00 -0.10
Bread 0.02 -0.14 -0.02 -0.08 0.12 0.00 -0.10
Fruits and Vegetables 0.02 -0.14 -0.02 -0.08 0.12 0.00 -0.10
Dairy Products 0.02 -0.14 -0.02 -0.08 0.12 0.00 -0.10
Yard Trimmings 0.02 -0.04 -0.01 -0.38 0.06 0.00 -0.35
Grass 0.02 -0.04 -0.01 -0.10 0.06 0.00 -0.06
Leaves 0.02 -0.02 -0.01 -0.58 0.06 0.00 -0.53
Branches 0.02 -0.06 -0.01 -0.75 0.07 0.00 -0.73
Mixed Organics 0.02 -0.09 -0.01 -0.22 0.09 0.00 -0.21

aFood waste material properties represent a weighted average of vegetable food wasteanegetable food waste

b Although there are many different categories of food waste, including food waste from residential sources, commercial
sources, waste from specific types of commercial entities, vegetables, and meat, EPA has not locatedsgatstacdn how
the characteristics of these different types of waste vary when managed at end of life. As a result, all food wastaliasreate
one material in the anaerobic digésh management practice in WARM

¢Mixed organics material properties reggent a weighted average of branches, grass, leaves, vegetable food waste, and non

vegetable food waste
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Anaerobic Digestion
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Exhibit3-15: Components of thaVet Anaerobic Digestion Net Emission Factor by Material Type viiipestate
Curing(MTCQE/Short Ton)

Avoided Avoided Soll Process Net Emissions
Process| Utility Fertilizer Carbon Nor+ Transportation (Post;
Material Energy | Emissions| Application | Storage | Energy Energy Consumer)

Food Wast&b 0.01 -0.12 -0.02 -0.03 0.10 0.00 -0.06
Food Waste (meat only] 0.01 -0.12 -0.02 -0.03 0.10 0.00 -0.06
Food Waste (nomeat) 0.01 -0.12 -0.02 -0.03 0.10 0.00 -0.06
Beef 0.01 -0.12 -0.02 -0.03 0.10 0.00 -0.06
Poultry 0.01 -0.12 -0.02 -0.03 0.10 0.00 -0.06
Grains 0.01 -0.12 -0.02 -0.03 0.10 0.00 -0.06
Bread 0.01 -0.12 -0.02 -0.03 0.10 0.00 -0.06
Fruits and Vegetables 0.01 -0.12 -0.02 -0.03 0.10 0.00 -0.06
Dairy Products 0.01 -0.12 -0.02 -0.03 0.10 0.00 -0.06
Yard Trimmings NA NA NA NA NA NA NA
Grass NA NA NA NA NA NA NA
Leaves NA NA NA NA NA NA NA
Branches NA NA NA NA NA NA NA
Mixed Organics NA NA NA NA NA NA NA

aFood waste material properties represent a weighted average of vegetable food waste anvégetable food waste
b Although there are many differemiategories of food waste, including food waste from residential sources, commercial

sources, waste from specific types of commercial entities, vegetables, and meat, EPA has not located satisfactory data on how
the characteristics of these different typefwaste vary when managed at end of life. As a result, all food waste is treated as

one material in the anaerobic digésh management practice in WARM
¢Mixed organics material properties represent a weighted average of branches, grass, leaves, végatialvbeste, and non

vegetable food waste
NA = Not applicable

Exhibit3-16: Components of theVet Anaerobic Digestion
Application (MTCQE/Short Ton)

Net Emission Factor by Material Type vibirect Land

Avoided Avoided Soil Process Net Emissions
Process|  Utility Fertilizer Carbon Nor- Transportation (Post
Material Energy | Emissions| Application | Storage | Energy Energy Consumer)

Food Wasteb 0.01 -0.12 -0.03 -0.08 0.08 0.00 -0.14
Food Waste (meat only] 0.01 -0.12 -0.03 -0.08 0.08 0.00 -0.14
Food Waste (nomeat) 0.01 -0.12 -0.03 -0.08 0.08 0.00 -0.14
Beef 0.01 -0.12 -0.03 -0.08 0.08 0.00 -0.14
Poultry 0.01 -0.12 -0.03 -0.08 0.08 0.00 -0.14
Grains 0.01 -0.12 -0.03 -0.08 0.08 0.00 -0.14
Bread 0.01 -0.12 -0.03 -0.08 0.08 0.00 -0.14
Fruits and Vegetables 0.01 -0.12 -0.03 -0.08 0.08 0.00 -0.14
Dairy Products 0.01 -0.12 -0.03 -0.08 0.08 0.00 -0.14
Yard Trimmings NA NA NA NA NA NA NA
Grass NA NA NA NA NA NA NA
Leaves NA NA NA NA NA NA NA
Branches NA NA NA NA NA NA NA
Mixed Organics NA NA NA NA NA NA NA

aFood waste material properties represent a weighted average of vegetable food waste awvegetable food waste
b Although there are many different categories of food wagte|uding food waste from residential sources, commercial

sources, waste from specific types of commercial entities, vegetables, and meat, EPA has not located satisfactory data on how
the characteristics of these different types of waste vary when managedd of life. As a result, all food waste is treated as

one material in the anaerobic digésh management practice in WARM

¢Mixed organics material properties represent a weighted average of branches, grass, leaves, vegetable food waste, and non
vegetble food waste

3-10



WARMVersion 15 Anaerobic Digestion May 2019

NA = Not applicable

3.3 LIMITATIONS

Because of data and resource constraints, this chapter does not explore the full range of
conditions, technologies, and practices for anaerobic digestion and how this canlgeaffect the
results of this analysis. Instedf@PA haattemptedto provide an analysis of GHG emissions and sinks
associated with anaerobic digestion of organics under a limited set of scenarios. In addition, the analysis
was limited by the scope of MRM, which is intended to present liégcle GHG emissions of waste
management practices for selected material types, including food waste and yard trimmings.

This sectiortompilesthe limitations of the anaerobic digesti@nalysis described in this
chager.

9 This analysis did not consider the differenceanaerobic digestioemissions resulting from
digestingdifferent food waste types€EPAmayconsider the need for additiona¢search into
developing food typespecificanaerobic digestiofactors forWARM.

T WARM assumes that the biogas generated during anaerobic digestion isweehternal
combustion engingo generateelectricity. This electricity then offsets grid electricity.
¢ KNRdZAK2dzi 9t! Qa NBOASg 2F f AditifeNdthérdasdFhavey R a0 |
been identified for the biogas that have not been addressed here. Tue=snclude upgrading
the gas to pipeline quality and converting it to either compressed natural gas or liquid natural
gas.

T WARM assumes that théggstategenerated during anaerobically digesting organic waste is
applied to agricultural land, either after curing or without further processthg.! Qa4 NB GJA S § 2 T
literature and stakeholder engagemeidentified other uses for digestate that have not been
addressedvithin WARM These uses include incinerating it for energgoveryand pelletizing it
for sale as a fertilizer substitute.

1 Thenet GHG emissions from anaerobically digesting food waste are quite sensifipalto
waste methane yieldssumptionsin discgsions with stakeholdeisy R Ay 9t ! Q& NB QDA S«
literature, it was indicated that there was little evidence that differamaerobic digestion
reactor configurations have significantly different methane yielterefore EPA believes that
the model preseted in this chaptershould provide reasonable estimates of the GHG emissions
from a wide range oénaerobic digestiogonfigurations.

9 This analysis calculates the GHG impacts of the anaerobic digestion of individual substrates as if
they were digested bthemselves. In practice, food waste may bedigested with manure of
wastewater treatment biosolids. It is assumed that the food waste behaves the same in
dedicated and in caligestion facilities such that the analysis presented here is applicable across
many anaerobic digestion scenarios.

1 Asidentified in theCompostingChapter, this analysis does not consider all soil conversation and

management pathways and the impact of those practices on carbon stdbagge and resource
restraints prevented EPA from using Century to evaluate the variation in carbon storage impacts
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for a wide range of compost feedstocks (e.g., yard trimmings mixed withviaste, foodwaste
alone). EPA acknowledges that the modeling prenfed to determine the humus formation for
yard trimmings and food discards attempts to provide an analysis of GHG emissions and sinks
that reflect the set of scenarios available. This methodology and its limitations are further

explained in theCompostingChapter.
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4 COMPOSTING

This guidance document describes ttevelopment of composting emission factors for BFA
Waste Reduction Model (WARM). Included are estimates of thgmenhouse gas3HG emissions
from composting of yard trimmings and foedste, as well as mixed organics and polylactide (PLA)
biopolymer resir?.

4.1 A SUMMARY OF THE GIMPLICATIONS OF CODSPING

During composting, microbial decomposition aerobically transforms organic substrates into a
stable, humudike material (Brown and Sublet007).Althoughsmallscale composting, such as
backyard composting, occurs across the United States, WARM snoataposting only in central
composting facilities with windrow pildsecausedata for smalscale composting or other lareggeale
operationsare insufficient? WARM includes composting as a materials management option for yard
trimmings, foodwaste PLAand mixed organics.

As modeled iWARM, composting results in some carbon storage (associated with application
of compost to agricultural soils), carbon dioxide {G€nissions from transportation and mechanical
turning of the compost piledn addition b fugitive emissions of methane (§tnd nitrous oxide (}D)
produced during decompositiold To estimatethe carbon storage from compost application, EPA
selected point estimates from the range of emission factors covering various compost applicat®n rate
and time periodsEPA chosehe point estimates based on a typical compost application rate of 20 short
tons of compost per acre, averaged over four-sailp scenario$? EPA selectechke carbon storage
values for the year 2010 to maintain consistencthwilie forest carbon storage estimatééscussedn
the Forest Carbon Storagiapter®® Overall, EPA estimates that centralized compostingizgd
organicgresults in net carbon storage 6f18 MTCQE perwet short ton of organic inputs composted
and appliedo agricultural soil.

4.2 CALCULATING THE GMBACTS OF COMPOSJIN

The stages of a composting operation with the potential to affect GHG flux include the following
processes:

() Collecting and transportindneé organic materials to the central composting site
() Mechanical turning of the compost pile

() Non-CQ GHG emissions during compostipgimarily CHand NO).

W Storage of carbon after compost application to soils.

® Composting is not included as a material management patHeayaperbecause ofnsufficientinformation on
the GHG implications of composting paper guots.

Windrows are a widely used method for composting yard trimmingsrandicipal solid wasteandthey are
considered to be the most cosffective composting technology (EPA, 1994; Coker, 2006).

1 These fugitive emission sources were added in J@id 20 WARM Version 13.

12EPA ran the composting simulation on two sites included in CENTURY: an eastern Colorado site with clay loam
soil and a southwestern lowa site with silty clay loam &#A simulated two harvest regimes on each site, one
wherecorn is harvested for silage and 95 percent of the abgrarind biomass is removed and the other one
where corn is harvested for grain and the stover is left behind to decompose on the field.

B For consistency with the paper recycling/source reduction ysisbf forest carbon storageEPA analyzed the
GHG implications of composting at the year 2EBA chose 201 the paper recycling/source reduction and
forest carbon analysdsecausat represented a delay of 5 to 15 years from the onset of the sinedlgteriod of
incremental recycling.
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Composting also results in bioge@€ emissions associated with decomposition, both during
the composting process and after the compost is added to theBedause thi€Q is biogenic in origin,
however, it is not counted as a GHG in theentory of U.S. Greenhouse Gas Emissions andaBuhiks
not included in this accounting of emissions and sifks.

Exhibit4-1: Components of the Composting Net Emission Factor for PFdtasbte, Yard Trimmingsand Mixed
Organics

Composting ofPostConsumer Material
Transportation to Net Emissions
Material Type Composting Fugitive Emissions Soil Carbon Storage| (PostConsumer)
PLA 0.02 0.07 -0.24 -0.15
Food Waste 0.02 0.05 -0.24 -0.18
Food Waste (meat only 0.02 0.05 -0.24 -0.18
Food Wastdnon-meat) 0.02 0.05 -0.24 -0.18
Beef 0.02 0.05 -0.24 -0.18
Poultry 0.02 0.05 -0.24 -0.18
Grains 0.02 0.05 -0.24 -0.18
Bread 0.02 0.05 -0.24 -0.18
Fruits and Vegetables 0.02 0.05 -0.24 -0.18
Dairy Products 0.02 0.05 -0.24 -0.18
Yard Trimmings 0.02 0.07 -0.24 -0.15
Grass 0.02 0.07 -0.24 -0.15
Leaves 0.02 0.07 -0.24 -0.15
Branches 0.02 0.07 -0.24 -0.15
Mixed Organics 0.02 0.07 -0.24 -0.16

aYard trimmings represent a %6 294 and 28%0weighted average of grass, leayaad branches, respectively, based on U.S.
waste generation data from EPA (2015).

Exhibit4-1 shows the three components of the net emission factorfémd waste, yard
trimmings, PLA, and mixed organics. Because of resource and model resolution constraints, the two
approaches EPA used in WARM to calculate carbon storage from compost application model only
finished compost and do not distinguish betwesompost feedstocksherefore, the emission factors
for each organi@ input are the samélhe following sections provide further detail on the sources and
methods used to develop these emission factors. Secti@ridescribes how WARM accounts for GHG
emissions during transportation of composting materials and the physical turning of the compost.
Sectiord.2.2describes the estimates of fugitive emissions of &tdl NO for composting within WARM.
Sectiord.2.3details the methodolgy for calculating the carbon storage resulting from compost
application in soilsand Sectiong.2.4and4.2.5describe in greater detail the components of carbon
storage.

4.2.1 CQfrom Transportation ofMaterials and Turning of Compost

WARM includes emissions associated with transporting and processing of the compost in
aerated window piles. Transportation energy emissions occur when fossil fuels are combusted to
collect and transport yard trimmings afdod waste to the composting facility and then to operate
composting equipment that turns the compod'$tTo calculate the emissions, WARM relies on
FdadzYLWiA2ya FTNRBY C![ oOomoppnoy F2NI GKS SljdZA LIYSyad SYA

YC2NJ Y2NB AYTF2NNIGA2Y 2y 0A23Syis0Y0d ND2Wa SWNEWE A2VETS aiSC
the WARMBackground and Overvieghapter.

ISEPA did not countransportation emissions from delivery of ihied compost from the composting facility to its

final destination.
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(USLCINREJ2015). The NREL emission factor assumes a diesekrehdttuck. Exhibit4-2 provides

Composting

the transportation emission factor calculation.

Exhibit4-2; Emissions Associated with Transporting and Turning Compost

May 2019

Material Type

Diesel Fuel Required
to Collect and

Diesel Fuel Required
to Turn the Compost

Total Energy Required
for Composting

Total CQ Emissions
from Composting

Transport One Short | Piles (Million Btu) (MTCQE)
Ton (Million Btu} (Million Btu)P
Organics 0.04 0.22 0.26 0.02

a, aSR 2y SadAiyridisSa FNBY bwo[ Qa 5410k as

bBased on estimates in Tablé7 in FAL, 1994, p.132.

{rrL

4.2.2 Fugitive EmissionsfaCH and NO During Composting

4.2.2.1 Background on Fugitive Emissions from Composting

During the compaosting process, microbial activity decomposes waste into a variety of
compounds, some of which are emitted from the compost pile as gases. The amount ard éyyk
products formed during these reactions depends on many factors, including the original nutrient
balance and composition of the waste, the temperature and moisture conditions of the compost, and
the amount of oxygen present in the pilEhese process result in the generation of small amounts of
CH and NO gases, which contribute to the net GHG emissions associated with the composting
pathway.

The scientific literature suggests that there is a wide range of emissions for fugitive gases
generated duing composting. acal factors can strongly influence the existence and extent ebG¢H
N>O emissions from composting piles. These local factors include:

Aeration

Density of compost

Frequency of turning

Feedstock composition

Climate (temperature angrecipitation)
Size of compost piles

= =4 =4 =4 -8 -4

After reviewing a large number of studies, EPA found #lratingeret al. (2008) provided the
Y2a0 | LILX AOFofS NBadz (a 7T 2adfintateswiadugitivg énisFch\Ndf &
composted waste in WARMhe study characterizes ¢bhd NO emissions for both biowaste and
green waste in wellnanaged compost windrows across several weeks. Biowaste is composed of
separated organic household wastacluding food waste. Green waste, or garden waste, is composed
primarily of plant waste such as grass and yard trimmings. In WARM, food waste is classified as a bio
waste for the purposes of estimating fugitive emissions, whereas yard trimmings is classified as a green
waste. Mixed organics and PLA are considerezbeesentative blend of compostable waste, and use a
weighted average of the biowaste and green waste emission factors for the relative shares of each
waste type composted within the United States.

iKS

Thethree best data points availabfeom Amlinger et al(2008)are the 21week value for green
waste and the 12veek values for biowaste. Although composting times vary between facilities, most
commercial composting facilities process compogixio 12 weeks (CWMIL998), with purely green
waste requiring donger composting time of 14 to 18 weeks (Zanker Road Resource Managendgnt,
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4.2.2.2 Methane Generated from Composting

There is a consensus within the scientific literature that i€ldmitted in measurable quantities
even in welmanaged compost piledmlinger et al. (2008) conducted an exhaustive review of literature
on emissions from composting and supplemented it with their own findings. They foureh@$sions
occurring across feedstock types even when the piles were managed, although emissions iabte var
even within the same treatment. In their own experiments, Amlinger et al. (2008) found that CH
emissions fogreen waste feedstock were 0.0139 MTEQer wet ton of fresh matter (FM). The
Amlinger study found that Glemissions from biowaste werewer at 0.0066 and 0.0055 MTe&Eper
wet ton of FM, ahineweeks and 12 weeks, respectively. For biowaste, EPA selected-theek/alue
for WARM because the Géquivalent result increases with time of composting and the results
stabilized in later weeks of compostirigxhibit4-3 provides a summary of these emimss.

Exhibit4-3: Fugitive CHEmissions from Composting Biowaste and Green Waste

Compost Feedstock CH, Emissions (MTCfB/ton)
Biowaste 0.0055
Green waste 0.0139

4.2.2.3 Nitrous Oxide Generated from Composting

Knowledge of the mechanism of®l emissions from composting is significantly less developed
than that of either C@or CH emissions. BD is formed during both incomplete ammonium oxidation
and incomplete denitrification processes, but there is debate ewldch process is most important in
composting (Lou and Nak009). While CHs usually detected near the bottom of piles where oxygen is
absent, NO often forms closer to the surface. For green waste, Amlinger recorded a value of 0.0609
MTCQE/ton of FM whereas for biowaste the authors recordezbultsof 0.0092and0.0396
MTCQE/ton of FM atnineweeks and 12 weeks respectivaipr biowaste, EPA selected thedi2ek
value forWARM because the G@&quivalent result increases with time of compostingldhe results
stabilized in later weeks of compostirigxhibit4-4 provides a summary of these emissions.

Exhibit4-4: Fugitive NO Emissions from Composting Biowaste and Green Waste

Compost Feedstock N>O Emissions (MTGE/ton)
Biowaste 0.0396
Green waste 0.0609

4.2.2.4 Summary of Fugitive Emissions Generated from Composting

Combining CHand NO emissions, the net fugitive emissions from composting comprise 0.0451
and 0.0748 MTC&@/ton for biowaste and green waste, respectively. For mixed organics, WARM uses a
weighted emission factor that considers the relative amounts of biowaste and greste wamposted
in the United State® As the compostingvaste stream is predominantly yard waste, the weighted
emission estimate is much closer to the value for green waste, at 0.0724 JMEQO For an overview
of fugitive emissions by material type, seghibit4-5.

16 According to the 2012 EPA MSW Facts and Figures report, eight percent of the waste composted in the United
States in 2011 was comprised of food waste, whereas the remaining 92 peoeisted of yard waste (EPA,
2015).
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Exhibit4-5; Total Fugitive Emissions from Composting, by Material Type

Fugitive Emissions
Material Type (MTCQE/ton)
PLA 0.0724
FoodWaste 0.0451
Yard Trimmings 0.0748
Grass 0.0748
Leaves 0.0748
Branches 0.0748
Mixed Organics 0.0724

4.2.3 Carbon Storage Resultinffom Compost Application to Soils

4.2.3.1 Background on Carbon Storage in Soils

The stock of carbon in soils is the result of a balance between inputs (usually plant matter) and
outputs (primarilyCQ flux during decomposition of organic mattefhe entire portion of carbon held in
the soil and undergoing decomposition is collecBvel NE F SNNBR (2 |4 daz2if 2NAHIY
2NBI yA O OISRB i8 §rhixtuéeofidiffarem organic compounds that decompose at vastly
differing rates Soils contain thousands of different SOC compounds that microbial degradation or
abioticcondensation reactions transforinto new structuresThe more complex of these molecular soil
structures tend to have a low decomposition rate and often are identified as humus (Davidson and
Janssens, 2006%rong evidenceexiststhat SOC decompositioredreases with increasing depth
(Meersmans et al., 2009yhe top layers of soil generally contain organic matter (such as plant residues)
that decomposes quickly, meaning that carbon in this portion of the soil is likely to be relatively young.
The carbordynamics in deeper soil layers and the driving factors behind vertical distribution of SOC are
poorly understood.

During composting, microbes degrade the original waste materials into organic compounds
through a variety of pathwayfuring this decompositn, approximately 80 percent of the initial
organic matter is emitted a€Q (BeckFriis et al., 2000)The remainder of the organic compounds
eventually stabilizeandbecone resistant to further rapid microbial decomposition (i.e., recalcitrant)
(Francouwet al., 2008)Mature compost is characterized as containing a high percentage of these stable,
humic substancedVhen the compost is mature, nearly all of the wasaiuble compounds (such as
dissolved organic carbon) will have leached out (Bernal g13983).

While EPA is currently researching the mechanisms and magnitude of carbon storage, WARM
assumes that carbon from compost remains stored in the soil through two main mechanisms: direct
storage of carbon in depleted soils and carbon stored inmactive humus compound§VARM
calculates the carbon storage impact of each carbon storage path separately and then adds them
together to estimate the carbon storage factor associated with each short ton of organics composted.

4.2.3.2 Soil Carbon Storage Calculatio

To calculate soil carbon storage, EPA simulated soil organic matter pools using the Century
model, which is described in Sectidn2.4 EPA ran mre than 30 scenarios with varied compost
application rats and frequency, site characteristics, fertilization mtand crop residue management.
Based on this analysis, EPA codetlithat while a single compost application does initially increase soil
carbon, the carbon storage rate declines with time after the applicatitsing a timeframe of 10 years
to calculate carbon storagenly a fraction of the initial carbon added remaahin the soil at the end of
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that time period.EPA includedhis fraction of added carbon per short ton of compost that remained
present in the soil after 10 years in the WARM composting emission fastsinown inExhibit4-1.1"

4.2.3.3 Alternative Carbon Storage Hypotheses

When EPA first incorporated into WARM composting as a materials management option, the
agency conducted research but could not identify sufficient pringiata that could be used to develop
guantitative estimates of the soil carbon storage benefits of com@deBA developed modeling
approaches to investigate the possible effects of compost application on soil carbon storagddition
to the humus formathin and depleted soils mechanisms mentioreadlier, EPA considered the following
two possible mechanisms for the effect of compost on soil carbon:

1 Nitrogen in compost may stimulate higher productivity, thus generating more crop residues.
This fertilizatioreffect would increase soil carbdirecause othe larger volume of crop residues,
which serveas organic matter input.

1 The application of compost produces a multiplier effect by qualitatively changing the dynamics
of the carbon cycling system and incrizgsthe retention of carbon from neonompost sources.
Some studies of other compost feedstocks (e.g., farmyard manure, legumes) have indicated that
the addition of organic matter to soil plots can increase the potential for storage of soil organic
carbon.The carbon increase apparently comes not only from the organic matter directly, but
also from retention of a higher proportion of carbon from residues of crops grown on the soil.
This multiplier effect could enable compost to increase carbon storage by than its own
direct contribution to carbon mass accumulation.

EPA concluded from the Century simulations that a shortage of nitrogemodestly increase
crop productivitywith compost applicationwhich results in higher inputs of crop residues irte soil
and an increased carbon storage rats.notedabove our analysis assurdehat farmers will supply
sufficient synthetic fertilizer to crops to maintain commercial yields, in addition to any compost added,
sothat the soil carbon effect of nitrogefertilizationresulting fromcompost is relatively smaklthough
several of the experts contacted cited persuasive qualitative evidence of the existence of a multiplier
effect, EPA was unable to develop an approach to quantify this process. More ititorroa these two
hypotheses and why they were not included in the final carbon storage emission factor appears in
Sectiord.3.

4.2.4 Century Model Frameworkand Simulations

4.2.4.1 Evaluating Possible Soil Carbon Models
As mentionecearlierz 9t ! Q&4 O2YLRaluAy3a lylfeara AyoOfdRRSR |
interviews with experts to consider whether the application of compost leads totiemg storage of
carbon n soils After determining that neither the literature review nor discussions with experts would
yield a basis for a quantitative estimate of soil carbon storage, EPA evaluated the feasibility of a

7 Note that if the time frame is extended to longer periods (and many of the recent discussions of agricultural and
forestry offsets in the context of carbon credits would indicate thayears is well below the conssas time

horizon), the fraction of added carbon per ton of compost that remains present in the soil would be smaller.
Although the selection of an appropriate time frame is not the subject of this documentation, EPlAterasvisit

the choice of time frene.
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simulation modeling approaclePA initially identified twsimulation models with the potential to be
applied to the issue of soil carbon storagenr compost application: (1) Centuayd (2) the Rothamsted
C (ROTHE6.3}8 model.Both are peetreviewed modelshat havestructure and applicatiothat have
been described in scores of publicatioibe modelshare several features:

W Ability to run multiyear simulations

() Capability to construct multiple scenarios covering various climate and soil conditions
and loading rates

w Ability to handle interactio of several soil processes, environmental factors, and
management scenarios such as carbon: nitrogen (C:N) ratios, aggregate formation, soil
texture (e.g., clay content), and cropping regime.

Given the extensive application of Century in th& Uts avalability on the Internet, and its

ability to address many of the processes important to compost applicaiBdecided to use Century
rather than ROTHZ6.3.

8 This model was developed based on laagn observations of soil carbon at Rothamsted, an estate in the
United Kingdom where organic amendments have been added to soils since'tloen@ry.
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4.2.4.2 Century Simulations

For this analysis, EPA developed a basic agricultural scenario in Cen¢neyland was
converted from prairie to farmland (growing corn) in 1921 and rerad growing corn through 2030.

Description of the Century Soil Model

Century is a FORTRAN model of pkoit ecosystems that simulates leteym dynamics of carbon,
nitrogen, phosphorus, and sulfut.tracks the movement of carbon through soil paoksctive, slow,
and passive and can show changes in carbon levadsa result ofthe addition of compost.

In addition to soil organic matter pools, carbon can be found in sarfadcrobial) pools and in above
and belowground litter poolsThe aboveground and belowground litter pools are divided into
metabolic and structural pools based on the ratio of lignin to nitrogen in the liftiee. structural

pools contain all of théignin and have much slower decay rates than the metabolic p@aighon
additions to the system flow through the various pools and can exit the system (e.g.;,adi<S@lved
carbon, or through crop removals).

The aboveground and belowground litter pods are split into metabolic and structural pools based
on the ratio of lignin to nitrogen in the littef he structural pools contain all of the lignin and have
much slower decay rates than the metabolic podlse active pool of soil organic matter incesd
living biomass, some of the fine particulate detritus, most of the-hamic material, and some of the
more easily decomposed fulvic acid$ie active pool is estimated to have a mean residence time
(MRT) of a few months to 10 years (Metherell et 893; Brady and Weil, 1999 he slow pool
includes resistant plant material (i.e., high lignin content) derived from the structural pool and ot
slowly decomposable and chemically resistant compondhtsas an MRT of 300 yearsThe
passive pool ofal organic matter includes very stable materials remaining in the soil for hundred
thousands of years.

additions, nor does it allow for organic matter atlons with high humus content to increase the
magnitude of the passive pool directBecause Century does not account for these processes, E
developed a separate analysis, describethis section).

Century does not simulate increased formation of humic substances associated with organic mj

Century contains a submodel to simulate soil organatter poolsAdditional submodels address
nitrogen, phosphorus, sulfur, the water budget, leaching, soil temperature, and plant production,
well as individual submodels for various ecosystems (e.g., grassland, croplaadjtrogen
submodel addresss inputs of fertilizer and other sources of nitrogen, mineralization of organic
nitrogen, and uptake of nitrogen by plants.

Several sets of detailed site characteristics from past modeling applications are available to
users in CentunyfEPA chose tweettings: an eastern Colorado site with clay loam soil and a
southwestern lowa site with silty clay loam s8ibth settings represent fairly typical Midwestern corn
belt situations where agricultural activities have depleted soil organic carbon |&Mldhen ran nore
than 30 scenarios to examine the effect of the following variables on soil carbon storage:

w Compost application rate and frequency

P EPA is conducting research into compost markatslinitial findingsindicate thatcompost is not often used in
large-scale agricultural applicationbut it is often applied in higend markets, such as landscapi@gntury and
other widely vetted soil carbon models, however, do not readily model the effettomposting on soil carbon for
non-agricultural scenarios. Because of this lack of data, EPA chose to simulate composting using-tualarge
agricultural scenarios available in Century. EPA is researching methods to improve these assumptions.
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W Site characteristics (rainfall, soil type, irrigation regime)
W Fertilization rate
W Crop residue management

EPAadjusted ompost application rates using the organic matter (compost) files for each compost
application rate included in the analysiP? Ahen compared the effect of applying compost annually for
10 years (199€2005) at seven different application ratels3, 3.2, 6.5, 10, 15, 20, and 40 wet short tons
compost per acre (corresponding to€®0)850 grans of carbon per square mete)EPA also

investigated the effect of compost application frequency on the soil carbon storage rate and total
carbon levelsEPAan the modelo simulate compost applications of 1.3 wet short tons compost/acre
and 3.2 wet short tons compost/acre every year for 10 years ((88@5) and applications of 1.3 wet
short tons compost/acre and 3.2 wet short tons compost/acre applied einaryears (in 1996, 2001,
and 2006)The simulated compost was specified as having 33 percent fighinl C:N ratié2 60:1
carbonto-phosphorus ratio, and 75:1 carbdo-sulfur ratio?® EPA also ran a scenario with no compost
application for each combation of sitefertilization-crop residue managementhis scenario allowed
EPA to control for compost applicatitimt is, to calculate the change in carbon storage attributable
only to the addition of compost.

Finally,EPA simulatetivo harvest regimespne where the corn is harvested for silage (where
95 percent of the abowground biomass is removed) and the other where corn is harvested for grain
(where the stover is left behind to decompose on the fieldjese simulations enabled EPA to isolate
the effect of the carbon added directly to the system in the form of compost, as opposed to total carbon
inputs, which include crop residues.

4.2.4.3 Analysis of Compost Application Impacts on Depleted Soils

The output data cover the period from 1900 through 20B0general, EPA focused on the
difference in carbon storage between a baseline scenario where no compost was applied and a with
compost scenaricEPA calculated the difference between the two scenarios to isolate the effect of
compost application. EPA convetteutput data in grams of carbon per square meter to MIECRY
multiplying by area in square meteasid multiplying by the molecular weight ratio of &0 carbon

20Themodel requires inputs in terms of the carbon application rate in grams per square riiérelationship
between the carbon application rate and compost application rate depends on three factors: the moisture content
of compost, the organic matter conteiis a fraction of dry weight), and the carbon content (as a fraction of

organic matter)Inputs are based on values provided by Dr. Harold Keener of Ohio State University, who estimates
that compost has a moisture content of 50 percent, an organic météetion (as dry weight) of 88 percent, and a
carbon content of 48 percent (as a fraction of organic matfehus, on a wet weight basis, 21 percent of compost

is carbon.

21 EPA estimated the percentage of lignin based on the lignin fractions for gragss) and branches specified by
compost experts (particularly Dr. Gregory Evanylo at Virginia Polytechnic Institute and State University, and lignin
fractions reported in M.A. Barld2997]). FAL provided an estimate of the fraction of grass, leavespeantches in

yard trimmings in a personal communication with ICF Consulting, November 14 Sig#equently, FAL obtained

and provided data showing that the composition of yard trimmings varies widely in different stédtes.

percentage composition used tee(50 percent grass, 25 percent leaves, and 25 percent branches on a wet weight
basis) is within the reported range.

22The C:N ratio was taken from Brady and Weil (1999).

23C:P and C:S ratios were based on the literature and conversations with congpaspierts, including Dr.

Gregory Evanylo at Virginia Polytechnic Institute and State University.
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To express results in units comparable to those for other sources and sinks, EPA diwided th
increase in carbon storage by the short tons of organics required to produce the cothpbat.is, the
factors are expressed as a carbon storage rate in unMT@QE per wet short ton of organic inputs

(not MTCQEper short ton of compost).
AsExhibit4-6A £ £ dzZAG NI 6 Sax 9t ! Qa

I Sy dzNB
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time after initial application. The rate is similar across application rates and frequencies, and across the
site conditions that were simulate&xhibit4-6 shows results for the Colorado and lowa sites, for the
10, 20, and 40ton per acre application rates sAndicated on the graph, the soil carbon storage rate
varies from about 0.08 MTCE (0.30 MTEer wet ton yard trimmings immediately after compost
application in 1997 to about 0.02 MTCE (0.07 McE}@er ton in 2030, 24 years after the last

applicationin 2006.

Exhibit4-6: Soil Carbon StorageColorado and lowa Sites; 10, 20, and 40 Tes-Acre Application Rates

MTCE per Ton of Yard Trimmings
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The similarity across the various site conditions and application rates reflects thbdatte

dominant process controlling carbon retention is the decomposition of organic materials in the various

pools.As simulated by Century, this process is governed bydidsr kinetics, i.e., the rate is
independent of organimatter concentratioror the rate of organic matter additions.

When viewed from the perspective of total carbon, rather than as a storage rate per ton of

inputs to the composting process, both soil organic carbon concentrations and total carbon stored per

acre increase with imeasing application rates (s&hibit4-7). Soil organic carbon concentrations

increase throughout the period of compost application, peak in 2006 (the last year of application), and

decline thereafter as a result of decomposition of the imported carlgodibit4-7 shows total carbon

24EPA assumik2.1 tons of yard trimmings are required to generate 1 ton of composted yard triminiings, to
convert the results iIWARM(in MTCQE per wet ton yard trimmings) tdMTCQE per wet ton of compost, multiply

by 2.1.To convert taMTCQEper dry ton compost, multiply values WARMby 4.2 (assuming 50 percent moisture

content).
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storage (including baseline carbon) in soils on the order of 40 to 65 metric tons per acre. (The range
would be higher with higher compost application rates or longer term applicsitjo

Exhibit4-7: Total Soil C; lowa Site, Corn Harvested for Grain
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4.2.4.4 Century Simulation of Nitrogen Fertilization Effect
While the decomposition of organic materials is the primary process driving dodrcar

NEGSyiliAaz2yz 9t! Qa /S

y (i dzNEB

FyFteana

70

60

50

40

30

20

10

0

Metric Tons Carbon per Acre

—4—Baseline

=@=1.3 tons/acre

20 tons/acre

Ftaz

NBJSIFf SR

including the effects of compost application on nitrogen availability and moisture retention. EPA
performed additional Century simulations to quantify thigdrogen fertilization effect, or the hypothesis

that mineralization of nitrogen in compost could stimulate crop growth, leading to production of more
organic residueand increased soil organic carbon levels. The strength of this effect varies, depending

on the availability of other sources of nitrogen (N). To investigate this hypothesis, EPA analyzed different
rates of synthetic fertilizer addition ranging from zero up to a typical rate to attain average crop yield
(Colorado site: 90 Ibs N/acre; lowaesii24 Ibs N/per acre). EPA also evaluated fertilizer application at

half of these typical rates.

Exhibit4-8 shows the carbon storage rate for the lowtesand the effect of nitrogen
fertilization. The two curves in the exhibit represent the difference in carbon storage between-a with
compost scenario (20 tons per acre) and a baseline, where compost is not applied. The nitrogen

application rates differ ithe following ways:
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w ¢KS OdzNBS f106StSR G¢@LIAOFE b LI AOFGAZ2YE N
both the compost and baseline scenarios. Because the nitrogen added through the
compost has little effect when nitrogen is already in abundant §yghis curve
portrays a situation where the carbon storage is attributable solely to the organic
matter additions in the compost.
w ¢tKS OdzNBS f106StSR alfF b LI AOFGAZ2YE NBLM
scenario, mineralization of nitr@m added by the compost has an incremental effect on
crop productivity compared to the baseline. The difference between the baseline and
compost application runs reflects both organic matter added by the compost and
additional biomass produced in resportsethe nitrogen contributed by the compost.

Exhibit4-8: Incremental CarbontBrage as a Function of Nitrogen Application Raethe lowa Site
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The difference in incremental carbon storage rates betweentleefertilization scenarios is

less than M1 MTCEQ.03MTCGE) per ton, indicating that the nitrogen fertilization effect is relatively
small.Note that this finding is based on the assumption that farmers applying compost also will apply
sufficient symhetic fertilizer to maintain economic crop yieldhe effect would be larger if this
assumption is not weflounded or in situations where compost is applied as a soil amendment for road
construction, landfill cover, or similar situations.

4.2.5 Humus Formatim Carbon Storage

dgnificant evidencexiststhat compost contains stable compounds, such as humus, and that
the carbon stored in that humus should be considered passive when added to thecailset breaks
down much more slowly than crop residuésmentionedearlier, the Century model does not allow
carbon inputs to flow directly into the passive padlserefore, EPA used a bounding analysis to
estimate the upper and lower limits of this humus formation mechanism of carbon storage.
bounding andysis rested on two primary variables: (1) the fraction of carbon in compost that is
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considered very stable and (2) the rate at which passive carbon is degra@«dl t®ased on the expert
judgment of Dr. Michael Cole from the University of Illinois, EBRAd that betweerfour to 20 percent

of the carbon in compost degrades very quickly, and the remainder can be considered either slow or
passive. Dr. Cole found 400 years to be the average of the reported sequestration times of carbon in the
soil. The uppeand lower bounds of the rate of carbon storage in soils resulting from the humus effect
are shown irexhibit4-9. EPA took an average value of the upper and lower bounds after 10 years to
estimate the carbon storage per short ton of compost that was stored in the passive carbon pool after

year 10.

INWAR Q& FAYIlf OFftOdAIGA2y>Y 9t! $SAIKSR GKS OF Nb
mechanisms according to the estimated percentage of compost that is passive (assumed to be 52
percent), and then used the total to estimate the sequestration value assocamthdomposting, as

shown inExhibit4-9.
Exhibit4-9: Carbon Storage Resultirfgpom Humus Effect, Bouting Estimate

—— Upper bound

0.01 -+ — Lower bound

Incremental Carbon Storage
{MTCE per Ton)

0.00 +
0 10 20 30 40 50 60 70 80 90 100

Time since compost application (years)

4.2.5.1 Eliminating the Possibility of Doubl€ounting

EPA adoptedhe approach of adding the humus formation effect to the direct carbon storage
effect to capture the range of carbon storage benefits associated with compost applicatiwaver,
this dual approach creates the possibility of double counbe@gausehe Century simulation may
include both the direct carbon storage and humus formation effdatan effort to eliminate double
counting, EPA evaluated the way that Century partitions aashparbonafter it is applied to the soil.

To do so, EPA ran a Century model simulation of compost addition during a single year and
compared the results to a corresponding reference case without compgésk. calculated the difference
in carbon in eachfahe Century pools for the two simulations and found that the change in the passive
pool represented less than 0.01 percent of the change in total carbon; therefore, Century is not adding
recalcitrant carbon directly to the passive pool. Next, EPA gragiteedhange in the passive pool over
time to ensure that the recalcitrant compost carbon was not being cycled from the faster pools into the
passive pool several years after the compost is applie@Exh#it4-10 shows, Century does not
introduce significant increments over the base case of recalcitrant carbon into the passive pool at any
time.
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Exhibit4-10: Difference in Carbon Storage Between Compost Addition and Base Case Yearly Application with 20
Tons Compost
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Based on the analysis, it appears that Century is appropriately simulating carbon cycling and
storage for all but the passive carbon introédicby compost applicatioiBecause passive carbon
represents approximately 52 percent of carbon in compost (the midpoint of 45 percent and 60 percent),
EPA scaled the Century results by 48 percent to reflect the proportion of carbon that can be classified
fast or slow (i.e., not passive).

4.2.5.2 WARM Composting Results

Exhibit4-11a K2ga G(GKS (g2 OFNb2y &adG2Nr3IS YSOKIyAavYa
GHGsssociated with composting. The resulting net storage value relies on three main input values: the
direct carbon storage, the carbon stored resulting from humus formation, and the percentage of carbon
in compost assumed to be passive, or resistant to aegtion.

Exhibit4-11: The Soil Carbon Restorationf&gt, the IncreasedHumus Formation Efect, and theTransportation
Emissions for theTypical Compost Application Rate of 20Short Tons per Acre

Soil Carbon Restoration
Proportion of C
that Is Not Increased Net
Passive Weighted Humus Transportation | Carbon

Scenario Unweighted (%) Estimate Formation Emissions Flux
Annual application of 20
short tons of compost per
acre -0.04 0.48 -0.07 -0.17 0.02 -0.15
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4.3 UMITATIONS

Because oflata and resource constraints, this chapter does not explore the full range of
conditions under which compost is managed and applied and how these conditions would affect the
results of this analysisnstead, this study attemptotprovide an analysis of GHG emissions and sinks
associated with centralized composting of organics under a limited set of scer@olack of primary
research on carbon storage associated with compodtined9 t ! Qa [Thé linfitédavaifaldlitypf
data forced EPA to rely on two modeling approaches, each with its own set of limitdticddition,
the analysis was limited by the scope of WARM, which is intended to presetydite GHG emissions of
waste management practices for selected méetypes, including food discards and yard trimmings.

4.3.1 Limitations of Modeling Approaches

Because oflata and resource constraints, EPA was unable to use Century to evaluate the
variation in carbon storage impacts for a wide range of compost feedstogksyard trimmings mixed
with food discards, food discards alon&k noted earlier, resource constraints limited the number of
soil types, climates, and compost applications simulalda Century results also incorporate the
limitations of the model itslf, which have been well documented elsewhdPerhaps most important,
GKS Y2RStfQa LINBRAOGAZ2Y&a 2F az2iAf 2NHIFIYAO YIGGSNI £S
temperature, soil texture, and plant lignin conte®eyond these, the moded limited by its sensitivity
to several factors for which data are difficult or impossible to obtain (e.g-settlement grazing
intensity, nitrogen input during soil development) (Parton etal., 198.S Y2 RSf Q&4 Y2y (G Kf &
intervals limit itsability to fully address potential interactions between nitrogen supply, plant growth,
soil moisture, and decomposition rates, which may be sensitive to conditions that vary on a shorter time
scale (Paustian et al., 1998).addition, the model is not dagmed to capture the hypothesis that,
because of theompost application, soil ecosystem dynamics chamgémore carbon is stored than is
added to the soil (i.e., the multiplier effect).

Century simulates carbon movement through organic matter p@dthough the model is
designed to evaluate additions of organic matter in gendtBIA does not believe that it hbeen
applied in the past to evaluate the application of organics comgideshtury is parameterized to
partition carbon to the various pools ke on ratios of lignin to nitrogen and lignin to total carbon, not
on the amount of organic material that has been converted to humus alrdzl. addressed this
limitation by developing an addn analysis to evaluate humus formation in the passive poaljrgy the
Century results, and summing the soil carbon storage valtlere is some potential for double
counting, to the extent that Century is routing some carbon to various pools that is also accounted for in
the incremental humus analysiSPA beliess that this effect is likely to be minor.

The bounding analysis used to analyze increased humus formation is limited by the lack of data
specifically dealing with composts composed of yard trimmings or food dis@drigsanalysis is also
limited by thelack of data on carbon in compost that is passivee approach of taking the average
value from the two scenarios is simplistiut it appears to be the best available option.

4.3.2 Limitations Related to the Scope of the Emission Factors

As indicateckarlier, this chapterdescribe® t | Q& S & i A Y krélafedimgadtsofi KS DI D
composting organicE€PA developedese estimates within the framework of the larger WARM
development effort; therefore, the presentation of results, estimation of emissions and sin#s,
description of ancillary benefits is not comprehensike remainder of this section describes specific
limitations of the compost analysis.
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As noted in the other documentation chapters, the GHG impacts of composting reported in this
chapter are caldated using a methodology that facilitates comparison between composting and other
possible disposal options for yard trimmings (i.e., landfilling and combustiomresent absolute GHG
emission factors for composted yard trimmings that could be usemiopare composting to a baseline
of leaving yard trimmings on the ground where they fall, EPA would need to analyze the horire soil.
particular, the carbon storage benefits of composting would need to be compared to the impact of
removal of yard trimmingen the home soil.

As mentioned in Sectioh2, the lack ofdata and resource@ O 2 y & (i NJanklysaRd, 9t | Qa
therefore, the analysisonsiders a small sampling feedstocks and a specific application scenario (i.e.,
degraded agricultural soilEPA analyzed two types of compost feedstockard trimmings and food
discards although sewage sludge, animal manure, and several other compost feedstocks also may have
significant GHG implicationSimilarly, it was assumed that compost was applied to degraded
agricultural soils, despite widespread use of compost in land reclamation, silviculture, horticulture, and
landscaping.

This analysis did not consider the full raeraf soil conservation and management practices that
could be used in combination with compost and the impacts of those practices on carbon stboaye.
research indicates that adding compost to agricultural soils in conjunction with various conservation
practices enhances the generation of soil organic matter to a much greater degree than applying
compost aloneExamples of these conservation practices include conservation tillage, no tillage, residue
management, crop rotation, wintering, and summer fallelimination.Research also suggests that
allowing crop residues to remain on the soil rather than turning them over helps to protect and sustain
the soil while simultaneously enriching Atlternatively, conventional tillage techniques accelerate soil
erosion, increase soil aeration, and hence lead to greater GHG emissions (Lal et alCa8g®R)st use
also has been shown to increase soil water retention; moister soil gives a number of ancillary benefits,
including reduced irrigation costs and reduceteggy used for pumping wate€ompost can also play
an important role in the adaptation strategies that will be necessary as climate zones shift and some
areas become more arid.

As is the case in other chapters, the methodol&fused to estimate GHG essions from
composting did not allow for variations in transportation distand&2A recognizes that the density of
landfills versus composting sites in any given area would have an effect on the extent of transportation
emissions derived from compostingor example, in states that have a higher density of composting
sites, the hauling distance to such a site would be smalletlamgrequire less fuel than transportation
to a landfill. Alternatively, transporting compost from urban areas, where compastigeocks may be
collected, to farmlands, where compost is typically applesjldrequire more fuel because of the large
distance separating the sites.

In addition to the carbon storage benefits of adding compost to agricultural soils, composting
can leado improved soil quality, improved productivity, and cost savifigs.example, nutrients in
compost tend to foster soil fertility (Brady and Weil, 1998)fact, composts have been used to
establish plant growth on land previously unable to support vetien.

4.3.3 0Ongoing Research to Improve Composting Estimates
EPA isesearchingseveral aspects of the composting analysis to improve existing assumptions
based orupdated research that is emergirg.t | Qa4 f AGSNI G dzZNE NBOAS¢ F20dzaSR
potential end uses and markets for compost, the shares of compost currently used in different
applications in the United States, humus formation, the carbon storage timeframe, the multiplier effect,
and other environmental benefits of composting.
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Researh on the potential end uses and markets for compost suggested that the
horticultural/landscaping markets appear to be the most popular markets for compost in the United
StatesWhile data quantifying the size of these markets are limited, this findingestgihat the
assumptions underlying the current WARM modeling may need to {exaenined Further research
into this subject may be warranted to determine exactly how compost is used in these urban or higher
end markets.

5dzZNRAyYy 3 9t ! Qa NBragh metkarisms, she déndiurcgveréd new field research
that may provide a basis for using primary data to quantify the carbon storage emission fREBA
decides to calculate a new carbon sequestration value based on field data, both the Cewtury an
bounding analyses will be superseded by this approach. EPA has also conducted extensive research into
potential GHG emissions from composting. Preliminary research indicates that small amounts of both
CH and NO emissions are released during compostagn in welmanaged piles.

Addressing the possible GHG emission reductions and other environmental benefits achievable
by applying compost instead of chemical fertilizers, fungicides, and pesticides was beyond the scope of
this documentationManufacturng those agricultural products requires energp.the extent that
compost may replace or reduce the need for these substances, composting may result in reduced
energyrelated GHG emissionalthough EPA understands that generally compost is appliedsfepit
amendment properties rather than for pest control, compost has been effective in reducing the need for
harmful or toxic pesticides and fungicid€®nalyses of these benefithowever, are highly sensitive to
assumptionsabout composting and fertiier application ratesand information on the typical
applications of these two soil additioislacking
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5 OOMBUSTION
This document presents an overview of combustion as a waste management strategy in relation
to the development of materiadpecific emission fa2tN&E F2NJ 9t ! Q& 21 adS wSRdzO0 A 2
Included are estimates of the net greenhouse gas (GHG) emissions from combustion of most of the
materials considered in WARM and several categories of mixed waste.

5.1 ASUMMARY OF TKHHGMPLICATIONS OF CONESTION

Combustion of municipal solid waste (MSW) results in emissionscdr@MO. Note that C®
from combustion of biomass (such as paper products and yard trimmings) is not counted because it is
biogenic (as explained in tMARM Backgroundnd Overviewchager). WARM estimates emissions
from combustion of MSW in waste-energy (WTE) facilities. WARM does not consider any recovery of
materials from the MSW stream that may occur before MSW is delivered to the combustor.

In the United States, abou08NTEadlities processnore than30 million tons of MSW annually
(ERC, 201). WTE facilities can be divided into three categories: (1) mass burn, (2) maahddB)
refusederived fuel (RDF). A mass burn facility generates electricity and/or steam from theistonb
of mixed MSWMost of the facilities (76 percent) employ mass burn technoltdpgdular WTE plants
are generally smaller than mass burn plants, and are prefabricatesiteféo that they can be
assembled quickly where they are needed. Because af dimailarity to mass burn facilities, modular
facilities are treated as part of the mass burn category for the purposes of this analysis.

An RDF facility combusts MSW that has undergone varying degrees of processing, from simple
removal of bulky and noneobustible items to more complex processes (such as shredding and material
recovery) that result in a finely divided fuel. Processing MSW into RDF yields a more uniform fuel that
has a higher heating value than that used by mass burn or modular WTE. M&&¥gimg into RDF
involves both manual and mechanical separation to remove materials such as glass and metals that have
little or no fuel value. In the United States, approximateffdcilities combust RDF (ERC, 2010).

This study analyzed the net GHG eioiss from combustion adll individual andnixed waste
streamsin WARMat mass burn and RDF faciliti®@gth the exception of asphalt concrete, drywalhd
fiberglass insulation. These three materials were excluded because EPA determined that they are not
typically combusted at end of life. Note th&tARM incorporates only the emission factors for mass
burn facilities due to (1) the relatively small number of RDF facilities in the United States and (2) the
fact that the RDF emission factors are based atadrom only one RDF facility.

Net emissions consist of (1) emissions from the transportation of waste to a combustion facility,
(2) emissions of nehiogenic Cg and (3) emissions o8 minus (4) avoided GHG emissions from the
electric utility sector ad (5) avoided GHG emissions due to the recovery and recycling of ferrous metals
at the combustor. There is some evidence that as combustor ash ages, it absefbenCthe
atmosphere. However, EPA did not count absorbegf@Cause the quantity is estirted to be less
than 0.@ MTQD:E per ton of MSW combustébiThe resultof this analysis for the materials contained
in WARM and the explanations for each of these results are discussedtion5.3.2

26 Based on data provided by Diirden Vehlow of the Institut fir Technische Chemie in Karlsruhe, Germany, EPA
estimated that the ash froroneton of MSW wold absorb roughly 0.004 MTCE of2CO

27 Note that Exhibit5-1, Exhibit5-2, andExhibit5-6 do not show mixed paper. Mixed paper is shown in the
summary exhibitThe summary vaks for mixed paper are based on the proportions of the four paper types
(newspaper, office paper, corrugatedrtainers and magazines/thirglass mail) that make up the different
GYAESR LI LISNE RSTFAYAGAZYAOD
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5.2 CALCULATING THE GMBACTS OF COMBUSYIO

¢CKA& addzRéQa 3ISYSNIf | LILINRI OK golasdNOBomS & GAYLE (S
MSW combustion (including emissions from transportatibwaste to the combustor and ash from the
combustor to a landfill) and (2) the €@missions avoided because of displaced electric utility
generation and decreased energy requirements for production processes using recycled inputs. A
comprehensive evaluatn would also consider the fate of carbon remaining in combustor ash.
Depending on its chemical form, carbon may be aerobically degraded;t@@G&@robically degraded to
CH, or remain in a relatively inert form and be stored. Unless the ash carbonvsrted to CH (which
EPA considers unlikely), the effect on the net GHG emissions will be very small. To obtain an estimate of
the net GHG emissions from MSW combustion, the GHG emissions avoided were subtracted from the
direct GHG emissions. EPA estimatesinet GHG emissions from waste combustion per ton of mixed
MSW and per ton of each selected material in MSW. The remainder of this section describes how EPA
developed these estimates.

5.2.1 Emissions of COrom WTEFacilities

The carbon in MSW has two drstt origins: some of it is derived from sustainably harvested
biomass (i.e., carbon in plant matter that was converted from i@@he atmosphere through
photosynthesis), and the remainder is from Rbiomass sources, e.g., plastic and synthetic rubber
derived from petroleum.

As explained in th&VARMBackgroundaind Overviewchapter, WARM considers only {iBat
derives from fossil sources and does not consider biogenie@3sions. Therefore, only €€missions
from the combustion of nobiomass components of MSWplastic, textiles and rubberwere counted.
These components make up a relatively small share of total MSW, so only a small portion of the total
CQ emissions from combustion are consideredMARM.

To estimate the no#biogenic carbon content of the plastics, textiles, rubber and leather
contained in one ton of mixed MSW, EPA first estabigitesumptions for the nobiogenic share of
carbon in these materials. For plastics in products in MEMA assuntithat all carbon is no#iogenic
carbon, because biogenic plastics likely make up a small but unknown portion of products. For rubber
and leather products in MSW, EPA assditiet the nonbiogenic share of carbon contained in clothing
and footwear is 25 percent; this assumption is based on expert judgment. Théiogenic share of
carbon in containers, packaging, and other durables is 100 percent; and tHaiogenic share of
carbon in other nondurables is 75 percent (EPA, 2010). For textiteipis in MSW, EPA assuthtbat
the nonbiogenic share of carbon is 55 percent (DeZan, 2000). EPA then calthéteonbiogenic
carbon content of each of these material groups. For plastics in products in MSW, ERf#euse
molecular formula of each restype to assume that PET is 63 percent carbon; PVC is 38 percent carbon;
polystyrene is 92 percent carbon; HDPE, LDPE, and polypropylene are 86 percent carbon; and a
weighted average of all other resins is 66 percent carbon (by weight). Based on thetavheaoh
plastic discarded in 2G1EPA, 208), EPA calculatka weighted carbon content Gf8 percent for
plastics in mixed MSW. For rubber and leather products, ERRtliseveighted average carbon content
of rubbers consumed in 2002 to estimate a cartmontent of 85 percent (by weight) for rubber and
leather products in mixed MSW. For textiles, EPAl tise average carbon content of the four main
synthetic fiber types to estimate a carbon content of 70 percent (by weight) for textiles in mixed MSW.
Nexi = dza Ay 3 R/ (The SawkbiGarbagein Amer{aarHaaren et al., 2010), EPA
assumel that sevenpercent of discards are combusted in the United Stabega from BioCycle is used
Ay & i S| RAdeafcing Sustaihdble Materials Managemefacts and Figuragport (EPA20183),
because it is based off of direct reporting, gmdvides a more accurate representation of the amount
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of materials discarded at WTE facilitiéglditionally these data are also used order to maintain
consistencyy A 1 K G KS RI G &2 dznizeStorydzd (ER Greeyihose GaQEmissiofis/az f
Sinkgeport. Based on these assumptions, EPA estinhdtat there are 0.10 tons of nchiogenic

carbon in the plastic, textiles, rubber and leather contained in @meaf mixed MSW (EP20)18a; Van
Haaren et al., 2010).

The 10 percent notbiomass carbon content of mixed MSW was then converted to units of
MTCQE per short ton of mixed MSW combusted. The resulting value for mixed MSW is sHextribiih
5-1. Note that if EPA had used a bestse assumption for textiles (i.e., assuming that they have no
petrochemicalbased fibers), the resultingalue for mixed MSW would have been slightly lower. The
values for C@emissions are shown in column (b)¢thibit5-1.

Exhibit5-1: Gross GHGnhissionsfrom MSW @mbustion (MTCQE/Short Ton of Material Combustedl

(a) (b) (©) (d) (e)
Combustion C® Combustion NO Transportation Gross GHG Emission
Emissiongrom Non Emissionger CQ Emissions per per Short Ton
Biomass pr Short Ton Short Ton Short Ton Combusted
Material Combusted Combusted Combusted (e=b+c+d)
Aluminum Cans G S 0.01 0.01
Aluminum Ingot G S 0.01 0.01
Steel Cans C C 0.01 0.01
Copper Wire q q 0.01 0.01
Glass C C 0.01 0.01
HDPE 2.79 C 0.01 2.80
LDPE 2.79 C 0.01 2.80
PET 2.04 C 0.01 2.05
LLDPE 2.79 C 0.01 2.80
PP 2.79 q 0.01 2.80
PS 3.01 q 0.01 3.02
PVC 1.25 q 0.01 1.26
PLA C C 0.01 0.01
Corrugated Containers C 0.04 0.01 0.05
Magazines/ThireClass Mail q 0.04 0.01 0.05
Newspaper q 0.04 0.01 0.05
Office Paper q 0.04 0.01 0.05
Phone Boolk&s C 0.04 0.01 0.05
Textbooks C 0.04 0.01 0.05
Dimensional Lumber G 0.04 0.01 0.05
Medium-Density Fiberboard C 0.04 0.01 0.05
Food Waste q 0.04 0.01 0.05
Food Waste (meat only) C 0.04 0.01 0.05
Food Waste (homeat) C 0.04 0.01 0.05
Beef C 0.04 0.01 0.05
Poultry C 0.04 0.01 0.05
Grains C 0.04 0.01 0.05
Bread q 0.04 0.01 0.05
Fruits and Vegetables C 0.04 0.01 0.05
Dairy Products C 0.04 0.01 0.05
Yard Trimmings C 0.04 0.01 0.05
Grass G 0.04 0.01 0.05
Leaves G 0.04 0.01 0.05
Branches C 0.04 0.01 0.05
Mixed Paper (general) q 0.04 0.01 0.05
Mixed Paper (primarily
residential) q 0.04 0.01 0.05
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(@) (b) (©) (d) (e)
Combustion C@ Combustion NO Transportation Gross GHG Emission
Emissiondrom Nor Emissiongper CQ Emissions per per Short Ton
Biomass pr Short Ton Short Ton Short Ton Combusted
Material Combusted Combusted Combusted (e=b+c+d)
Mixed Paper (primarily from
offices) q 0.04 0.01 0.05
Mixed Metals C C 0.01 0.01
Mixed Plastics 2.33 C 0.01 2.34
Mixed Recyclables 0.07 0.03 0.01 0.11
Mixed Organics C 0.04 0.01 0.05
Mixed MSW 0.38 0.04 0.01 043
Carpet 1.67 G 0.01 1.68
Desktop CPUs 0.40 q 0.01 0.40
PortableElectronic Devices 0.88 C 0.01 0.89
Flatpanel Displays 0.73 C 0.01 0.74
CRTDisplays 0.63 G 0.01 0.64
Electronic Peripheral 2.22 G 0.01 2.23
Hard-copy Devices 1.91 q 0.01 1.92
Mixed Electronics 0.86 C 0.01 0.87
Clay Bricks NA NA NA NA
Concrete NA NA NA NA
Fly Ash NA NA NA NA
Tires 2.20 G 0.01 2.21
Asphalt Concrete NA NA NA NA
Asphalt Shingles 0.65 0.04 0.01 0.70
Drywall NA NA NA NA
Fiberglass Insulation NA NA NA NA
Vinyl Flooring 0.28 q 0.01 0.29
Wood Flooring q 0.04 0.05 0.08

¢ = Zeroemissions.
Note that totals may not add due to rounding, and more digits may be displayed than are significant.
aThe values for phone books and textbooks are proxies, based on newspaper and office paper, respectively.

5.2.2 Emissions of PO from WTE Facilities

Studies compiled by the Intergovernmental Panel on Climate Change (IPCC) show that MSW
combustion results in measurable emissions gdNa GHG with a global warming potential (G\248
times that of CQ(EPA, 208a; IPCC, 2007; IPCI0§. The IPCC compiled reported ranges £ N
emissions, per metric ton of waste combusted, from six classifications of MSW combustors. This study
averaged the midpoints of each range and converted the units to MEGECNO per ton of MSW. The
resulting estimate is 0.04 MTGB of NO emissions per ton of mixed MSW combusted. Because the
IPCC did not reportd values for combustion of individual components of MSW, EPA used the 0.04
value not only for mixed MSW, but also as a proxy for all componeMSu¥, except for aluminum
cans, steel cans, glass, HDPE, ®REPET. This exception was made because at the relatively low
combustion temperatures found in MSW combustors, most of the nitrogen@énissions is derived
from the waste, not from the cobustion air. Because aluminum and steel cans, géagsplasticsio
not contain nitrogen, EPA concluded that running these materials through an MSW combustor would
not result in NO emissions.

5.2.3 Emissions of COrom Transportation of Waste and Ash

WARM intudesemissions associated with transporting of waste and the subsequent
transportation of the residual waste ash to the landiilfansportation energy emissions occur when
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fossil fuels are combusted to collect and transport matéonahe combustiorfaality and then to

operate onsite equipment.Transportation of any individual material in MSW is assumed to use the
same amount of energy as transportation of mixed M3W/calculate the emissions, WARM relies on
assumptions from FAL (1994) forthe equipmé SYA daAiz2ya | yR bwo[ Qa ! {
(USLCI) (NRE2015). The NREL emission factor assumes a dieseklshdrruck.

5.2.4 Estimating Utility C@QEmissions Avoided

Most WTE plants in the United States produce electricity. Only &dgenerate electricity and
steam. In this analysis, EPA assdiiat the energy recovered with MSW combustion would be in the
form of electricity, with the exception of two materials that are not assumed to be combusted at WTE
plants. For tires, the avoideutility CQ emissions per ton of tires combusted is based on the weighted
average of three tire combustion pathways: combustion at cement kilns, power plants, and pulp and
paper mills. For asphalt shingles, the avoided utility €@issions per ton of siigles combusted is
equal to the amount of avoided refinery gas combusted at cement kilns where asphalt shingles are
combusted. The avoided utility @é@nissions analysis is showrBrhibit5-2. EPA uséthree data
elements to estimate the avoided electric utility £fnissions associated with combustion of waste in a
WTE plant: (1) the energy content of mixed MSW and of each separate waste matesideced, (2)
the combustion system efficiency in converting energy in MSW to delivered electricity, and (3) the
electric utility CQemissions avoided per kilowalttour (kWh) of electricity delivered by WTE plants.

Exhibit5-2: Avoided Utility GHG Emissions from Combustion at WTE Facilities

@) (b) © (d) (€) ® @)
Emission
Factor for Avoided Utility
Utility - GHG Emissions
Generated per Ton Avoided Utility
RDF Electricity? Combusted at CQper Ton
Energy Mass Burn Combus (MTCQE/ Mass Burn Combusted at
Content Combustion | tion System | Million Btu of Facilities RDF Facilities
Material (Million Btu System Efficiency Electricity (MTCQE) (MTCQE)
Combusted Per Ton) | Efficiency (%) (%) Delivered) (f=bxcxe) (g=bxdxe)
Aluminum Cans -0.67 17.8% 16.3% 0.21 -0.03 -0.02
Aluminum Ingot -0.67 17.8% 16.3% 0.21 -0.03 -0.02
Steel Cans -0.42 17.8% 16.3% 0.21 -0.02 -0.01
Copper Wire -0.5% 17.8% 16.3% 0.21 -0.02 -0.02
Glass -0.47 17.8% 16.3% 0.21 -0.02 -0.02
HDPE 39.9¢ 17.8% 16.3% 0.21 1.52 1.38
LDPE 39.75¢ 17.8% 16.3% 0.21 1.51 1.38
PET 21.20 17.8% 16.3% 0.21 0.80 0.73
LLDPE 39.89 17.8% 16.3% 0.21 1.51 1.38
PP 39.90 17.8% 16.3% 0.21 1.51 1.38
PS 36.00 17.8% 16.3% 0.21 137 1.25
PVC 1575 17.8% 16.3% 0.21 0.60 0.55
PLA 16.74 17.8% 16.3% 0.21 0.64 0.58
Corrugated
Containers 1409 17.8% 16.3% 0.21 0.53 049
Magazines/Third
Class Mail 10.5¢ 17.8% 16.3% 0.21 0.40 0.36
Newspaper 15.90d 17.8% 16.3% 0.21 0.60 0.55
Office Paper 13.60d 17.8% 16.3% 0.21 0.52 0.47
Phone Books 15.90d 17.8% 16.3% 0.21 0.60 0.55
Textbooks 13.804 17.8% 16.3% 0.21 0.52 0.47

55

[ AF¢
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(CY (b) (©) (d) (€) U] )
Emission
Factor for Avoided Utility
Utility - GHG Emissions
Generated per Ton Avoided Utility
RDF Electricity? Combusted at CQper Ton
Energy Mass Burn Combus (MTCQE/ Mass Burn Combusted at
Content Combustion | tion System | Million Btu of Facilities RDF Facilities
Material (Million Btu System Efficiency Electricity (MTCQE) (MTCQE)

Combusted Per Ton) | Efficiency (%) (%) Delivered) f=bxcxe) (g=bxdxe)
Dimensional
Lumber 16.60f 17.8% 16.3% 0.21 0.63 0.58
Medium-Density
Fiberboard 16.60f 17.8% 16.3% 0.21 0.63 0.58
Food Waste 4.744 17.8% 16.3% 0.21 0.18 0.16
Food Waste (meat
only) 4,749 17.8% 16.3% 0.21 0.18 0.16
Food Waste (non
meat) 4.749 17.8% 16.3% 0.21 0.18 0.16
Beef 4.744 17.8% 16.3% 0.21 0.18 0.16
Poultry 4.74d 17.8% 16.3% 0.21 0.18 0.16
Grains 4.744 17.8% 16.3% 0.21 0.18 0.16
Bread 4.744 17.8% 16.3% 0.21 0.18 0.16
Fruits and
Vegetables 4.749 17.8% 16.3% 0.21 0.18 0.16
Dairy Products 4.749 17.8% 16.3% 0.21 0.18 0.16
Yard Trimmings 5.609 17.8% 16.3% 0.21 0.21 0.19
Grass 5.609 17.8% 16.3% 0.21 0.21 0.19
Leaves 5.609 17.8% 16.3% 0.21 0.21 0.19
Branches 5.609 17.8% 16.3% 0.21 0.21 0.19
Mixed Paper
(general) NA 17.8% 16.3% 0.21 0.54 NA
Mixed Paper
(primarily
residential) NA 17.8% 16.3% 0.21 0.53 NA
Mixed Paper
(primarily from
offices) NA 17.8% 16.3% 0.21 0.49 NA
Mixed Metals NA 17.8% 16.3% 0.21 -0.02 NA
Mixed Plastics NA 17.8% 16.3% 0.21 1.09 NA
Mixed Recyclables| NA 17.8% 16.3% 0.21 0.50 NA
Mixed Organics NA 17.8% 16.3% 0.21 0.20 NA
Mixed MSW 10.00 17.8% 16.3% 0.21 0.3 0.35
Carpet 15.20 17.8% 16.3% 0.21 0.58 0.53
Desktop CPUs 3.07 17.8% 16.3% 0.21 0.12 0.11
Portable Electronig 3.07
Devices 17.8% 16.3% 0.21 0.12 0.11
Flatpanel Displays 3.07 17.8% 16.3% 0.21 0.12 0.11
CRTDisplays 3.07 17.8% 16.3% 0.21 0.12 0.11
Electronic 3.07
Peripherals 17.8% 16.3% 0.21 0.12 0.11
Hard-copy Devices 3.07 17.8% 16.3% 0.21 0.12 0.11
Mixed Electronics 3.07 17.8% 16.3% 0.21 0.12 0.11
Clay Bricks NA NA NA NA NA NA
Concrete NA NA NA NA NA NA
Fly Ash NA NA NA NA NA NA
Tires 2778 NA NA NA 1.57 1.57
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(CY (b) (©) (d) (e) U] )
Emission
Factor for Avoided Utility
Utility - GHG Emissions
Generated per Ton Avoided Utility
RDF Electricity? Combusted at CQper Ton
Energy Mass Burn Combus (MTCQE/ Mass Burn Combusted at
Content Combustion | tion System | Million Btu of Facilities RDF Facilities
Material (Million Btu System Efficiency Electricity (MTCQE) (MTCQE)
Combusted Per Ton) | Efficiency (%) (%) Delivered) (f=bxcxe) (g=bxdxe)
Asphalt Concrete NA NA NA NA NA NA
Asphalt Shingles 8.80 NAK NA NAK 1.08 1.08
Drywall NA NA NA NA NA NA
Fiberglass
Insulation NA NA NA NA NA NA
Vinyl Flooring 15.75 17.8% 16.3% 0.21 0.60 0.5
Wood Flooring 17.99" 21.598 16.3% 0.21 0.82 0.62

NA = Not applicable.

Note that totals may not add due to rounding, and more digits may be displayed than are significant.

aThe values in this column are based on national average emissions fromgeiligyated electricity. The Excel version of WARM also allows
users to choose regiespecific utilitygenerated factors, which are containedemhibit5-4.

5 EPA developed these estimates based on data on the specific heat of aluminunarseglass and calculated the energy required to raise
the temperature of aluminumsteel and glass from ambient temperature to the temperature found in a combustor (about 750° Celsius), based
on Incropera and DeWitt (1990).

¢ Average of aluminum and steel.

A 2d2NOSY 9t! OmMbhpO® aal LT A yESialés dzaSIRA fl TA AWNRERR FIINIISNED | dzA §/FS alk&i KIA NIENE |
I'yR (SEG062214aT aySgall LISNEéE dzaSR & | LINRPE& T2NJ LK2yS 06221409
e Source: Gaines and Stodolsky (1993).

fEPA used theigher end of the MMBtu factor for basswood from the USEB\ Basswood is a relatively soft wood, so its-eighMMBtu
content should be similar to an average factor for all wood types (Fons et al., 1962).

9 Proctor and Redfern, Ltd. and ORTECH Internalticd@®93).

h SourcelWSA and American REtiel(personal communication, October 28, 199W)ixed MSW represents the entire waste stream as
disposed of.

' SourceRealff, M. (2010).

I Tires used as tirderived fuel substitute for coal in cement kilnsdeelectric utilities; used as a substitute for natural gas in pulp and paper
facilities. Therefore, columns (d) through (h) are a weighted average of multiple tire combustion pathways, and are lat¢aahcthe same
manner as the other materials andqulucts in the table.

kThe avoided utility GHG emissions are assumed to equal avoided cement kiln refinery gas combustion, so this factodis not use

' Assumes avoided cement kiln refinery gas combustion.

m Bergman and Bowe (2008), Table 3, p. 454. Nwatethis is in agreement with values already in WARM for lumbemaedium-density
fiberboard

"Based on average heat rate of U.S. dedicated biomass electricity plants.

5.2.4.1 Energyontent

The energy content of each of the combustible materials in WARbhisioed in column (b) of
Exhibit5-2. For the energy content of mixed MSW, EPA used a value of 10.0 million Btu (MMBtu) per
short ton of mixed MSW cobusted, which is a value commonly used in the WTE industry (IWSA and
American RefFuel, 1997). This estimate is within the range of values (9.0 to 13.0 MMBtu per ton)
reported by FAL (1994) and is slightly higher than the 9.6 MMBtu per ton value repgrte® itM5\W a
Fact BooKEPA, 1995). For the energy content of RDF, a value of 11.4 MMBtu per ton of RDF combusted
was used (Harringtqri997). This estimate is within the range of values (9.6 to 12.8 MMBtu per ton)
NBL2NISR o6& GKS 5h9Qa blaA2ylf wSySéglrofS 9ySNH& |
ALISOATAO YFGSNRIfA Ay a{23 MIWMFacORK(IDIES dicBripilatiok NES & 2
of data from primary sources, (2) a report by Environment Canada (Procter and Redfern, Ltd. and
ORTECH International, 1993), and (3) a report by Argonne National Laboratories (Gaines and Stodolsky,
1993). EPA assurm¢hat the energ contents reported in the first two of these sources were for

S5-7
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materials with moisture contents typically found for the materials in MSW (the sources imply this but do
not explicitly state it). The Argonne study reports energy content on a dry weight basis

5.2.4.2 CombustionSystemEficiency

To estimate the combustion system efficiency of mass burn plants, EldA ust value of 550
kWh generated by mass burn plants per ton of mixed MSW combusted (Zannes, 1997).

To estimate the combustion system efficiencyRBF plants, EPA evaluated three sources: (1)
data supplied by an RDF processing facility located in Newport, MN (Harrington, 1997); (2) the
Integrated Waste Services Association repdhte 2000NVasteto-Energy Directory: Year 2000VSA,
2000) and (3) he National Renewable Energy Laboratory (NREL, 1992). EdPtheudewport
t NEOSaaAy3a CFHrOAftAGEQAa NBLRNISR ySi @FtdsS 2F prtH
value is within the range of values reported by the other sources. Settumtlewport Processing
Facility provides a complete set of data for evaluating the overall system efficiency of an RDH@ant.
net energy value reported accounts for the estimated energy required to process MSW into RDF and the
estimated energy consumdal the RDF combustion facility. The dataset includes estimates on the
composition and amount of MSW delivered to the processing facility, as well as estimates for the heat
value of RDF, the amount of energy required to process MSW into RDF, and the afhenetgy used
to operate the RDF facility.

Next, EPA consided losses in transmission and distribution of electricity specific to WTE
combustion facilities. The U.S. average transmission and distribution ("line") loss rate isataout
percent, althoudp for some facilities or cities, this rate may be lower. According to IWSA and American
RefFuel (1997), this rate could be as lowf@sr percent. IWSA supportsfave percent line loss rate,
and for purposes of this analysis, we assume this value. tharitye percent loss rate, EPA estimdte
that 523 kWh are delivered per ton of waste combusted at mass burn facilities, and 544 kWh are
delivered per ton of waste input at RDF facilities.

EPA then ugithe value for the delivered kWh per ton of waste dmmsted to derive the
implicit combustion system efficiency (i.e., the percentage of energy in the waste that is ultimately
delivered in the form of electricity). To determine this efficiency, we estimate the MMBtu of MSW
needed to delivepne kWh of electicity. EPA dividgtthe MMBtu per ton of waste by the delivered kWh
per ton of waste to obtain the MMBtu of waste per delivered kWh. The resQIDiE91MMBtu per kWh
for mass burn an@.0210 MMBtu per kWh for RDF. The physical constant for the eneameikiWh
(0.0034 MMBtu) is then divided by the MMBtu of MSW and RDF needed to dele&Wh, to estimate
the total system efficiency at 17.8 percent for mass burn and 16.3 percent for ROEx{Eb#5-2,
columns (d) and (e)). Note that the total system efficiency is the efficiency of translating the energy
content of the fuel into the energy content of delivered electricity. The estimated systeneaffies of
17.8 and 16.3 percent reflect losses in (1) converting energy in the fuel into steam, (2) converting energy
in steam into electricity, and (3) delivering electricity.

5.2.4.3 ElectricUtility Carbon EmissionsAvoided

To estimate the avoided utility GkHemissions from waste combustion, EPAd(se/ 2 Y
oasSt2FrReé SyrAaaAirzy FLOG2NAR FNRBY 9t! Q4 9YAaaAz2ya
EPA made the decision to use Hoaseload factors rather than a national average of only fdgsll

5-8
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plants?® because the noibaseload emission rates provide a more accurate estimate of the marginal
emissions rate. The neomaseload rates scale emissions from generating units based on their capacity

factor. Plants that run at more than 80 percent capacity @g/ci A RSNBR daol aSt 21 Ré¢ ISy
Ay Of dzZRSR -oAlya Sifk2S Rigy 28/ YA daAz2y FILOG2NT | &aKFENB 2F 3ASy
LISNOSY G FyR wn LISNOSyd OFLIOAGE A& AyOfdzRSR Ay (K
all plans with capacity factors below 20 percent are included (E.H. Pechan & Associates, 2006).
In order to capture the regional differences in the emissions rate due to the variation in sources
of electricity generation, WARM first uses std®el eGRID nehasload emission factors and
aggregates them into weighted average regional emission factors based orfdebsihly state
electricity generation. The geographic regions are based on U.S. Census-Besiggated areas.
Exhibit5-3 contains a map, prepared by the U.S. Census Bureau, of the nine rdgibitst5-4 shows
the national average eGRID emission factor and the factors for each of the nine geographic regions. In
addition to the calculated regional ndvaseload emission factors, EPA alsoutli@DwL 5Qa y I GA2 Y| |

non-baseload emission factor to represent the national averagemeseload avoided utility emission
factor. The resulting nchaseload regional and national average estimates for utility carbon emissions
avoided for each material at mabsrn facilities are shown iBExhibit5-5. Columns (g) and (h),
respectively, oExhibit5-2 show the national average estimates for mass burn and RDF facilities.

Exhibit5-3: Electric Utility Regions Used in WARM
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Source: 5. Census Bureau (2009).

28While coal accounts for 33 percent of U.Snmaty energy consumptianand 56 percent of fossiliel
consumptiort in the electricity sector, these plants may serve as baseload power with marginal changes in
electricity supply met by natural gas plants in some areas (EIA, 2018). Natural gas plantsabd@aver
emissions rate than the codlominated national average of foséilel plants.
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Exhibit5-4; AvoidedUtility Emission Factors by Region

Emission Factors for Utiligsenerated Electricity

Region (MTCQE/Million Btu of Electricity Delivered)
National Average 0.221
Pacific 0.151
Mountain 0.230
WestNorth Central 0.294
WestSouth Central 0.193
EastNorth Central 0.265
EastSouth Central 0.237
New England 0.156
Middle Atlantic 0.203
South Atlantic 0.231

aIncludes transmission and distributiomss$es, which are assumedhe 5.86 (EIA, 2(H).

May 2019

Exhibit5-5: Avoided Utility GHG Emissions at Mass Burn Facilities by Region (MEVSIkbrt Ton of Material

Combusted)
West West East East
Material National Mount- North South | North South New Middle | South
Combusted Average | Pacific ain Central | Central | Central | Central | England | Atlantic | Atlantic

Aluminum Cans -0.03 | -0.02 -0.03 -0.03 -0.02 -0.03 -0.03 -0.02 -0.02 -0.02
Aluminum Ingot -0.03| -0.02 -0.03 -0.03 -0.02 -0.03 -0.03 -0.02 -0.02 -0.02
Steel Cans -0.02| -0.01 -0.02 -0.02 -0.01 -0.02 -0.02 -0.01 -0.01 -0.02
Copper Wire -0.02| -0.01 -0.02 -0.03 -0.02 -0.03 -0.02 -0.01 -0.02 -0.02
Glass -0.02| -0.01 -0.02 -0.02 -0.02 -0.02 -0.02 -0.01 -0.02 -0.02
HDPE 1.52 1.02 1.66 21.94 142 194 157 1.01 1.38 147
LDPE 1.51 1.02 1.65 1.93 141 193 156 1.00 1.38 1.46
PET 0.80 0.54 0.83 1.03 0.75 1.03 0.83 0.53 0.73 0.78
LLDPE 1.51 1.02 1.66 1.93 141 1.94 157 1.00 1.38 147
PP 1.51 1.02 1.66 1.93 141 1.94 157 1.00 1.38 147
PS 1.37 0.92 1.50 1.74 1.27 1.75 141 0.91 125 1.432
PVC 0.60 040 0.66 0.76 0.56 0.77 0.62 0.40 0.4 0.58
PLA 0.64 0.43 0.70 0.81 0.59 0.81 0.66 0.42 0.58 0.61
Corrugated
Containers 0.53 0.36 0.59 0.68 0.50 0.68 0.55 0.35 049 0.52
Magazines/Thire
Class Mail 0.40 0.27 0.44 0.51 0.37 0.51 0.41 0.26 0.36 0.39
Newspaper 0.60 0.41 0.66 0.77 0.56 0.77 0.62 0.40 0.55 0.58
Office Paper 0.52 0.35 0.57 0.66 0.48 0.66 0.53 0.3 0.47 0.50
Phone Books 0.60 0.41 0.66 0.77 0.56 0.77 0.62 0.40 0.55 0.58
Textbooks 0.52 0.35 0.57 0.66 0.48 0.66 0.53 0.34 0.47 0.50
Dimensional
Lumber 0.63 0.42 0.69 0.80 0.59 0.81 0.65 0.42 057 0.61
Medium-Density
Fiberboard 0.63 0.42 0.69 0.80 0.59 0.81 0.65 0.42 057 0.61
Food Waste 0.18 0.12 0.20 0.23 0.17 0.23 0.19 0.12 0.16 0.17
FoodWaste
(meat only) 0.18 0.12 0.20 0.23 0.17 0.23 0.19 0.12 0.16 0.17
Food Waste
(norrmeat) 0.18 0.12 0.20 0.23 0.17 0.23 0.19 0.12 0.16 0.17
Beef 0.18 0.12 0.20 0.23 0.17 0.23 0.19 0.12 0.16 0.17
Poultry 0.18 0.12 0.20 0.23 0.17 0.23 0.19 0.12 0.16 0.17
Grains 0.18 0.12 0.20 0.23 0.17 0.23 0.19 0.12 0.16 0.17
Bread 0.18 0.12 0.20 0.23 0.17 0.23 0.19 0.12 0.16 0.217
Fruits and
Vegetables 0.18 0.12 0.20 0.23 0.17 0.23 0.19 0.12 0.16 0.17
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West West East East
Material National Mount- North South | North South New Middle | South

Combusted Average | Pacific ain Central | Central | Central | Central | England | Atlantic | Atlantic
Dairy Products 0.18 0.12 0.20 0.23 0.17 0.23 0.19 0.12 0.16 0.17
Yard Trimmings 0.21 0.14 0.23 0.27 0.20 0.27 0.22 0.14 0.19 0.21
Mixed MSW 0.38 0.26 0.42 048 0.35 0.49 0.39 0.25 0.35 0.37
Carpet 0.58 0.39 0.63 0.74 0.54 0.74 0.60 0.38 0.53 0.56
Desktop CPUs 0.12 0.08 0.13 0.15 0.11 0.15 0.12 0.08 0.11 0.11
Portable
Electronic
Devices 0.12 0.08 0.13 0.15 0.11 0.15 0.12 0.08 0.11 0.11
Flatpanel
Displays 0.12 0.08 0.13 0.15 0.11 0.15 0.12 0.08 0.11 0.11
CRTDisplays 0.12 0.08 0.13 0.15 0.11 0.15 0.12 0.08 0.11 0.11
Electronic
Peripherals 0.12 0.08 0.13 0.15 0.11 0.15 0.12 0.08 0.11 0.11
Hard-copy
Devices 0.12 0.08 0.13 0.15 0.11 0.15 0.12 0.08 0.11 0.11
Mixed
Electronics 0.12 0.08 0.13 0.15 0.11 0.15 0.12 0.08 0.11 0.11
Tireg 1.57 1.57 1.57 1.57 1.57 1.57 1.57 1.57 1.57 1.57
Asphalt Shinglés 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05
Vinyl Flooring 0.60 0.40 0.66 0.76 0.56 0.77 0.62 0.40 0.%4 0.58
Wood Flooring 0.82 0.56 0.90 1.05 0.77 1.06 0.85 0.55 0.75 0.80

b23S GKIG GKS ablaA2ylt | @GSN 35 éExtbisdzYy Aa Ffaz NBLNBASYGSR Ay O2f d2

aAssumes weighted average avoided utility GHG emissions for multiple tire combustion pathways.
b Assumes avoided cement kiln refinery gasbustion.

5.2.5 Avoided CQEmissiondue to Seel Recycling

WARM estimates the avoided €énissions from increased steel recycling made posbiple
steel recovery from WTE plants for steel cans, mixed M&$&ttronicsand tires. Most MSW combusted
with energy recovery in the United States is combusted at WTE plants that recover ferrous metals (e.g.,
iron and steel}® Note that EPA does not credit increased recycling of nonferrous materials due to a lack
of data on the proportions of those materials beirggovered. Therefore, the result tends to
overestimate net GHG emissions from combustion.

For mixed MSW, EPA estimdtidne amount of steel recovered per ton of mixed MSW
combusted, based on (1) the amount of MSW combusted in the United States, and (2) the amount of
steel recovered, postombustion. Ferrous metals are recovered at approximately 98 percent of WTE
facilitiesin the United States (Bahor, 2010) and at five RDF processing facilities that do not generate
power onsite. These facilities recovered a total of nearly 706,000 short tons per year of ferrous metals
in 2004 (IWSA, 2004). By dividing 706,000 short tartal(U.S. steel recovery at combustors) by total
U.S. combustion of MSW, which is 28.5 million tons (Van Haaren al., 2010), EPA dsliaiadeD2
short tons ofsteel are recovered per short ton of mixed MSW combusted (as a national average).

For steekans, EPA first estimatéhe national average proportion of steel cans entering WTE
plants that would be recovered. As noted above, approximately 98 percent of MSW destined for
combustion goes to facilities with a ferrous recovery system. At these plpispximately 90 percent

22EPA did not consider any recovery of materials from the MSW stream flgat atcur before MSW is delivered
to the combustor. EPA considered such prior recovetyetainrelated to the combustion operationunlikethe
recovery of steel from combustor ash, an activity that is an integral part of the operation of many combustors.
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of steel is recovered (Bahor, 2010). EPA multiglese percentages to estimate the weight of steel
cans recovered per ton of MSW combusteabout 0.88 tons recovered per ton combusted.

Finally, to estimate the avoided €émissons due to increased recycling of steel, EPA muldplie

(1) the weight of steel recovered by (2) the avoided @@issions per ton of steel recovered. The
estimated avoided C{£&missions results are in column (d)B¢hibit5-6. For more information on the
GHG benefits of recycling, see tRecyclingand Metalschapters.

Exhibit5-6: Avoided GHG EmissierDue to Increased Steel Recovery from MSW at WTE Facilities

@)

Material Combusted

(b)

Short Tons of Steel
Recovered per Short Ton o
Waste Combusted (Short
Tons)

(c)

Avoided CQEmissions per
Short Ton of Steel
Recovered (MTC£E/Short
Ton)

(d)
AvoidedCQ Emissions per
Short Ton of Waste
Combusted (MTCg&E/Short
Tonp

Aluminum Cans

Aluminum Ingot

NN

Steel Cans

o
©
©

Copper Wire

Glass

HDPE

LDPE

PET

LLDPE

PP

PS

PVC

PLA

Corrugated Containers

Magazines/ThireClass Mail

Newspaper

Office Paper

Phone Books

Textbooks

Dimensional Lumber

Medium-Density Fiberboard

Food Waste

Food Waste (meat only)

FoodWaste (noameat)

Beef

Poultry

Grains

Bread

Fruits and Vegetables

Dairy Products

Yard Trimmings

Mixed Paper (general)

NNNDN N NN NDNNDNNDN NN INDN NN NN NN NN NN N INDN NN NN

hhhhhhhhhhhhhhhhhhhhhhﬂﬂﬂhhhh8!\!\

hhhhhhhhhhhhhhhhhhhhhhﬂhhhhhh%hh

Mixed Paper (primarily

residential) C C C
Mixed Paper (primarily from

offices) q q q
Mixed Metals C q -1.04
Mixed Plastics C C C
Mixed Recyclables C C -0.04
Mixed Organics C C C
Mixed MSW 0.02 1.83 -0.04
Carpet C C G
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@) (b) (©) (d)
Short Tons of Steel Avoided CQEmissions per| AvoidedCQ Emissions per
Recovered per Short Ton o Short Ton of Steel Short Ton of Waste
Waste Combusted (Short | Recovered (MTCf&/Short | Combusted (MTCgE/Short
Material Combusted Tons) Ton) Ton}

Desktop CPUs 0.52 1.83 0.95
Portable Electronic Devices 0.06 1.83 0.12
Flatpanel Displays 0.33 1.83 0.60
CRTDisplays 0.04 1.83 0.08
Electronic Peripherals 0.02 1.83 0.03
Hardcopy Devices 0.33 1.83 0.60
Mixed Electronics 0.20 1.83 0.37
Clay Bricks q q q
Concrete G C C
Fly Ash q q q
Tires 0.06 1.80 -0.10
Asphalt Concrete q q q
Asphalt Shingles S q q
Drywall S S q
Fiberglass Insulation C C C
Vinyl Flooring C C C
Wood Flooring C C C

¢ = Zero emissions.

Note that totals may not sum due to independent rounding, and more digits may be displayed than are significant.

aThe value in column (d§ a national average and is weighted to reflect 90 percent recovery at the 98 percent of facilities that recover ferrous
metals.

b Assumes that only 68 percent of facilities that use TDF recover ferrous metals.

5.3 RESULTS
The national average results of this analysis are shown in

Exhibit5-7. The results from the last column Bkhibit5-1, the last two columns dExhibit5-2,
and the last column dExhibit5-6 are shown in columns (b) through (e) in

Exhibit5-7. The net GHG emissions from combustion of each material at mass burn and RDF
facilities are shown in columns (f) and (g), respectively. These net values represent the gross GHG
emissions (calmn (b)), minus the avoided GHG emissions (columns (can@l)e)). As stated earlier,
these estimates of net GHG emissions are expressed for combustion in absolute terms, and are not
values relative to another waste management option, although theytriesised comparatively, as all
WARM emission factors must be. They are expressed in terms of short tons of waste input (i.e., tons of
waste prior to processing).

Exhibit5-7: Net National Average GHG Emimss from Combustion at WTE Facilities

@ (b) (c) (d) (e=bgcqd)
Avoided CQ
Avoided Utility GHG Emissions per Ton
Emissions per Ton Combusted Due to Net GHG Emissions
Gross GHG Emissiony Combusted at Mass Steel Recovery from Combustion at
Material per Ton Combusted Burn Facilities (MTCQE!/ Short Mass Burn Facilities
Combusted (MTCQE/ Short Ton) | (MTCQE/ Short Tony Ton) (MTCQE/ Short Ton)
Aluminum Cans 0.01 -0.03 C 0.03
Aluminum Ingot 0.01 -0.03 C 0.03
Steel Cans 0.01 -0.02 1.62 -1.59
Copper Wire 0.01 -0.02 q 0.03
Glass 0.01 -0.02 C 0.03
HDPE 2.80 1.58 C 129
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LDPE 2.80 1.57 C 1.29
PET 2.06 0.%4 C 1.24
LLDPE 2.80 1.51 C 1.29
PP 2.80 151 C 1.29
PS 3.2 1.37 C 1.66
PVvC 1.26 0.60 C 0.66
PLA 0.01 0.64 C -0.63
Corrugated
Containers 0.05 0.53 C -0.49
Magazines/Thir
d-Class Mail 0.05 0.40 C -0.35
Newspaper 0.05 0.60 G -0.56
Office Paper 0.05 0.52 q -047
Phone Books 0.06 0.60 C -0.56
Textbooks 0.06 0.52 C -0.47
Dimensional
Lumber 0.06 0.63 G -0.58
Medium-

Density

Fiberboard 0.06 0.63 C -0.58
Food Waste 0.06 0.18 C -0.13
Food Waste

(meat only) 0.06 0.18 G -0.13
Food Waste

(non-meat) 0.06 0.18 q -0.13
Beef 0.06 0.18 C -0.13
Poultry 0.05 0.18 q -0.13
Grains 0.05 0.18 G -0.13
Bread 0.06 0.18 q -0.13
Fruits and

Vegetables 0.05 0.18 q -0.13
Dairy Products 0.05 0.18 q -0.13
Yard Trimmings 0.05 0.21 q -0.17
Grass 0.06 0.21 G -0.17
Leaves 0.05 0.21 G -0.17
Branches 0.06 0.21 q -0.17
Mixed Paper

(generaly 0.05 0.54 C -0.49
Mixed Paper

(primarily

residentialy 0.06 0.53 q -049
Mixed Paper

(primarily from

officesy 0.05 0.29 C -0.45
Mixed Metals 0.01 -0.02 1.05 -1.02
Mixed Plastics 2.34 1.09 C 1.26
Mixed

Recyclables 0.11 0.50 0.04 -0.42
Mixed Organics 0.05 0.20 q -0.15
Mixed MSW 043 0.38 0.4 -0.01
Carpet 1.68 0.58 G 1.10
Desktop CPUs 0.40 -0.12 0.95 -0.66
Portable

Electronic

Device 0.83 -0.12 0.12 0.65
Flatpanel

Displays 0.73 -0.12 0.60 0.03
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CRTDisplays 0.63 -0.12 0.08 0.45
Electronic

Peripherals 2.2 -0.12 0.03 2.08
Hardcopy

Devices 1.91 -0.12 0.60 1.20
Mixed

Electronics 0.86 -0.12 0.37 0.39
Clay Bricks NA NA NA NA
Concrete NA NA NA NA
Fly Ash NA NA NA NA
Tires 2.21 1.57 0.13 0.50
Asphalt

Concrete NA NA NA NA
Asphalt

Shingles 0.70 1.08" q -0.35
Drywall NA NA C NA
Fiberglass

Insulation NA NA G NA
Vinyl Flooring 0.29 0.60 q -0.31
Wood Flooring 0.09 0.82 q -0.74

Note that totals may not sum due to independent rounding, and more digits may be displayed than are significant.

aThe values in this column represent the national average avoided utility GHG emissions. WARM also allows users to-sjsecifigion
avoided utility emissions, which are containedixhibit5-5.

b The summary values for mixed paper are based on the proportions of the four paper types (corrugated containers, magakzoiaséhnail,
newspaperl YR 2FFAOS LI LISND GKI (LIORFHE ARSABSY N KS2 RAPTFSNBY i GYAESR
¢ Tires used as TDF substitute for coal in cement kilns and utility boilers and as a substitute for natural,gews| bmahass in pulp and paper
facilities.

In the Excel version of WARM, the user can select the state whemgasie is being disposed of
to determine the combustion emissions based on regional avoided utility emission factors. This
functionality is not available in the online version of WARM, which only allows for national average
emissions calculations.

Net GHG missions are estimated to be negative for all biogenic sources of carbon (paper and
wood products, organics) because£&@issions from these sources are not counted, as discussed
earlier.

As shown in

Exhibit5-7, combustion of plastics results in substantial net GHG emissions. This result is
primarily because of the high content of neiomass carbon in plastics. Also, when combustion of
plastics reslts in electricity generation, the utility carbon emissions avoided (due to displaced utility
fossil fuel combustion) are much lower than the carbon emissions from the combustion of plastics. This
result is largely due to the lower system efficiency ofBAflants compared with electric utility plants.
Recovery of ferrous metals at combustors results in negative net GHG emissions for steel cans, due to
the increased steel recycling made possible by ferrous metal recovery at WTE plants. Combustion of
mixed MSW results in slightly negative GHG emissions because of the high proportion of biogenic
carbon and steel.

5.4 LIMITATIONS

The certainty of the analysis presented in this chapter is limited by the reliability of the various
data elements used. The most significant limitations are as follows:
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w Combustion system efficiency of WTE plants may be improving. If efficiency improves,
utility CQ will be displaced per ton of waste combusted (assuming no change in utility emissions
per kWh), and the net GHG emissions from combustion of MSW will decrease.

w Data for the RDF analysis were provided by the Minnesota Office of EnvircalnAasistance
and were obtained from a single RDF processing facility and a separate RDF combustion facility.
Research indicates that each RDF processing and combustion facility is different. For example,
some RDF combustion facilities may generate stearsdle offsite, which can affect overall
system efficiency. In addition, the amount of energy required to process MSW into RDF and the
amount of energy used to operate RDF combustion facilities can be difficult to quantify and can
vary among facilitiesrodaily, seasonal and annual bases. This is one of the reasons that RDF
factors are not included in WARM.

w The reported ranges ford emissions were broad. In some cases, the high end of the range
was 10 times the low end of the range. Research has iratidghiat NO emissions vary with the
type of waste burned. Thus, the average value used for mixed MSW and for all MSW
components should be interpreted as approximate values.

w For mixed MSW, the study assudthat all carbon in textiles is from synthetic dits derived
from petrochemicals (whereas, in fact, some textiles are made from cotton, wool and other
natural fibers). Because EPA assumed that all carbon in textiles-lsogenic, all of the GO
emissions from combustion of textiles as GHG emissioms e@inted. This assumption will
slightly overstate the net GHG emissions from combustion of mixed MSW, but the magnitude of
the error is small because textiles represent only a small fraction of the MSW stream. Similarly,
GKS a{2 OFiS321¥8 iXBNENDRRYIENIANYER aRYS 0A23SyA0 C
natural rubber. By not considering this small amount of biogenic carbon, the analysis slightly
overstates the GHG emissions from MSW combustion.

w . S801dzaS G(GKS YI1SdzLd 2F | 3 v&Siym DnstivrambveiageQd YA ES
the energy content also may vary from the national average energy content used in this analysis.
For example, MSW from communities with a higl@rlowerthan-average recycling rate may
have a different energy content, aMdSW with more than the average proportion of dry leaves
and branches will have a higher energy content.

w In this analysis, EPA used the national average recovery rate for steel. Where waste is sent to a
WTE plant with steel recovery, the net GHG emisdionsteel cans will be slightly lower (i.e.,
more negative). Where waste is sent to a WTE plant without steel recovery, the net GHG
emissions for steel cans will be the same as for aluminum cans (i.e., close to zero). EPA did not
credit increased recyclgnof nonferrous materials, because of a lack of information on the
proportions of those materials. This assumption tends to result in overstated net GHG emissions
from combustion.

W CKAA ylfeadaa®i8a REKSYAWANK 2y héfprogyiforfh T2 NJ St SC
displaced at the margin when WTE plants displace utility electricity. Thesbasatoad
emission factors vary depending on the state where the waste is assumed to be combusted. If
some other fuel or mix of fuels is displaced at the nrafgig., a more codileavy fuel mix), the
avoided utility C@would be different.
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6 LANDFILLING

Thischapterpresents an overview déndfillingas a waste management strategy in relation to
the development of materiah LISOA FA O SYAdaAizy FILOG2NER FT2NJ 9t ! Qa 2
Estimates of the negreenhouse gaGHG emissions fromandfillingmost of the materials considered
in WARM and several categories of mixed waste streams (e.g., mixed paper, mixed recyahables
mixedmunicipal solid wasteMSW)) are included in the chapter.

6.1 A SUMMARY OF THHG MPLICATIONS OF LANDING

When food waste, yard trimmings, papend wood are landfilled, anaerobic bacteria degrade
the materials, producing methane (gtnd carbon dioxide (GO CH is counted as an anthropogenic
GHG because, even if it is derived from sustainably harvested biogenic sources, degradation would not
result in Chlemissions if not for deposition in landfills. The.@@duced after landfillings not counted
as a GHG becaugad considered part of the natural carbon cycle of growth and decomposition; for
more information, see the text box on biogemiarbon in theWARM Background and Overviehapter.
The other materials in WARM either do not contain carbon or do not biodegrade measurably in
anaerobic conditions, and therefore do not generate any.CH

In addition to carbon emissions, some of the carlimthese materials (i.e., food waste, yard
trimmings, paperand wood) is stored in the landfill because these materials are not completely
decomposed by anaerobic bacteria. Because this carbon storage would not normally occur under
natural conditions (vtually all of the biodegradable material would degrade to,G@mpleting the
photosynthesis/respiration cycle), this is counted as an anthropogenic sink. However, carbon in plastics
and rubberthat remains in the landfill is not counted as stored carbecause it is of fossil origin. Fossil
OFNb2y o0Sdadsr LISGNRE Sdzvyz O2Ff0 Aa | fNBFRe& O2yaiRsS
or rubber and putting it in a landfill only moves the carbon from one storage site to another.

EPA develomseparate estimates of emissions from (1) landfills without gas recovery systems,
(2) those that flare CH(3) those that combust Gifor energy recovery, and (4) the national average
mix of these three categories. The national average emission estimcataunts for the extent to which
CH will not be managed at some landfills, flared at some landfills, and combusted onsite for energy
recovery at other$® The assumed mix of the three landfill categories that make up the national average
for all material ypes are presented iBxhibit6-1. These estimates are based on the amount of CH
gengatedby U.S. landfills, agported in Subpart Hend TTrom9t | Qa4 DNBSyK2dzaS DI a w
Program(EPA 2018apndthe i @ LIS 2 F O2f f SOGA 2y &d2adSYy TNRBY 9t! Q&
(LMOP)EPA 2018b)

30 Although gas from some landfills is piped to an offsite power plant and combusted fhethe purposes of
WARM, the simplifying assumption was that all gas for energy recovery was combusted onsite. This assumption
was made due to the lack of information about the frequency of offsite power generation, piping distandes
losses from pipéhes.
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Exhibit6-1: Percentage of CHenerated from Each Typof Landfill

Percentage of CH Percentage of CHrom
from Landfills Landfills with LFG CH from Landfills with LFG
without LFG Recovery and Flaring Recovery and Electricity
Landfill Type Recovery only Generation(%}*
Industrial Landfill 98% 2% [«
Municipal Landfill 8% 26% 66%
Total 13% 24% 63%

¢ = Zero Emissions.

6.2 CALCULATING THE GMBACTS OF LANDRNGI
The landfilling emission factors are made up of the following components:

CH emissions from anaerobic decomposition of biogenic carbon compounds;
TransportationCQ emissions from landfilling equipment;

Biogenic carbon stored in the landfill; and

CQ emissions avoided through landfill gessenergy projects.

PR

As mentioned above, WM does not calculat€H emissions, stored carbeor CQ avoided
for materials containing only fossil carbon (e.g., plastics, rubber). These materials have net landfilling
emissions that are very low because they include only the transportatimted emissions from
landfilling equipment. &ne materialge.g., newspaperdimensional lumbeérresult innet storage (i.e.,
carbon storage exceeds Qblus transportation energy emissions) at all landfills, regardless of whether
gas recovery is presenvhile dhers (e.g., food wastagsult innet emissions regardless of landfill gas
collection and recovery practicéd/hether the remaining materials result in net storage or net
emissions depends on the landfill gas recovery scenario

6.2.1 Carbon Stocks and Flows limndfills

Exhibit6-2 shows the carbon flows within a landfill system. Carbon entering the landfill can have
one of several fates: exit &H, exit as Cg) exit as vtatile organic compounds (VOCs), exit dissolved in
leachate, or remain stored in the landfl.

After entering landfills, a portion of the biodegradable material decomposes and eventually is
transformed into landfill gas and/or leachate. Aerobic bacterigally decompose the waste until the
available oxygen is consumed. This stage usually lasts less than a week and is followed by the anaerobic
acid state, in which carboxylic acids accumulate, the pH decreases, and some cellulose and
hemicellulose decomgsition occurs. Finally, during the methanogenic state, bacteria further
decompose the biodegradable material into&iHd CQ.

The rate of decomposition in landfills is affected by a number of factors, including: (1) waste
composition; (2) factors influecing microbial growth (moisture, available nutrients, pH, temperature);
and (3) whether the operation of the landfill retards or enhances waste decomposition. Most studies
have shown that the amount of moisture in the waste, which can vary widely witkiimgée landfill, is a

31 The LMOP database indicates landfills that have active lagd§lio-energy (LFGTE) systems. However, it does

not report the percentage of LFG recovered at these facilities for energy generation versus the percentage of LFG
recovered for flaringln WARM, all LFG generation at landfills with LFGTE systems is assumed to be recovered for
energy. Therefore, this approach likely underestimates the total percentage of LFG generation that is flared in the
U.S. by not accounting for LFG flaring at ldisdfiith LFGTE systems.

32The exhibit and much of the ensuing discussion are taken directly from Freed et al. (2004).
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critical factor in the rate of decomposition (Barlaz et al., 19B@ie to this fact, the emission factors
presented in WARM are per wet ton of waste.

Among the research conducted on the various components of the landfill carbamsystich
to date has focused on the transformation of landfill carbon inta. GHis interest has been spurred by a
YdzYoSNI 2F FLFOG2NARI AyOfdzZRAY3 9t! Q& wmdoddc NHzZ S NBIj dz
Code of Federal Regulations P&, Subparts Cc and WWW), the importance of @hissions in GHG
inventories, and the market for Glds an energy source. gptoduction occurs in the methanogenic
stage of decomposition, as methanogenic bacteria break down the fermentation producteéndier
decomposition processes. Sinces€hhissions result from waste decomposition, the quantity and
duration of the emissions is dependent on the same factors that influence waste degradability (e.g.,
waste composition, moisture). Ti@H portionof el K Y I GSNAFf (&LSQa Syraarzy
further in sectior6.2.2

Carbon dioxide is produced in the initial aerobic stage and in the anaerobic acid stage of
decomposition. However, relatively little research has been conducted to quantifgr@i€sions during
these stages. Emissions during the aerobic stage are generally assumed to be a small proportion of total
organic carbon inputs, and a screeniegel aralysis indicates that less thame percent of carbon is
likely to be emitted through this pathway (Freed et al., 2004). Once the methanogenic stage of
decomposition begins, landfill gas generateds composed of approximately 50 percent.@Hd 50
percentCQ (Bingemer and Crutzen, 1987). However, landfillagasollectedjenerally has a higher €H
concentration than C@&concentration (sometimes as much as a 60 percent: 40 percent ratio), because
some of the C@is dissolved in the leachates part of the carbonate system (€0 LCQT | /sh
T /).
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Exhibit6-2: Landfill Carbon Mass Balance

CH,
Recovery

co, VOCs

Carbon
Storage
Lignin, biomass,

undecomposed cellulose

and hemicellulose, etc.

Leachate Colletction

Source: Freed et al. (2004).

To date, very little research has been conducted on the role of VQOs3iems in the landfill
carbon mass balance. Given the thousands of compounds entering the landfill environment, tracking the
biochemistry by which these compounds ultimately are converted to VOC is a complex undertaking.
Existing research indicates thahane, limronene,n-decane p-dichlorobenzeneand toluene may be
amongthe most abundant landfill VOCs (Eklund et al., 1998jtog (2003) reported nc&H volatile
organic compound concentrations in landfill gas aiaeactor site in lowa, averagingrD0 parts per
million (ppm) carbon by volume in 2001 and 925 ppm carbon by volume in 2002. If the VOC
concentrations in landfill gas are generally of the order of magnitude of 1,000 ppm, VOCs would have a
small role in the overall carbon balance, as comegions of CkHand CQwill both be hundreds of times
larger.

Leachate is produced as water percolates through landfills. Factors affecting leachate formation
include the quantity of water entering the landfill, waste composition, and the degreeadmposition.
Because it may contain materials capable of contaminating groundwater, leachate (and the carbon it
contains) is typically collected and treated before being released to the environment, where it
eventually degrades into GCHowever, leachat is increasingly being recycled into the landfill as a
means of inexpensive disposal and to promote decomposition, increasing the mass of biodegradable
materials collected by the system and consequently enhancing agueous degradation (Chan et al., 2002;
Warith et al., 1999). Although a significant body of literature exists on landfill leachate formation, little
research is available on the carbon implications of this process. Based on a screening analysis, Freed et
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al. (2004) found that loss as leachate noagur for less thaone percent of total carbon inputs to
landfills.

In mass balance terms, carbon storage can be characterized as the carbon that remains after
accounting for the carbon exiting the system as landfill gas or dissolved in leachate. YOneagit
basis, municipal refuse contains¢®D percent cellulose,l2 percent hemicellulose and 438 percent
lignin (Hilger and Barlaz, 2001). Although the degradation of cellulose and hemicellulose in landfills is
well documented, lignin does not deglato a significant extent under anaerobic conditions (Colberg,
1988). Landfills in effect store some of carbon from the cellulose and hemicellulose and all of the carbon
from the lignin that is buried initially. The amount of storage will vary with enwirental conditions in
the landfill; pH and moisture content have been identified as the two most important variables
controlling decomposition (Barlazetal mppn o d® ¢KSasS G NAIFofS&a FyR GKSA
emission factor are discussedtiver below.

6.2.2 Estimating Emissions from Landfills

As discussed in secti@i2.1, whenbiodegradablematerials such as wood products, food
wastes and yard trimmingsre placed into a landfill, a fraction of the carbon within these materials
degrades intdCH emissions. The quantity and timing ©FH emissions released from the landfill
depends uponhree factors: () how much of the original material decays if@éi, (2) how readily the
material decaysinder differentlandfill moisture conditions, and) landfill gas collection practiceEhis
section describes how these three factors are addressed in WARM.

6.2.2.1 Methane Generation and Landfill Carbon Storage

The first stegs to determine the amount of carbon contained in degradable materials that is
emitted from the landfill as CiHand the amount that remains in lorigrm storage within the landfill.
Although a large body of research exists on @heration from mixed dml wastes, only a few
investigators most notably Dr. Morton Barlaz and colleagues at North Carolina State Univensig
measured the behavior of specific waste wood, paper, food wasté yard trimming components. The
results of their experiments yieldiata on the inputs specifically the initial carbon contentSH
generation and carbon stored that are required for calculating materiapecific emission factors for
WARM.

Barlaz (1998) developed a series of laboratory experiments designed to measirgradation
of these materials in a simulated landfill environment, in conditions designed to promote decomposition
(i.e., by providing ample moisture and nutrients). Each waste component (e.g., grass, branches, leaves,
paper) was driefanalyzed for cdlilose, hemicelluloseand lignin contentweighed placed in tweliter
plastic containers (i.e., reactorgind allowed to decompose anaerobically under moist conditions
(Eleazer et al., 1997). At the end of the experiment, the contents of the reactoesdsied, weighed
and analyzed for cellulose, hemicellulose, ligamd (in the case dbod wasteonly) protein content.
The carbon in these residual components is assumed to represent carbon that would remain
undegraded over the long term in landfilthat is, itwould be stored.

Based on these components, Dr. Barlaz estimated the initial biogenic carbon content of each
waste material as a percent of dry matter. For some materials, the carbon content estimates have been
updated to reflect more recent studies or to better reflectaciges in material composition in recent
years.Exhibit6-3 shows the initial carbon contents of the wastes analyzed by Barlaz (1998) and Wang et
al. (2011).
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Exhibit6-3; Initial Biogenic Carbon Content of Materials Tested in Barlaz (1998) and Wang et al. (2011)

Initial Biogenic Carbon
Content, % of By

Material Matter Source
CorrugatedContainers 47% Barlaz (1998)
Newspaper 49% Barlaz (1998)
Office Paper 32% Barlaz (1998)
Coated Paper 34% Barlaz (1998)
Food Waste 50% Barlaz (1998)
Grass 45% Barlaz (1998)
Leaves 46% Barlaz (1998)
Branches 49% Barlaz (1998)
Mixed MSW 42% Barlaz (1998)

Gypsum Board

5%

Barlaz(1998)

Dimensional Lumber

49%

Wang et al. (2011)

Medium-density Fiberboard

44%

Wang et al. (2011)

Wood Flooring

46%

Wang et al. (2011)

aBased on 2014 discussions with Dr. Morton Barlaz, the carbon content of office paper has been upédateditdfor an
averagecalcium carbonateGaC@) content of 20 percenin office paper irrecent years
bBased on an average of carbon content values for red oak and plywood in Wang et al. (2011).

The principalstocks and flows the landfillcarbonbalanceare:

Initial carbon contentlnitial C);
Carbon output as CH [);
Carbon output as G& H); and

=A =4 =4 =4

Residual carbon (i.e., landfill carbon storagég.

The initial carbon content, along with the other results from the Barlaz (1998), Wang et al.

(2013)2 Fy3 SG It ®d 6H

F Y R

nAMML X

[ Sora Si

Ft &

OHAMOU

emission factor in WARM. The Barlaz (1998), Wang et al. (2013), Wang et al. (2011), and Levis et al.
(2013) experiments did not captu@Q emissions in thearbon balance; howevemia simple system
where the only carbon fates are GKCQ and carbon storage, the carbon balance can be described as

I o AH T LYyAGALE

If the only decomposition is anaerobic, th,er'in =/ }’,),.33 Thus, the carbon balance cha

expressed as

=lhnital P T LYAGAL £/
Exhibit6-4 shows the measured experimental values, in terms of the percentage of initial
carbon for each of the materials analyzed, the impleutfill gasyield, and the sum of outputs as a
percentageof initial carbon(Barlaz, 1998; Wang et al., 2013; Wang et al., 2011; Levis et al., 2818
sum of the outputs shows, the balance between carbon outputs and carbon inputs generally was not

perfect. This imbalance is attributable to measurement utaaty in the analytic techniques.

33 Theemissiongatio of CHto CQis 1:1 for carbohydrates (e.g., cellulose, hemicellulose). For proteins, the ratio
is 1.65 Cliper 1.55 C@ for protein, it is G.2HsONv.ss (Barlaz et a).1989). Given the predominance of
carbohydrates, for all practical purposes, the overall ratio is 1:1.
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Exhibit6-4: ExperimentalValuesfor CH Yield and Carbon Storage

@) (b) (©) (d) (e)
Implied Yieldof Landfill Gas Measured
MeasuredCH (CH+CQ) asa Proportion Proportion of Output as % of
Yield as a %f of Initial Carbon Initial Carbon Initial Carbon
Material Initial Carbon (c=2>) Stored (e=cHd)

CorrugatedContainers 17% 35% 55% 90%
Newsp@aper 8% 16% 85% 100%
Office Paper 29% 58% 12% 70%
Coated Paper 13% 26% 7% 100%
Food Waste 32% 63% 16% 79%
Grass 23% 46% 53% 9%
Leaves 8% 15% 85% 100%
Branches 12% 23% 77% 100%
Mixed MSW 16% 32% 19% 50%
Gypsum Board 0% 0% 55% 55%
Dimensional Lumber 1% 3% 88% 91%
Medium-density Fiberboard 1% 1% 84% 85%
WoodFlooring 2% 5% 99% 100%

aThe Cll CQ, and carbon stored from these experiments represents only the biogenic carbon in each material type.

To calculate the WARM emission factors, adjustments were made to the measured values so
that exactly 100 percent of the initial carbon would be accounted for. After consultatiorDwitBarlaz,
the following approach was adopted to account for exactly gé&ent of the initial carbon:

1 For most materials where the total carbon output is less than the total carbon input (e.g.,
corrugated containers, office paper, food waste, grass, leaves}y tfish 4 & A y Wds O Nb 2 y
assumed tde emittedas equal quantitiesf/ [, and/ K. In these cases6rrugated
containers office paperfood waste, grass, leavethe / [, wasincreased with respect to the
measured values as follows

Ly A ﬁk:luflll/
H n

This calculation assumes thath =/ [, . In essence, thadjustment approach was to increase
landfill gas productionas suggested by Dr. Barlaz

1 For coated paper, newspaper, and wood flooring, where carbon outputs gregger than
initial carbon the measurements of initial carbon content and@k&ss wereassumed to be
accurate Here, the adjustment approach was to decrease carbon storage. [Eimdéij| carbon
storagewas calculateds the residual of initiaarboncontent minus (/ [,).

The resulting adjuste@H yields and carbon storage are presedtin Exhibit6-5.

1 For branches, dimensional lumber, meduatensity fiberboard, and mixed MSW, the measured
CHyield as a percentage of initial carbon was consideodoe the most realistic estimate for
methane yield, based on consultation with Dr. Barlaz. Therefore, no adjustment was made for
these materials.

1 For gypsum board, theulfate in wallboards estimated taeduce methane generatigms
bacteria use sulfate preferentially to the pathway that results in methasesuggested by
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Dr. BarlazAs suchmethane yield from gypsum board is likely to be negligible and is
therefore adjusted to 0% in WARM

Exhibit6-5: AdjustedCH Yield and Carbon Storage by Material Type

Adjusted Yield of Ckas AdjustedCarbon Storage as
Material Proportion of Initial Carbon Proportion of Initial Carbon
Corrugated Containets 22% 55%
Newspapert 8% 84%
Office Papex 44% 12%
Coated Papér 13% 74%
FoodWaste 42% 16%
Gras8 23% 53%
Leaved 8% 85%
Branche$ 12% 77%
Mixed MSW 16% 19%
Gypsum Boad 0% 55%
Dimensional Lumber 1% 88%
Medium-density Fiberboard 1% 84%
Wood Flooring 2% 95%

aCHyield is adjusted to account for measurement uncertainty in the analytic techniques to measure these quantities. For

corrugated containers, office paper, food waste, graselleaves the yield of Cliwas increased such that the proportion of

initial cabon emitted as landfill gas (i.e., 2 x4 plus the proportion that remains stored in the landfill is equal to 100% of the

initial carbon.

b For coated papemewspaper, and wood flooringhe proportionof initial carbon that is stored in the landfill decreased such
that the proportion of initial carbon emitted as landfill gas (i2x CH) plus the proportion that remains stored in the landfill is

equal to 100% of the initial carbon.

¢ For branches, dimensional lumber, medigensity fiberboard, and mixed MS\tthe measured CHyield as a percentage of
initial carbonand measuredproportion of initial carbonstored shown in columns b and d, respectivelytohibit6-4 was
considered to be the most realistic estimate for methane yi&lderefore, these values were not adjusted.

d For gypsum board, theulfate in wallboards estimated taeduce methaneyeneration thus, themethane yield from gypsum

board is likely to be negligible and is therefore adjusted to 0%

5N . F NI FI

Qa

SELISNRYSY

RAR y2i

aSaid I ftf

identified proxies for the remaining material typfs which there were no experimental data.
Magazines and thirdlass mail placed in a landfill were assumed to contain a mix of coated paper and
office paper and were therefore assumed to behave like an average of those two materials. Similarly,
phone baks and textbooks were assumed to behave in the same way as newspaper and office paper,
respectively. Results from two studies by Wang et al. were used for dimensional lumber, medium
density fiberboard, and wood flooring (2012013). For wood flooring, té ratio of dryto-wet weight

was adjusted to more accurately represent the moisture content of wood lumber (Staley and Barlaz,

2009). Drywall was assumed to have characteristics similar to gypsum Boilit6-6 shows the
landfill CH emission factors and the final carbon storage factors for all applicable material types.
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Final (Adjusted) Final (Adjusted)
Adjusted Yield of| CH Generation, CH Generation
Initial Biogenic | CH as Proportion MTCQE/Dry (MTCQE/Wet
Material Carbon Content | Of Initial Carbon Metric Ton2 ShortTony

Corrugated Containers 47% 22% 3.48 2.62
Magazines/Thirddass Mail 36% 12% 1.43 1.19
Newspaper 49% 8% 1.33 1.05
Office Paper 32% 44% 471 3.89
Phonéooks 49% 8% 1.33 1.05
Textbooks 32% 44% 4.71 3.89
Dimensional Lumber 49% 1% 0.24 0.17
Medium-Density Fiberboard 44% 1% 0.08 0.06
FoodWaste 4% 40% 6.63 1.62
Yard Trimmings

Grass 45% 23% 3.48 0.57

Leaves 46% 8% 1.17 0.65

Branches 49% 12% 1.90 1.45
Mixed MSW 42% 16% 2.23 1.62
Drywall 5% 0% 0 0
Wood Flooring 43% 2% 0.27 0.18

aFinal adjustedCH generation per dry metric ton is the product of the initial carbon content and the final percent carbon emit@&d as
multiplied by the molecular ratio of carbon @H (12/16).
bCH generation is converted from per dry metric ton to per wet short tgnnbultiplying theCH generation on a dry metric ton basis byg(1

GKS YIGSNRLFE Qa
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6.2.2.2 ComponentSpecific Decay Rates

The second factor in estimating matersglecific landfill ensisions is the rate at which a material
decays under anaerobic conditions in the landfill. The decay rate is an important factor that influences

lyR o8

02y @SNIiAy3d FTNRBY YSGNRO

the landfill collection efficiency described further in the next sectisithough the final adjusted GH
yield shown inExhibit6-6 will eventually occur no mattavhatthe decay rate, the rate at which the
material decays influences how much of the,@idld will eventually be captured for landfills with

collection systems.

Recent studies bpe laCruz and Barlaz (2010) found thdfferent materials degrade at

different ratesrelative to bulk MSW rates of decdyor example, one short ton of a relatively inert wood

materialt such as lumbar will degrade slowly and produce a smaller amount of methane tbad
waste, which readily decagover a much shorter timeframéJaterials will also degrade faster under

wetter landfill conditions.Consequently, the rate at which €émissions are generated from decaying
material in a landfill depends upon: (1) the type of material placed in the landfill, and (2) the moisture

conditions of the landfill.

De laCruz and Barlaz (20) measured componertpecific decay rates in laboratory

experiments that were then scaled to fieleivel, componenspecific decay rates based on mixed MSW

field-scale decay rates published in EPA (1998) guidance.

To scale the laboratorgcale, componetspecific decay rate measurements to figlcale

valuesDe laCruz and Barlaz (2010) assumed that the weighted average decay rate for a waste mixture
of the same composition as MSW would be equal to the bulk MSW decay rate. They also related a lab

scaledecay rate for mixed MSW to the fieftale decay rate using a scaling factor. Using these two

relationships, the authors were able to estimate fisichle decay rates for different materials based on
the laboratory data. The following equations were useestimate the componenspecific decay rates:

tzya
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Equationl
M B Vi 0BA GOOQVOROIN@O Q
Equation2
Q 5 Q Q
where,
f = a correctiorfactor to force the left side of the equation to equal the overall MSW decay
rate
Kiab,i = the componentspecific decay rate calculated from lab experiments
Krield, = the componentspecific decay rate determined for the field
[ = thei™ waste component

Based on the results frolde laCruz and Barlaz (2010), the Excel version of WARM allows users
to select different componenspecific decay rates based on different assumed moisture contents of the
landfill to estimate the rate at whicBH is emitted forS F OK Y G SNAF € (G@LJS 062N 402V
MSW decay rates used are:

1.1 I' ndnuk@SIENI 0a5NE£0SY O2NNBaLRYRAYy3I (2 fFyRTA
precipitation: based values reported in EPA (2010)

221 I nonnkéSk N 6da 2tRISNflsireddiving bet@eNIOBNE L0Anghesiof 3
annual precipitation: based values reported in EPA (2010)

3. k=00& @S NJ 642 SGé 0z O2rathldng grasgrihan/Al indhed ofarinyaR T A £ £ &
precipitation: based values reported in EPA (2010)

4, kI' nd®MHKE@SE NI 6d. A2 NBLI Olopexdting 3s bioraaktdidhéré J2ateRsh y 3 G 2
added until the moisture content reaches 40 percent moisture on awaight basis: based on
expert judgment using values reported in Barlaz et al. (2010) alagmat et al. (2010)

5.1 I' nodnpHk@&SIFENI 6abl A2yt | dSNIF IS0 O2NNBaLRY
waste received at each landfill type: based on expert judgment using values reported in EPA
(2010)

The final waste componergpecific decayates as a function of landfill moisture conditions are
provided inExhibit6-7.

Exhibit6-7: ComponeniSpecific Decay Rates $rby Landfill Moisture Scenario

Landfill Moisture Gonditions

National

Material Dry Moderate Wet Bioreactor Average
Corrugated Containers 0.01 0.02 0.03 0.06 0.03
Magazines/Thirddass Malil 0.06 0.12 0.18 0.37 0.16
Newspaper 0.02 0.03 0.05 0.10 0.04
Office Paper 0.01 0.03 0.04 0.09 0.04
PhoneBooks 0.02 0.03 0.05 0.10 0.04
Textbooks 0.01 0.03 0.4 0.09 0.04
Dimensional Lumber 0.04 0.08 0.12 0.25 0.11
Medium-Density Fiberboard 0.03 0.06 0.10 0.19 0.08
FoodWaste 0.07 0.14 0.2 0.43 0.19
Yard Trimmings 0.10 0.20 0.29 0.59 0.26
Grass 0.15 0.30 045 0.89 0.39
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LandfillMoisture Conditions

National

Material Dry Moderate Wet Bioreactor Average
Leaves 0.09 0.17 0.26 0.51 0.22
Branches 0.01 0.02 0.02 0.05 0.02
Mixed MSW 0.02 0.04 0.06 0.12 0.05
Drywalk S S S S S
Wood Flooring q q q q q

¢ = Zero Emissions
aDecay rates were not estimated since WARM assumes that the constructiadearaition landfills where these materials are
disposed of do not collect landfill gas.

The profile of methane emissions as materials decay in landfills over time is commonly
approximated using a firgirder decay methodology summarizedDe laCruz and Barla2010. The
CH generation potential of landfilled waste decreases gradually throughout time and can be estimated
using first order decomposition mathematics. The profile of methane emissions from landfills over time
for mixed MSW is showim Exhibit6-8 as a graphic representation of the methane emissions
approximated using a firgirder decay equation. ASxhibit6-8 shows, materials will degrade faster
under wetter conditions in landfills (i.e., landfills whose conditions imply higher decay rates for
materials).

Exhibit6-8. Rate ofMethane Generation for Mixed MSW as &unction of DecayRate

0 20 40 60 80 100

Year

Rate of methane generation (m”3/yr)

— Mixed MSW (k = 0.02) = Mixed MSW (k =0.04)

Mixed MSW (k = 0.06) — Mixed MSW (k =0.12)

— Mixed MSW (k = National Average)

Although in each landfill moisture scenario, the total finak @eld for solid waste components
(Exhibit6-6) will eventually be emittedvertime, the rate at which methane is emitted greatly depends
on the decay rate. Finally, since different materials have very different metharssemiprofiles in
landfills, theeffectiveness antdiming of the installation of landfill gas collection systems can greatly
influence methane emissions, as discussed in the next section.

6.2.2.3 Landfill Gas Collection

WARM estimates the amount of methane thatcollected by landfill gas collection equipment.
In practice, the landfill gas collection system efficiency does not remain constant over the duration of
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gas production. Rather, the gas collection system at any particular landfill is typically exparded ov
time. Usually, only a small percage(or none) of the gas produced soon after waste burial is collected,
while almost all of the gas produced is collected once a final cover is instlpdovide a better

estimate of gas collection system efficignEPA usga Monte Carlo analysis to estimate tfraction of
produced gas that igented directly, flared and utilized for energy recovery while considering annual
waste disposal and landfill operating life (Levis and Baz(ai4)34

The gas collectionfficiencies that WARM uses are evaluated from the perspective of a short
ton of a specific material placed in the landfill at year zero. The efficiencies are calculated based on one
of five moisture conditions (dry, moderate, wet, bioreactor, and nati@varage conditions, described
in section6.2.2.2 and one of four landfill gas collection practices over ayi€dY time period, which is
approximately the amountfatime required for 95 percent of the potential landfill gas to be produced
dzy RSNJ G KS a5NEBé 61 ' ndnHké@NL fl yRTFA{t CAOSYl NA2 O
collected over 100 years divided by the to@i produced over 100 years.

The combination of four different landfill gas collection scenarios and five different landfill
moisture conditions means there are 20 possible landfill gas collection efficiencies possible for each
material in WARM. The landfill collection efficiency soc@s are described below and the assumptions
for each are shown iExhibit6-9:

1. Typical collectiormg phasedin collection with an improved cover; judged to represtre
average U.S. landfill, although every landfill is unique and a typical landfill is an approximation of
reality.

2. Worstcase collectiom it KS YA Yy AYdzy O2ftt SOGA2Y NBIljdZANBYSyia
Performance Standards.

3. Aggressive collectioglandfillswhere the operator is aggressive in gas collection relative to a
typical landfill; bioreactor landfills are assumed to collect gas aggressively.

4. California regulatory scenafix; equivalent to landfill management practices based on
California regulatoryaquirements.

Exhibit6-9: WARM Gas Collection Scenario Assumptiansl Efficiencie€Compared to EPA AB2 (1998) with
Landfill Gas Recovery for Energy

Landfill Gas Collection Efficiency (%
for Mixed MSW

MSW Decay Rate (¥

Nationa

GasOollection Scenario |

Scenario Description GasOollection Scenario 0.02 | 0.04 | 0.06 | 0.12 | Average
AR42 | EPA default gas All years: 75%

collection assumption

(EPA 1998 AB2) (not

modeled in WARM)

1 G¢eLAOIE OF Yeardgl: 0%

judged to represent the| Yeas2-4: 50%

average U.S. landfill Years¢la: 75%

Yearsl5 to 1 year before final cover:

82.5%

Final cover90%

75.0 | 75.0 | 75.0 | 75.0 75.0

68.2 | 65.0 | 64.1 | 60.6 64.8

34 This improved analysis of landfill gas collection was incorporated in June 2014 into W&kstdvh 13.
35 This additional landfill gas collection scenario was incorporated in June 2014 into WARM Version 13 to allow
WARM users to estimate and view landfill management results based on California regulatory requirements.

6-12



WARM ¥rsion 15 Landfilling May 2019
Landfill Gas Collection Efficiency (%
for Mixed MSW
MSW Decay Rate (V)
Nationa
Gasollection Scenario |
Scenario Description GasQollection Scenario 0.02 | 0.04 | 0.06 | 0.12 | Average
2 AWorst-case collectioa | Years &4 0%
under EPA New Source| Years 5: 50%
Performance Standards| YearslOc¢14: 75%
(NSPS) Yearsl5 to 1 year before final cover: 66.2 61.3] 59.2 | 50.6 60.3
82.5%
Final cover90%
3 "Aggressive gas Year0: 0%
collectiong typical Years 0.82: 50%
bioreactor operation Years3¢l4: 75%
Yearsl5 to 1 year before final cover 68.6 | 658 | 66.3 | 63.9 66.4
82.%%
Final Covera0%
4 al/ £ AF2NYAL Year0: 0%
0SSyl NA2¢ 5 | Yearl:50%
management based on| Years 27: 80% 83.6 | 795 | 774 | 729 78.8
California regulatory Years 8 to 1 year before final cover: 85%
requirements Final cover: 90%

aThe values in this table are for landfills that recover gas for energy. In reality, a small share of gas recovered iy eventua
flared. The values provided in this table include both the gas recovered for energy and the small portion recovereddor flari

The landfill gas collection efficiencies by material type for each of the four landfill collection
efficiency scenarios and each of the five moisture conditions are providexhiiit6-10. In addition to
the gas collected, EPA alsikinto account the percentage of gas that is flared, oxidized emitted
for landfills that recover gas for energy, as described in Levis and Barlaz @914)of the uncollected
methane is oxidized to G@s it passes through the landfill coyéevis and Barlaz (2014) adaptedA
recommendations for methane oxidatiqi@l FR 230, 2013) to develop the following oxidation rates at
various stages of landfill gas collection:

1 Without gas collection or final cover: 10 percent
1 With gas collection before final cover: 20 percent
9 After final cover installation: 35 percent

In the EPA recommendations, the fraction of uncollected methane that is oxidized varies with
the methane flux (mass parea per time) and ranges from 10 perceot35percent (71 FR 230, 2013)
Measurement or estimation of the methane flux is possible on asgitific basis but requires
assumptions on landfill geometry and waste density to estimate flux for a genedidllas is
represented by WARM. As such, the methane oxidation values published by EPA were used as guidance
for the valuedisted above Landfills with a final cover and a gas collection system in place will have a
relatively low flux through the covewhichjustifies the upper end of the range (&rcen) given by
EPA. Similarly, landfills without a gas collection system in place will have a relatively high flux, suggesting
that an oxidation rate o0 percentis most appropriate. Landfills with a gadlection system in place
but prior to final cover placement were assigned an oxidation rate qfe26ent Based on preliminary
calculations for a variety of landfill geometries and waste densitiegis and Barlaz (201dg¢termined
that the methane flux would justify an oxidation rate of @&centmost but not all of the time. As such,
an oxidation rateof 20 percent was adopted in WARM for landfills with gas collection before final cover
(Levis and Barlaz, 2014).
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For landfill gas that is not collected for energy USBA dokinto account the percentage of
landfill CH that isflared (when recovery for flaring is assumealidized neathe surface of the landfill
and emitted Based omnalysis by Levis and Barl&PAestimated the percentagef the landfill Cll
generatedthat areeither flared, chemically oxidized or converted by bacteria to,&@d emittedfor
each material type foeach of the four landfill collection efficiency scenarios and each of the five
moisture conditions (Levis and Barlaz, 2014).
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Exhibit6-10: Waste ComponenSpecific Collection Efficiencies by Landfill Maisg Condition with Landfill Gas Recovery for Energy

May 2019

Aggressive Collection Landfill California Regulations Collection
Typical Landfill Scenario Worst-Case Landfill Scenario Scenario Scenario
Bio- Natio Bio- | Natio Bio- | Nati Bio- Nati
Mode react nal Mod react nal Mod react | onal Mod react | onal
Material Dry | rate | Wet or Avg. | Dry | erate | Wet or Avg. Dry | erate | Wet or Avg. | Dry | erate | Wet or Avg.
Corrugated
Containers 61% 55% | 54%| 55%| 56%| 60% | 54%| 53%| 50%| 54%| 61%| 56% | 56% | 58%| 57%| 66%| 59%| 60%| 62%| 61%
Magazines/
ThirdQass
Mail 59% 55% | 52% | 45%| 54%| 55% | 46%| 40%| 26%| 43%| 61%| 58% | 57%| 51%| 57%| 67%| 63%| 61%| 54%| 62%
Newspaper | 62% 59% | 59%| 57%| 59%| 61% | 56% | 55%| 49%| 56%| 62%| 59% | 61%| 60%| 61%| 67%| 64%| 65%| 65%| 65%
Office Paper | 62% 58% | 58%| 57%| 59%| 61%| 56%| 55%| 50%| 56%| 62%| 59% | 60%| 60%| 60% | 67%| 63%| 64%| 65%| 64%
PhoneBooks | 62% 59% | 59%| 57%| 59%| 61% | 56%| 55%| 49%| 56%| 62%| 59% | 61%| 60%| 61%| 67%| 64%| 65%| 65%| 65%
Textbooks 62% 58% | 58%| 57%| 59%| 61% | 56%| 55%| 50%| 56%| 62%| 59% | 60%| 60%| 60% | 67%| 63%| 64%| 65%| 64%
Dimensional
Lumber 62% 59% | 57%| 50%| 58%| 59% | 52%| 48%| 35%| 50%| 63%]| 61%| 60%| 55%| 60% | 68%| 66%| 65%| 60%| 65%
Medium-
Density
Fiberboard 62% 60% | 59%| 53%| 59%| 60% | 55%| 51%| 40%| 53%| 63%| 62%| 62%| 58%| 62% | 68%| 66%| 67%| 62%| 67%
FoodWaste | 58% 53% | 50% | 42%| 52%| 53% | 43%| 36% | 22%| 40%| 59%| 56% | 55% | 49%| 55%| 65%| 61%| 59%| 51%| 60%
Food Waste
(meat only) | 58% 53% | 50% | 42%| 52%| 53% | 43%| 36% | 22%| 40%| 59%| 56% | 55%| 49%| 55%| 65%| 61%| 59%| 51%| 60%
Food Waste
(non-meat) 58% 53% | 50% | 42%| 52%| 53% | 43%| 36% | 22%| 40%| 59%/| 56% | 55% | 49%| 55% | 65%| 61%| 59%| 51%| 60%
Beef 58% 53% | 50% | 42%| 52%| 53% | 43%| 36%| 22%| 40%| 59%| 56% | 55%| 49%| 55% | 65%| 61%| 59%| 51%| 60%
Poultry 58% 53% | 50% | 42%| 52%| 53% | 43%| 36%| 22%| 40%| 59%| 56% | 55%| 49%| 55%| 65%| 61%| 59%| 51%| 60%
Grains 58% 53% | 50% | 42%| 52%| 53% | 43%| 36%| 22%| 40%| 59%| 56% | 55%| 49%| 55% | 65% | 61%| 59%| 51%| 60%
Bread 58% 53% | 50% | 42%| 52%| 53% | 43%| 36% | 22%| 40%| 59%| 56% | 55%| 49% | 55%| 65%| 61%| 59%| 51%| 60%
Fruits and
Vegetables | 58% 53% | 50% | 42%| 52%| 53% | 43%| 36%| 22%| 40%| 59%| 56% | 55%| 49%| 55% | 65% | 61%| 59%| 51%| 60%
Dairy
Products 58% 53% | 50% | 42%| 52%| 53% | 43%| 36% | 22%| 40%| 59%| 56% | 55% | 49%| 55%| 65%| 61%| 59%| 51%| 60%
Yard
Trimmings 54% | 47%| 44% | 39%| A47%| 47%| 37%| 31%| 21%| 35%| 55%| 51%| 49% | 44%| 50% | 61% | 55%| 52%| 45%| 54%
Grass 49% | 43%| 39% | 33%| 41%| 39%| 27%| 20% 9% | 25%| 51%| 47%| 45% | 39%| 46% | 57% | 51%| 48%| 38%| 50%
Leaves 56% 51% | 47%| 40%| 49%| 50% | 40%| 33%| 19%| 37%| 58%| 54%| 52%| 46%| 53%| 64%| 59%| 57%| 48%| 58%
Branches | 61% 53% | 51%| 52%| 54%| 60% | 52%| 51%| 49%| 53%| 61%| 54%| 53%| 54%| 55%| 65%| 57%| 57%| 58%| 59%
Mixed MSW | 62% 60% | 60%| 57% 60% | 61% | 56%| 55% | 47%| 56% | 63%| 61%| 62% | 60% | 62% | 67%| 65%| 67%| 65%| 66%
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