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This paper introduces a comprehensive model developed to assess the carbon footprint of integrated solid waste
management systems including the diversion at source of the food waste component into the wastewater/sludge
management systems using household food waste disposers. In addition to the current state of practice in de-
veloped economies, the model includes emissions from waste management processes still practiced in developing
economies (such as open dumping, open burning, poorly operated landfills with flaring systems and auxiliary
fuel needed to satisfy the low heating value (LHV) during incineration) commonly not considered in most life
cycle assessment (LCA)-based models. It can disaggregate emissions by source (from collection to final disposal),
or type (direct-operating, indirect-upstream, indirect-downstream), or gas (CH4, CO», N,O) and offers users the
flexibility to select processes or modify input parameters while examining their impact on uncertainty in model
simulations. Equally important is a clarity in deriving and applying emission factors used to quantify emissions
from waste management systems. The model was tested in the context of developed and developing economies
to assess the impact of waste composition, management processes, energy consumption and other parameters on
variations in emissions. The results demonstrated that best practices through material recycling, biological
treatment, food waste diversion, and/or energy recovery can contribute to significant savings in emissions that
ranged between 24 and 95%, depending on the tested systems. In closure, we argue the benefits of the model
application in providing guidelines for policy planning and decision making about process viability for investing

in carbon credit.

1. Introduction

The waste sector contributes to greenhouse gas (GHG) emissions
primarily in the form of carbon dioxide (CO,), methane (CH4) and ni-
trous oxide (N0), and a few other gases with less significant quantities.
These emissions are released through various processes and compo-
nents of the waste management cycle (from collection to material re-
covery, biological and thermal processes, and landfilling) and ac-
counted for ~3% (1446 x 10° MTCO,E) of worldwide GHG emissions
in 2010 (Blanco et al., 2014). While relatively a smaller contributor to
total GHG emissions, the waste sector is considered to present an ap-
preciable potential towards emissions’ reduction through selected
technologies (Bogner et al., 2007; IFEU/Okoinstitut, 2010) particularly
in developing economies where emissions from waste can account for a
larger percentage reaching 15% of total country emissions due to the
greater content of highly biodegradable organics (Friedrich and Trois,
2011; IFEU/Okoinstitut, 2010).

Over the years, several studies and models have been reported to
estimate emissions from the waste sector and assess environmental
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burdens associated with waste management processes (Dalemo et al.,
1997; McDougall et al., 2001; El Hanandeh and El Zein, 2010; Wang
et al., 2012; Itoiz et al., 2013; Levis et al., 2013; Clavreul et al., 2014;
EPA/ICF, 2016; Marchi et al., 2017; Thomsen et al., 2017). A review of
studies (Table 1) assessing global warming factors (GWFs) for emission
contribution associated with waste management show that many
models targeted individual processes and provided a solid theoretical
understanding about the quantification of life cycle emissions from
these processes. In this context, emissions from waste management
encompasses indirect upstream emissions arising from inputs of mate-
rials and energy (electricity & fuel), direct operational emissions from
system operation such as onsite operating equipment and waste de-
gradation, and indirect downstream emissions (or savings) related to
energy generation, materials substitution, and carbon storage (Gentil
et al., 2009).

Existing models have continuously evolved providing a valuable
holistic approach towards understanding the functionality of waste
management systems while accounting for different interactions be-
tween processes and flows. Accordingly, recent efforts included
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Table 1
Global Warming Factors per waste management process.
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Reference MTCO,E/1 Ton of waste managed
Collection Recycling Composting Anaerobic Digestion Incineration Landfilling
Astrup et al. (2009a) - Pl: —0.06 to —1.6 - - -
Astrup et al. (2009b) - - - 0.35-0.53 -
Boldrin et al. (2009) - - —-0.6 - -
Mopller et al. (2009) -0.01 to —0.004
Cadena et al. (2009) - - 0.06 - -
Chen and Lin (2008) 0.016 —2.49 0.03 —-0.22 0.02
Damgaard et al. (2009) - Al: =5to —19.3 - - -
St: —0.6 to —2.4
Eisted et al. (2009) 0.005-0.03 - - - -
Friedrich and Trois (2013a,b) 0.015 —0.29 to —19.11 0.186 - 0.44 to 2.53
Hermann et al. (2011) - - 1.1-1.7 - -
ISWA (2009) - —0.19 to —0.50 - - -
Kim and Kim (2010) - - 0.12 - 1.10
Larsen et al. (2009a) 0.004-0.03 - - - -
Larsen et al. (2009b) - G: —0.5to —1.5 - - -
Manfredi et al. (2009) - - - - 0.30
Merrild et al.(2009) - P: —0.4to —4.4 - - -
Merrild and Christensen (2009) - W: —0.07to —1.4 - - -
Nguyen and Wilson (2010) 0.008- 0.04 - - - -
Smith et al. (2001) 0.007 - —0.037 - -
Range 0.004-0.04 —19.3 to —0.06 -0.6-1.7 —0.01 to —0.004 —0.22t0 0.53 0.02 to 2.53
Pl: Plastics, Al: Aluminum, St: Steel, G: Glass, W: Wood, P: paper.
integrated systems and complex technologies (e.g. combined treatment Table 2

of various waste streams and new thermal systems) (Clavreul et al.,
2014; Hilty et al., 2014). However, commonly used GHG accounting
models do not address certain upstream (fuel/energy and material
provision) or downstream (avoided emissions from carbon storage and
material recovery) processes. Additionally, commonly used models do
not address emissions from certain waste management processes such
as open burning or dumping and flaring of landfill gas (LFG). While
such processes are seldom practiced in developed economies, they can
be significant in the context of developing economies where a high
fraction of the waste is still burned or disposed of in open dumps or
landfilled with an inefficient LFG collection system or flared at best.

On the other hand, introducing a food waste disposer (FWD) policy
to divert the organic fraction of food waste from the waste stream into
the wastewater (WW) management system has proved to be an effective
and economically viable alternative for waste reduction under certain
conditions (Table 2). To the best of our knowledge, none of the existing
models was designed to assess its impact on the emissions’ inventory
from the combined system of waste and wastewater including sludge
management. It is worth noting that the Intergovernmental Panel on
Climate Change (IPCC) guidelines for GHG emissions reporting from
the waste sector includes emissions from both MSW and WW man-
agement systems and are reported under the same chapter.

While existing models have been highly recognized in assisting
decision makers in defining cost effective and environmentally sound
waste management alternatives, uncertainties in emission estimation
seem inevitable when applied beyond their geographical boundaries
where originally developed (Gentil et al., 2010; Friedrich and Trois,
2013a; Laurent et al., 2014). Equally important is the difficulty to
disaggregate emissions using existing models based on scope of re-
porting whether for national inventorying (direct emissions) or plan-
ning and decision-making purposes (direct and indirect emissions).
Hence, Gentil et al. (2010) and Friedrich and Trois (2011) recognized
the need for flexible tools designed to harmonize and validate non-
geographic assumptions to strengthen modeling efforts to ensure ap-
plicability in both developed and developing economies.

Building on past experience and limitations, a new model is devel-
oped with the objective to assess the impact on emissions from waste
management systems when coupled with wastewater/sludge manage-
ment through the introduction of a food waste disposer (FWD). The
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Studies assessing the impacts of a Food Waste Disposer.

Reference Impact coverage Reported impact

Maalouf and El-Fadel (2017) Carbon footprint and Positive
economic

Bernstad Saraiva et al. (2016)  Carbon footprint and energy  Positive

Yi and Yoo (2014) Environmental and Positive
economic

Bernstad et al. (2013) Operational Positive

Evans (2012) Environmental and Positive
economic

Kim et al. (2011) Economic Positive

Evans et al. (2010) Operational and economic Positive

Battistoni et al. (2007) Operational and economic Positive

Constantinou (2007) Operational and economic Negative

Evans (2007) Environmental and Positive
economic

Lundie and Peters (2005) Environmental Positive

Marashlian and El-Fadel Operational and economic Positive

(2005)

Bolzonella et al. (2003) Operational Negative/Positive

CECED (2003) Operational Negative

Diggelman and Ham (2003) Environmental and Positive
economic

Galil and Yaacov (2001) Operational and economic Negative/Positive

Wainberg et al. (2000) Operational and economic Positive

De Koning and Van der Graaf ~ Operational and economic Positive

(1996)

Raunkjaer et al. (1995) Operational Positive

Jones (1990) Operational Positive

Nilsson et al. (1990) Operational Negative

Iacovidou et al. (2012a) Operational and Positive
environmental

Iacovidou et al. (2012b) Operational and Positive
environmental

model allows the disaggregation of emissions by source (from collection
to final disposal), or type (direct and indirect), or main gases (CH4, COo,
N,0) and offers the flexibility of allowing the user to select processes or
modify input parameters. The model was tested in the context of de-
veloped and developing economies to assess the impact of a FWD
policy, waste composition and management processes, as well as input
parameters towards improved planning and decision making about
process viability for investing in carbon credit.
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Fig. 1. Model framework.

2. Methodology
2.1. Model development

2.1.1. Theoretical framework

The modeling domain (Fig. 1) integrates the municipal solid waste
(MSW) and wastewater (WW) management systems under a single
framework upon the introduction of a food waste disposer (FWD) at the
household level for grinding food waste and discharging it with the WW
stream. The MSW management system consists of waste categories (c)
(e.g. food wastes, papers, textiles) and various management processes
including collection (C), recycling (R), composting (C,), anaerobic di-
gestion (AD), incineration (I), landfilling (Ly), open dumping (OD), and
open burning (OB) with corresponding emissions (E), materials re-
covered (recyclables r), by-products such as compost (Comp), and
electricity produced (Elecpro). On the other hand, the WW management
system may consist of aerobic (e.g. centralized aerobic treatment plant)
or anaerobic processes (e.g. anaerobic lagoon, septic system) with
several sludge management (SM) options including anaerobic digestion,
composting, landfilling, incineration, or land application. Emissions
from upstream, operational, and downstream processes (direct and in-
direct) were estimated in Metric Tons of CO, equivalent (MTCO-E).
Indirect upstream emissions are derived from inputs of materials and
energy (electricity & fuel), direct operational emissions are emitted from
systems’ operation such as onsite operating equipment and waste de-
gradation, and indirect downstream emissions (or savings) are related to
energy generation, materials substitution, and carbon storage. GWFs
are estimated from the sum of products of emission factors (EFs) for
each gas (CH4, CO,, N,O) and the corresponding 100-year global
warming potential (GWP1q0)," then divided by the total tons of wet
waste managed. When aggregated GWFs are added, they represent the
potential contribution to global warming from upstream, operational,
and downstream processes expressed in (MTCO,E) per ton of wet waste
(ww) managed: collected, recycled, composted, anaerobically digested,
openly burned or incinerated, and openly dumped or landfilled. A GWF
is positive when there is a contribution to global warming and negative
when constituting offsets or savings. The estimation of emissions from
individual waste management processes, k, follows with corresponding
EFs. Data sources related to each process are detailed in the supple-
mentary material (Tables SM.1-SM.8).

1 The model allows the user to select the reference GWP;qo. In this study, CO, has a
GWP of 1 as a reference, CO, biogenic of 0, CH4 and N,O of 34 and 298 (including
climate-carbon feedbacks), respectively (IPCC, 2013).

2.1.2. Model input data

The collection of data related to waste generation and composition
constitute the starting point for calculating emissions. Some data is
related to geographical conditions (e.g. electricity generation and fuel
consumption with corresponding emission factors) while others are
location independent such as the performance of equipment at waste
treatment plants (i.e. efficiency factors). It is imperative for the user to
provide location-specific data to ensure representative results. When
data is lacking, the model allows the user to select average input data
by default. Typical waste data for running the model with corre-
sponding units are summarized in Table 3.

The total amount of waste (M) is extrapolated from the population
(Pop) based on per capita generation rates (Gg) for a general study area
and inventory year (t) (Eq. (1)), whereby each fraction (f.) for waste
category (c), and the corresponding mass (M,) can be expressed by Eq.
(2). Similarly, the fraction (fi) of waste collected, recycled, composted,
anaerobically digested, incinerated or open burned, landfilled or open
dumped is multiplied by the total waste generated (Mr) to estimate the
amount of waste (M) sent to a waste management process (k) (Eq. (3)).

MT=POP*GR (1)
w

Me=f*Mr; ), f=1;¢={F;G;G;M;N;0;P ;P ;T ;W)
c=F

2

17

M =f*Mr; 3 fi =13 k={R;C,; AD; I; Ly ; Op; Og}
K=R 3

Where

M7 Total mass of waste generated in inventory year t (Tons/yr)

Pop Population in inventory year t

Gr Generation rate (Tons/cap/yr)

¢ Category of waste: F = Food waste; G = Glass; G4 = Garden
waste; M = Metals; N = Nappies; O = others; P = Paper; P; = Plastics;
T = Textiles; W = Wood

M, Mass of waste category c generated in year t (Tons/yr)

f. Fraction of waste category c

fi Fraction of waste under management method k

My Mass of waste under management process k [collection (C), re-
cycling (R), composting (Co), anaerobic digestion (AD), incineration (I),
landfilling (Ly), and open dumping (OD)] in inventory year t (Tons/yr)

2.1.3. Waste management elements

2.1.3.1. Collection and transport. Emissions from waste collection are
estimated more accurately when using the annual fuel consumption
(Vyuer) instead of distance traveled because it is more representative of
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Table 3
General description of input data.
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Input data Unit Default value Source
Waste data
Total mass of waste generated Tons/yr User input
Population Persons/yr User input
Generation rate Tons/cap/yr User input
Waste composition % for each waste User input
category
Fraction of waste managed as MSW % for each waste User input
category
Energy
Electricity consumed during waste treatment kW h/yr User input/average default data from the literature
Emission factor for electricity mix MTCO.E/kW h User input/average default data corresponding to the
study area (country or region) from IEA (2014)
Fuel consumption (collection & waste treatment facilities) L/yr User input/average default data from the literature

Emission factor for CO,, CH,4, and N,O

(EFfucicoz EFfueicrs EFfuenzo) from fuel combustion fuel

Emission factor for fuel provision EFfprocoz(€xtraction, processing,

MTCOE/L of diesel

MTCO,E/L of diesel

EFjyecoz = 0.003

EFjyacns = 1.2 x 1074
EFjyeinzo = 2.2 X 107°
EFjyeicoz = 4.5 x 107*

Fruergaard et al. (2009)
McDougall et al. (2001)
McDougall et al. (2001)
Fruergaard et al. (2009)

storage, and transportation of the fuel) fuel

Waste treatment facilities

Efficiency of combustion process % User input/average default data from the literature
Amount of material used during landfilling Tons/yr User input/average default data from the literature
Fraction of landfill gas collected % User input/average default data from the literature
Efficiency factor of electricity generation from waste facilities % User input/average default data from the literature
GWP1p0 MTCO,E of gas g/MT  COgpiogenic = 0

of gas g CO, =1

CH4 = 34; N,O = 298
CH4 = 21; N,O = 290
CH,4 = 21; N,O = 310
CH4 = 23; N,O = 296
CH4 = 25; N,O = 298

IPCC (2013)
IPCC (1990)
IPCC (1995)
IPCC (2001)
Forster et al. (2007)

All input data can be modified by the user. Default averages are provided when data is not available.
Note that data sources related to each process are detailed in the supplementary material (Tables SM.1-SM.8 in Supplementary Material).

collection trucks using the engine to power the compactor during waste
collection particularly on roads with different topographical conditions
that affect fuel consumption (Chen and Lin, 2008; Friedrich and Trois,
2013a). When data is lacking at a particular study area, the model
allows the user to select the amount of fuel consumed during waste
collection depending on the characteristics of the study area (see Table
SM.1). Emissions from waste collection and transport consist of direct
emissions from fuel consumption during operation and while driving
waste collection trucks to treatment facilities (Manfredi et al., 2009), as
well as indirect upstream emissions from fuel provision during the
extraction, processing, storage, and transport of fuel. Therefore,
emissions from waste collection (E¢) is calculated by multiplying the
amount of waste collected (M¢) and the liters of fuel consumed by the
collection trucks (Vpec) per ton of waste collected with the
corresponding emission factor to fuel combustion (EFfuel,) and
provision (EFfuelproco,) for GHG g emitted (Eq. (4)). Note that the
emissions associated with the manufacturing of collection trucks are not
reported and hence not considered.

N>O
Ec = Mc*Viac*| Y, (EFjuet,*GWE;) + EFjuciproco,
g=CHy
k = C; andg = {CH,; CO,; N0} 4
Where
E¢ Direct D and indirect ID emissions for collection in inventory year
t (MTCO,E/yr)
M. Mass of waste generated and collected in year t (Tons/yr)
Vfuel: Volume of fuel consumed during waste collection by onsite
mobile equipment in inventory year t (Liters/Ton treated/yr)
EFfuel, Emission factor for fuel combustion for gas g (Metric Tons of
g/Liter of fuel)
GWP, Global warming potential of gas g for a 100-year time horizon
(MTCO4E of gas g/MT of gas g)
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EFfuelproco.Emission factor for provision of fuel (MTCO,/Liter of
fuel)

2.1.3.2. Recycling. Direct emissions (Egp) from remanufacturing of
recyclables (Eq. (5)) and indirect (avoided) emissions (Egrp) from
virgin material manufacturing (Eq. (6)) are combined to estimate
recycling net total emissions (Eg) or savings as expressed in Eq. (7)
(see Table SM.2 in Supplementary Material for corresponding EFs). The
model takes into account GHG emitted from individual waste category c
recycled and considers fractions of residues from recovered recyclable
materials (rrm) or from losses during the manufacturing of recyclables
and virgin materials (rrr.). Note that the model assumes a closed-loop
recycling process whereby end-of-life product is recycled into the same
product.

w N0
Exp=Mg* Y, D) fo*EFmg*(1 — rrm)(1 — rrr) GWE
¢=G g=CHy

)

W N0
Exp=Mg* Y, D) fo*EFome* (1 — rrm)( — rrr.) GWE,
c=G g=CHy

©

W N0
Be=Mg* D, D [fa (EFmg = EFome )0 = rrm)(1 = rm) |*GWE,
c=G g=CHy

@)

k = R; g = {CHy4; CO5; N,O}; and ¢ = {G; M; P; PL; T;W}Where

Egrp Direct D GHG emissions for recycling in inventory year t
(MTCO,E/yr)

My Mass of waste recycled in year t (Tons/yr)

¢ Waste category: G = Glass; M = Metal; P = Paper; PL = Plastic;
T = Textile; W = Wood

fre Fraction of waste category c recycled

EFrm.; Emission factor of gas g from waste category c from re-
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manufacturing of recyclables rm (Tons of g/Ton of rm)

rrm Fraction of residues from recovered recyclable materials

rrr. Fraction of residues from remanufacturing of recyclables and
virgin material manufacturing of waste category ¢

GWP, Global warming potential of gas g for a 100-year time horizon
(MTCOE of gas g/MT of gas g)

EFvm.g; Emission factor of avoided gas g from waste category c from
virgin manufacturing vm (Tons of g/Ton of vm)

Egrip Indirect ID GHG emissions for recycling in inventory year t
(MTCO,E/yr)

Eg Total net emissions from direct D and indirect ID GHGs emitted
during recycling in inventory year t (MTCO5E/yr)

2.1.3.3. Biological treatment. The model considers several composting
technologies including open windrow, enclosed vessels or tunnels, and
home composting, which differ in electricity and fuel consumption (see
Table SM.3 in the Supplementary Material for default input data).
Direct GHG emissions from waste decomposition during composting
(Ecop) consist of biogenic CO, (considered neutral), N,O, and minor
amounts of CHy, as well as emissions from fuel (Vfuelc,) combustion by
on-site mobile equipment (Eq. (8)). Indirect emissions from composting
(Ecop) include upstream emissions from electricity consumption
(Elecc,) and the provision of fuel with corresponding emission factor
(EFfuelproCO5) related to extraction, processing, storage, and
transportation of the fuel (Eq. (9)). In addition to avoided emissions
from carbon storage associated with the application of compost to soils
or substitution of peat production (Eq. (9)).
W N20
Ecop=Mc* Dy Dy (fuo *EFc,"GWER) + M,
c=G g=CHy
N0
Vi, 2, (B GWR)
g=CHy

®

N20
Ec,ip = Z (Mc,*Elecc,*EFelec, *GWEy)
8=CHy

+ (MCO*VfuelCO*EFfuelmeOZ) - (Mcomp*EFCo cs COz) - (MCDmp

*EFc, peat g*GWPg) 9

g = {CHy4; CO4; N,O}; (i = D or ID; ¢ = F, GA; k = Co)Where

Ecop Direct D GHG emissions during composting in inventory year t
(MTCO,E/yr)

Mc, Mass of waste composted in inventory year t (Tons/yr)

¢ Waste category: F = Food; GA = Garden waste

fcoc Fraction of waste category ¢ composted

EF¢oce Emission factor for gas g from each ton of waste category c
composted (Metric Tons of g/Ton composted)

GWP, Global warming potential of gas g for a 100-year time horizon
(MTCO4E of gas g/MT of gas g)

Vfuelc, Volume of fuel consumed during waste composting by onsite
mobile equipment and combustion facilities in inventory year t (Liters/
Ton treated/yr)

EFfuel, Emission factor for fuel combustion for gas g (Metric Tons of
g/Liter of fuel)

Ecop Indirect ID GHG emissions for composting in inventory year t
(MTCOE/yr)

Elecc, Electricity consumed during composing in inventory year t
(kW h/Ton of ww treated)

EFece Emission factor of electricity consumed for gas g emitted
based on national electricity grid (Tons of g/kW h)

EFfuelproCO,Emission factor for provision of fuel (MTCO,/Liter of
fuel)

M omp Mass of compost produced in inventory year t (Tons/yr),
which is assumed 50% of M,

EFc, cs coz Emission factor from carbon storage, which is avoided
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carbon from each ton of compost applied on land for agriculture
(MTCO,E/Ton of compost)

EFco pear ¢ Avoided emission factor for gas g from compost used in
growth of media preparation instead of peat produced (MTCO,E/Ton of
compost)

Net emissions from anaerobic digestion (E,p) include direct emis-
sions (E4pp) from fugitive CH4 during waste degradation and emissions
from fuel consumption (Vfuelsp) of onsite operating equipment (Eq.
(10)). Indirect emissions (Eap;p) include upstream emissions from
electricity (Elecsp) and fuel provision. Indirect downstream or avoided
emissions from carbon storage are associated with the application of
compost to soils or substitution of peat production as well as electricity
production from biogas collected (Eq. (11)). See Table SM.4 in sup-
plementary material for corresponding input data.

Espp = Map
W N0
*2 2 (fADC*EFAch*GWPg)
c=G g=CHy
N20
+MAD*VfuelAD Z (EF}'uelg*GWPg)
g=CHay

(10)

N20

Ewm = 2, (Mip*Elecap*EFuec,*GWE;) + (Map*Viuet,y EF putproco,)
g=CHay
- (Mc,,mp *EFup cs co,) — (Mc,,mp *EFAD peat g*GWPg)

— (Elecprodap *Mup*EFiec,*GWP, ) 11

g = {CO4; N,0; CH,}; (c = F, GA; k = AD)Where

Eapp Direct D emissions during anaerobic waste decomposition in
inventory year t (MTCOLE/yr)

M,p Mass of waste under anaerobic digestion in inventory year t
(Tons/yr)

¢ Waste category: F = Food; GA = Garden waste

fapc Fraction of waste category ¢ under anaerobic digestion

EFpp, Emission factor for gas g from each ton of waste category c
under anaerobic digestion

(Metric Tons of g/Ton of waste anaerobically digested)

GWP, Global warming potential of gas g for a 100-year time horizon
(MTCO,E of gas g/MT of gas g)

Vfuelpp Volume of fuel consumed during AD by onsite mobile
equipment and combustion facilities in inventory year t (Liters/Ton
treated/yr)

EFfuel, Emission factor for fuel combustion for gas g (Metric Tons of
g/Liter of fuel)

Eapp Indirect ID emissions for anaerobic waste decomposition in
inventory year t (MTCO4E/yr)

Elecap Electricity consumed during anaerobic digestion in inventory
year t (kW h/Ton of ww treated)

EF.c; Emission factor of electricity consumed for gas g emitted
based on national electricity grid (Tons of g/kW h)

EFfuelproCO,Emission factor for provision of fuel (MTCO,/Liter of
fuel)

M omp Mass of compost produced in inventory year t (Tons/yr),
which is assumed 50% of M,

EFap cs coz Emission factor from carbon storage, which is avoided
carbon from each ton of compost applied on land for agriculture
(MTCO,E/Ton of compost)

EFpp pear ¢ Emission factor for gas g from avoided fertilizer offsets,
which is from each ton of digestate applied to agricultural land, thus
avoiding synthetic fertilizer use (MTCO,E avoided/Ton of compost)

Elecprod,p Power potential during anaerobic digestion in inventory
year t (kW h/ton of ww anaerobically digested)

2.1.3.4. Combustion. Direct emissions from incineration (E;p) are
estimated using Eq. (12) that considers emissions from waste
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combustion corresponding to individual waste category c as well as
emissions from fuel combustion (Vfuel;) of onsite operating equipment.
The latter (Vfuely) also includes the auxiliary amount of fuel needed
when the low heating value (LHV) of waste is less than 5000-6000 kJ/
kg (Chen and Christensen, 2010; Zhao et al., 2012), which is required to
sustain the burning process. This is particularly important in developing
economies where waste is characterized by a high biodegradable
organic fraction and a high moisture content leading to a lower
calorific value (Liu et al., 2017a,b). The model accounts for a wide
range of emission factors associated with various types of auxiliary fuel
(e.g. diesel/gas oil, fuel oil, and hard coal for power plants) needed to
satisfy the LHV depending on the study area (country or region).

Indirect emissions (Ejp) involve emissions from the management of
solid residues generated from waste incineration (savings from slag
recovery and load from bottom ash landfilling) as well as avoided
emissions from electricity production (Eq. (13)) which depends on the:
(1) energy content of mixed waste or of waste category c (Elecprod;.) in
kW h/Ton of waste (see Table SM.5), (2) combustion system efficiency,
a, in converting the energy content of waste materials to recovered
electricity, and (3) the emission factor of electricity avoided (EFecc,).
See Table SM.5 in Supplementary material for corresponding input
data. The model also accounts for direct emissions during waste com-
bustion from open burning (Eq. (14)), which is a common practice in
developing economies.

w N0 N0
Ep=M*Y, Y (*EFi*GWR) + Mi*Vye, D, (EFua,*GWR,)
c=F g=C0, g=CHy
a2)
N20
Emp= D, (M*Elec/EFuce*GWP,) + (M*V el EF puctprocy,,) — My
g=CHy
w N20
*Z 2 (ElecprOdIC*f}C *a*EFelecg*GWPg) + (erzsidues*EFIresidues)
c=F g=C0y
a3)

g = {CHy4; CO5; N2O}; (k = ;i = D or ID); ¢ = {F; G; GA; M; N; O; P;
PL; T; W}
N0
Eop = fop*Mog* ), (EFop*GWR,)

g=C0; a4

g = {CHy; CO2}; ¢ = {F; G; GA; M; N; O; P; PL; T; W}; (K = OB,
i = D)Where

Epp Direct emissions during incineration in inventory year t
(MTCOE/yr)

M; Total mass of waste incinerated in inventory year t (Tons/yr)

¢ Waste category: F = Food; G = Glass; M = Metals; O = others;
P = Paper; P; = Plastics; T = Textiles; W = Wood

fic Fraction of waste category c incinerated

EF;, Emission factor for gas g from each ton of waste category c
incinerated (Metric Tons of g/Ton treated)

GWP, Global warming potential of gas g for a 100-year time horizon
(MTCO4E of gas g/MT of gas g)

Vfuel; Volume of fuel consumed during waste management method
k by onsite mobile equipment and combustion facilities as well as
auxiliary fuel needed to satisfy the LHV depending on the study area, in
inventory year t (Liters/Ton treated/yr)

EFfuel, Emission factor for fuel combustion for gas g (Metric Tons of
g/Liter of fuel)

Epp Indirect emissions for incineration in inventory year t
(MTCO,E/yr)

Elec ; Electricity consumed during incineration process in inventory
year t (kW h/Ton of ww treated)

EF e Emission factor of electricity consumed for gas g emitted
based on national electricity grid (Tons of g/kW h)

EFfuelproCO,Emission factor for provision of fuel (MTCO,/Liter of
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fuel)

Elecprod;. Power potential during incineration in inventory year t
[Electricity produced/Mass of category c incinerated (kW h/Ton of ww
incinerated)]

a Mass burn combustion system efficiency (fraction) (a = 0.178)

Miresiques Mass of residues generated from incineration in year t
(Tons/yr) 0.23 Tons/Ton of waste; (Astrup et al., 2009b)

EF; residues Emission factor of management of residues produced
from landfilling, which consist of savings from slag recovery and
emissions from landfilling of bottom ash (MTCO5E/Tons of residues)

Eop Direct emissions for open burning in inventory year t (MTCO2E/
yr)

Mop Total mass of waste open burned in inventory year t (Tons/yr)

EF g, Emission factor for gas g from each ton of waste open burned
(Metric Tons of g/Ton treated)

2.1.3.5. Landfilling. Direct emissions from landfilling (E; ) consist of
emissions from waste degradation (CH4 and N-,O) and fuel used for
onsite activities (mobile equipment, electric generators, dozers,
compactors and other landfill vehicles) (Eq. (15)). The model
estimates emissions from landfills 1) without LFG recovery systems;
(2) with flaring of recovered CH4 and N,O emissions; (3) combustion of
CH, for energy recovery, depending on the LFG recovery scenario. Note
that CO, emissions from waste degradation and flaring were considered
as biogenic sources. The model allows the estimation of methane
emissions from individual waste category c (see Table SM.6) in
accordance to the theoretical yield assuming that CH, emissions are
released in the same year of waste deposition. Fuel combusted by waste
collection trucks while unloading at and driving to the site are ascribed
to collection and transport of waste.

w
Eyp = [MLf*Z ij'C*EFLchH4*GWPCH4] — b + (b*EF1;n,0,ftaring"GWPn,0)
c=F

N0

+ 2

g=CHy
Fork = Lf; i = D; c={F; G; GA; M; N; P; PL; T; W; O}; b

= fraction of CH,collected *amount of CH,generated

(MLf*Vfuel y *EFfuelg*GWRg)

(15)

Where

Efis p Direct emissions during landfilling in inventory year t
(MTCO,E/yr)

M Mass of waste landfilled in year t (Tons/yr)

¢ Waste category: F = Food waste; G = Glass; GA = Garden;
M = Metals; O = others; P = Paper; P; = Plastics; T = Textiles;
W = Wood

fife Fraction of waste category ¢ landfilled

EFy¢ . cuq Emission factor for CH, from each ton of waste category c
landfilled (Metric Tons of g/Ton landfilled)

GWPcyy, Global warming potential of CH, for a 100-year time hor-
izon (MTCO-E of gas g/MT of CH,) (depending on the selected IPCC
guideline)

b Amount of recovered methane (MT of CH,4/yr) (fraction of CH4
recovered*MTCH, generated)

EFpn20fiaring Emission factor of N>O from methane combustion
during flaring (MTCO,E of N;O/MTCO-E of R)

GWPnyo Global warming potential of N,O for a 100-year time
horizon (MTCO-E of gas g/MT of N,0) (depending on the selected IPCC
guideline)

Vfuel;s Volume of fuel consumed during landfilling by onsite mobile
equipment and combustion facilities in inventory year t (Liters/Ton
treated/yr)

EFfuel, Emission factor for fuel combustion for gas g (Metric Tons of
g/Liter of fuel)

GWP, Global warming potential of gas g for a 100-year time horizon
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(MTCOE of gas g/MT of gas g)

Indirect emissions from landfilling (E;zp) of waste include upstream
emissions associated with electricity (Elecs) and fuel provision as well
as emissions during landfill construction (provision of liner materials
and construction of drainage system, etc.) as expressed in Eq. (16).
Indirect downstream emissions consist of avoided emissions from
carbon storage and electricity production, which is dependent on the
(1) energy content of recovered methane being combusted (Elecprodyy)
(see Table SM.6) in kW h/MT of CH, recovered; (2) capacity factor for
electricity generation, a; and (3) the emission factor of electricity
avoided (EF.e), depending on the energy mix in the study area
(country or region) (Eq. (16)).

N>0
Eym = Z (My*Elecy*EFiec,
g=CHy
N>20
*GWPg) + (MLf*VfuelLf*EFfuelmeOZ) + Z (MLf*Vfudemnsp
g=CHy
*EFfuelg*GWRg) + (MLfconst*EFLfcons[g*GWBg)]
N20
— Y. (Elecprod;*b*a*EF e, *GWP,) — (My*EFy;cs)
g=C02

Fork = Lf; i =1ID; g = {CH4; CO,; N,O}; b
= fraction of CH4 collected *amount of CH4 generated
(16

Where

Eigp Net indirect emissions for landfilling in inventory year t
(MTCO,E/yr)

M;s Mass of waste landfilled in inventory year T (Tons/yr)

Elecis Electricity consumed during landfilling in inventory year t
(kW h/Ton of ww treated)

EF.ce Emission factor of electricity consumed for gas g emitted
based on national electricity grid (Tons of g/kW h)

GWP, Global warming potential of gas g for a 100-year time horizon
(MTCOE of gas g/MT of gas g)

Vfuel;s Volume of fuel consumed during landfilling by onsite mobile
equipment and combustion facilities in inventory year t (Liters/Ton
treated/yr)

EFfuelproCO,Emission factor for provision of fuel (MTCO,/Liter of
fuel)

Vfuel 1 4.ons: Fuel consumed for soil works during landfill construction
in inventory year t (Liters/Ton treated/yr)

EFfuel, Emission factor for fuel combustion for gas g (Metric Tons of
g/Liter of fuel)

M seonse Mass of material used in landfill construction in inventory
year t (Tons/yr)

EF;4.onstg Emission factor for gas g from each ton of material used in
landfill construction (Metric Tons of g/Ton of material)

Elecprod,s Electricity produced from CH4; combusted (kW h/Metric
Tons of CH,4 recovered) in inventory year t during landfilling

b Amount of recovered methane (MT of CH4/yr) (fraction of CHy
recovered*MTCH, generated

a Capacity factor for electricity generation (fraction) (a = 0.85)

EF 14cs Emission factor from waste landfilled avoided by carbon
(biogenic) binding after 100 years (MTCO,/Ton of ww treated)

2.1.3.6. Open dumping. Open dumping comprises sites not meeting the
criteria of managed solid waste disposal sites and which are classified as
shallow (depth < 5m) or deep (depth > 5m and/or high water table
near ground level) (IPCC, 2006). Direct emissions from open dumping
(Eop) of waste are calculated relative to controlled landfill sites
whereby [PCC (2006) and UNFCCC (2008) recommended the use of a
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methane correction factor to account for a larger fraction of waste that
is likely to decompose aerobically contributing to a lower amount of
methane generation, as expressed in Eq. (17).

w

Eop = (MOD*Z Jop, *EFopccr,*GWFep,*MCF )
c=F

Fork = OD; ¢ = {F; G; GA; M; N; P; PL; T; W; O} 17)

Where

E op Direct emissions during open dumping of waste of category c in
inventory year t (MTCO,E/yr)

Mop Mass of waste disposed in an open dumpsite in year t (Tons/yr)

¢ Waste category: F = Food waste; G = Glass; GA = Garden;
M = Metals; O = others; P = Paper; P; = Plastics; T = Textiles;
W = Wood

f opc Fraction of waste category ¢ disposed in an open dumpsite

EFopccr4 Emission factor for CH, from each ton of waste category ¢
disposed in an open dumpsite

(Metric Tons of g/Ton open dumping) (equal to EFs of landfilling)

GWPcp4 Global warming potential of CHy4 for a 100-year time hor-
izon (MTCO2E of gas g/MT of CH,) (depending on the selected IPCC
guideline)

MCF Methane correction factor such as MCF = 0.4 for an un-
managed-shallow (depth < 5m) solid waste disposal sites; MCF = 0.8
for unmanaged solid waste disposal sites — deep (> 5m) and/or high
water table; and MCF = 1 for a managed landfill site, based on IPCC
2006 Guidelines.

2.1.4. Wastewater and sludge management

Under anaerobic conditions, wastewater and sludge produce CH, in
quantities proportional to the degradable organic content and measured
by proxy using BOD levels (IPCC, 2006). Accordingly, the total emis-
sions from the use of a FWD (Egyp, Eq. (18)) consist of direct emissions
from wastewater due to the additional BOD loading (Eq. (19)) and
emissions associated with sludge management (such as landfilling,
composting, incineration, and anaerobic digestion) as expressed in Eq.
(20) (IPCC, 2006). Emissions associated with landfilling of sludge were
calculated using the first order decay (FOD) method adapted from IPCC
(2006). The anticipated increase in BOD loading and the additional
sludge generated due to the use of FWDs can be estimated based on
laboratory testing (Marashlian and El-Fadel, 2005). Furthermore,
avoided emissions associated with energy recovery from anaerobic
treatment systems, can be estimated based on parameters of typical
operating facilities (Diggelman and Ham, 2003).

Erwp = Erwpop + Erwps (18)
Erwppop = (BOD -S)* EFpwp op rg* MCF

* GWPF, - (Elecprodpwp* b * EFyje. ¢* GWEy) 19)
BOD = (Mp*m*z)(MC + w)*Xpop oo™ d
S =Mp*m*z) (MC + w)*ss*d
g = {CH4}; (c = F; k=FWD)
Epwps = S*EFpwpsrg* GWP,—(Elecprodpwp* b * EFyjec ¢* GWF,) (20)

g = {CHy4; N,O}; (c = F; k = FWD)Where

E rwp Total emissions from the diversion of waste to a FWD in in-
ventory year t (MTCO,E/yr)

E rwpsop Emissions from the treatment of increased BOD loading
due to the diversion of waste to a FWD in inventory year t (MTCO,E/yr)

E rwps Emissions from treatment of the increased sludge generated
due to the diversion of waste to FWD in inventory year t (MTCO2E/yr)

BOD Added Biochemical oxygen demand (BOD) loading (Tons/yr)

S Organic component removed as sludge due to the integration of a
FWD policy in inventory year t (Tons/yr)
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EF pwppoprg Emission factor for gas g from each ton of food waste
grinded and disposed into the wastewater system (Metric Tons of g/ton
of waste grinded) (0.6 Ton CH,4/Ton BOD; IPCC, 2006)

MCF Methane correction factor for wastewater treatment systems
based on IPCC 2006 Guidelines (Table SM.7)

GWP, Global warming potential of gas g for a 100-year time horizon
(MTCO.E of gas g/MT of gas g)

Elecprodryp Power potential during anaerobic wastewater and MSW
management methods in inventory year t, which is equal to Electricity
produced from mass of organic waste/sludge anaerobically digested
(190 kW h/ton of wet waste and 160 kW h/ton of sludge in anaerobic
digestion; (Diggelman and Ham, 2003)

b Mass of organic waste treated in anaerobic digestion (Map) (Tons/
yr)

EF .ce Emission factor of electricity consumed or recovered for gas g
emitted or avoided based on national electricity grid (Metric tons of g/
kWh)

Mr Mass of food waste generated in inventory year t (F = Food)
(Tons/yr)

m Market penetration of food waste disposers, %

z Estimated food ground at the household level, %

MC Average Moisture content of food waste (70%, Tchobanoglous
et al., 1993)

w Volume of water needed to grind 1 Ton of organic food (11,700 L/
Ton)

Xpoprood Average concentration of BOD of food waste based on ex-
perimental results (7042 mg/L, Marashlian and El-Fadel, 2005)

d Water density (103 Ton/L)

ss Average concentration of settable solids of the food waste based
on experimental results

(3327 mg/L, Wainberg et al., 2000)

EF pwpsrg Emission factor for gas g from sludge treatment (Metric
Tons of g/Ton of waste grinded) (Table SM.8)

2.2. Model application

The model was tested in the context of developed and developing
economies where waste management determinants (e.g. waste gen-
eration and composition, energy consumption, management systems,
and technological performance etc.) differ (Table 4).

In all tested scenarios, (Table 5) 4000 Tons of commingled waste
were considered. Scenario S1.1 is a baseline scenario describing the
condition in developed economies locations whereby MSW is collected
with 23% recovered for recycling and 12% biologically treated (com-
posting). Incineration coupled with an energy recovery system (22%) is
practiced more in developed economies particularly in regions with
high land costs and low availability of land (World Bank, 2012). The
remaining 43% of the waste is landfilled with landfill gas (LFG) col-
lected (60%) for energy recovery. The impact of other biological
treatment methods was tested in scenario S1.2 that substitutes com-
posting in S1.1 by anaerobic digestion (12%) with energy recovery.
Scenario S1.3 considers the impact of diverting the food waste (21%)
through a FWD (at 75% market penetration and 95% of food waste
ground)” to the WW stream for aerobic treatment while the sludge is
treated using anaerobic digestion. Scenario S1.4 and S1.5 consider
landfilling or incineration of all the waste with energy recovery.

Scenario S2.1 represents the baseline scenario of general conditions
in developing economies locations whereby MSW is collected with in-
efficient waste recycling (3%) or biological treatment such as com-
posting (2%) even though the waste stream contains a high fraction of
organic material. Developing economies still rely heavily on open

2 Note that this range represents upper values whereby the market penetration rate can
range between 25 and 75% (Marashlian and El-Fadel, 2005; Galil and Yaacov, 2001) and
the amount of food waste ground can range between 75 and 95% (Wainberg et al., 2000;
Marashlian and El-Fadel, 2005).

Resources, Conservation & Recycling 133 (2018) 263-277

Table 4
Average input parameters for developing vs developed economies.

Input Parameter Developed Developing Reference
economy economy
Waste composition (%) — Food (30) — Food (60) World Bank
— Papers (31) — Papers (5) (2012), IPCC
— Plastics — Plastics (8) (2006)
a1 — Textiles (2)
— Textiles (3) — Wood (6)
— Wood (5) — Glass (3)
- Glass (7) - Metals (3)
— Metals (6) — Others (13)
— Others (7)
MSW management method
Recycling (%) 23 3 World Bank
(2012)
Compositing (%) 12 2 World Bank
(2012)
Incineration with energy 22 0 World Bank
recovery (%) (2012)
Landfilling (%) 43 78 World Bank
(2012)
Fraction of landfill gas 60 31 EPA/ICF
collected (%) (2016), Banar
et al. (2009)
Open dumping (%) 0 17 World Bank
(2012)
Energy
Emission factor for 4x10°% 6.6 x 10~ IEA (2014)
electricity grid mix
(MTCOLE/kW h)

@ Landfill gas collected is flared in developing economies and recovered for energy
production in developed economies.

> Considered low income countries (e.g. Africa region).

¢ Considered high income countries (e.g. OECD region).

dumping (17%) or poorly operated landfills (78%) with LFG occa-
sionally flared (World Bank, 2012). Scenario S2.2 is an alternative for
the baseline scenario that evaluates the potential of reducing the
amount of waste landfilled or open dumped by optimizing recycling
(13%) and composting (42%). The remaining 45% of the waste is
landfilled with energy recovery. Scenario S2.3 substitutes composting
in $2.2 by anaerobic digestion (42%) with energy recovery and scenario
S2.4 considers the impact of diverting food waste through a FWD (at
75% market penetration and 95% of food waste ground) to the WW
stream for aerobic treatment with sludge treatment using anaerobic
digestion. Uncontrolled waste management practices, open dumping
(S2.5) or burning (S2.6) of the waste (100%) were compared with
landfilling (S2.7) or incineration (S2.8), respectively, both with energy
recovery.

2.3. Impact of input parameters

Model input parameters were first compared with values reported in
the literature for consistency (Table 6). The parameter uncertainty was
then examined through a sensitivity analysis whereby parameters were
varied one at a time to assess their impact on emissions. These para-
meters included the fraction of the LFG collected, the methane cor-
rection factor (MCF) that differentiates between the waste disposal in
landfills and dumpsites, the energy content of methane gas used in
recovery systems, the efficiency factor of electricity generated from
landfilling, as well as emission factors related to direct N>O from LFG
flaring and upstream emissions from landfill construction (e.g. Material
provision for liners and drainage systems). Several technical and op-
erational criteria were selected to compare the developed model with
commonly used models for emissions accounting including the 1996
and 2006 IPCC Guidelines for National Greenhouse Gas Inventories
(IPCC, 1996, 2006); the Canadian Integrated Waste Management Model
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Table 5
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Tested scenarios for assessing emissions from the waste sector under various management practices in a developed or developing economy.

D Description

Open dumping

(%) (%)

Landfilling (%) Open Burning

Incineration (%) Recycling (%) Composting (%) Anaerobic FWD (%)

Digestion (%)

Developed economy scenarios

S1.1 Baseline condition

S1.2 Substitute composting with
AD

Substitute composting with
FWD

Landfilling with energy
recovery

Incineration with energy
recovery

Developing economy scenarios

S2.1 Baseline condition

S§2.2 Optimize recycling/
composting

Substitute composting in S2.2
with AD

Substitute composting in S2.2
with FWD

Open dumping

Open burning

Landfilling with energy
recovery

Incineration with energy
recovery

S1.3

S1.4

S1.5

S2.3
S2.4
S2.5
S2.6
S2.7

S2.8

43
43

34

100

17 78
45

45

45

100

100
100

22 23 12
22 23 12

22 23 21

100

13 42

13 42

13 42

100

Table 6

Model parameters in comparison to literature reported values.

Parameter

Adopted averages

Reference

Fuel consumption for landfill
construction

Fuel consumption for on-site daily
operation

Provision of diesel fuel
Fuel combustion

Provision of electricity

Energy content of Methane gas used
for energy recovery

Efficiency factor of electricity
generated from landfilling

Provision of liner materials for
construction of cells in the landfill

Provision of material for construction
of the drainage system in the
landfill

Carbon (biogenic) binding after 100
years

Carbon storage from the application of
compost on land

Avoided emissions from the use of
compost as a substitute for peat
production

Fraction of LFG collected

0.75L/Ton of waste landfilled

~2L/Ton of waste landfilled
~3.28 L/Ton of waste composted

0.00045 MTCO,E/Liter of diesel

EFcoz (0.003 MTCO,E/L of diesel), EFcyq
(1.2 x 10~ % MTCO,E/L of fuel), EFyz0

(2.2 x 10~ ® MTCO,E/L of fuel)

7 kW h/Ton of waste landfilled and 32 kW h/
Ton of waste composted at 0.0005 MTCO,E/
kWh

4325 kW h/Ton of CH, generated

0.85

0.001 Ton of liner/Ton of waste landfilled at
1.85 MTCO,E/Ton of material

0.1 Ton of material/Ton of waste landfilled at
1.4 x 103 MTCO,E/Ton of material

—0.16 MTCO,E/Ton of waste landfilled

—0.1 MTCO,E/Ton of compost

—0.65 MTCO,E/Ton of compost

0.75

0.5 to 1 L/Ton of waste landfilled (Manfredi et al., 2009)

1 to 3L of diesel/Ton of waste landfilled (Manfredi et al., 2009); 0.4 to 6 Liters of diesel/
Ton of waste composted (Boldrin et al., 2009; EPA, 2006; Smith et al., 2001), in most cases
an average of 3 Liters/Ton of waste composted is reported

0.0004 to 0.0005 MTCO.E/L of fuel (Fruergaard et al., 2009)

0.003 MTCO,E/L of diesel (Fruergaard et al., 2009)

2 to 12kW h/Ton of waste landfilled (Manfredi et al., 2009); 8 kW h/Ton of waste
landfilled and 32 kW h/Ton of waste composted (McDougall et al., 2001) with 0.0001 to
0.0009 MTCOLE/KkW h (Manfredi et al., 2009) and 500 g CO,/kW h (IEA, 2014)

14,420 kW h/Ton (Friedrich and Trois, 2013a; Manfredi et al., 2009); 4,325 kW h/Tons of
CH, generated (EPA/ICF 2016; EPA, 2013); 6,943 (EPIC and CSR, 2004; McDougall et al.,
2001)

0.85 (EPA/ICF 2016; EPA, 2013); 0.3 (EPIC and CSR, 2004; McDougall et al., 2001)

1 kg liner/Ton of waste with EF for producing HDPE at 1.85kg CO,/kg Liner (Manfredi
et al., 2009)

0.1 Ton of material/Ton of waste landfilled with 1.4 kg CO»/Ton of material (Manfredi
et al., 2009)

—0.367 MTCO,E/Ton of waste (EPA, 2006), —0.16 MTCO,E/Ton of waste (Manfredi

et al., 2009)

—0.198 to —0.004 MTCO,E/Ton of compost (Boldrin et al., 2009), —0.24 MTCO,E/Ton of
compost (EPA, 2006)

—1.197 to —0.110 MTCO,E/Ton of compost (Boldrin et al., 2009)

Normalized LFG recovery rate of 126 x 10~ °®Nm?® CH,h™* Mg waste ™' (Spokas et al.,
2015), 75% (EPA/ICF 2016), 17% (Itoiz et al., 2013), 70% (Gentil et al., 2010), and 20%
(IPCC, 2006)

EF: Emission factor.
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Developed economy scenarios

Developing economy scenarios
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Fig. 2. Comparison of management processes:
Emissions by source, gas, and type.
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for Municipalities (IWM)® (EPIC and CSR 2004); the US EPA Waste
Reduction Model (WARM)* (US EPA/ICF, 2016); the British Integrated
Waste Management Model-2 (IWM-2)° (McDougall et al., 2001); and
the Entreprises pour ’Environnemnent (EpE)6 (EpE, 2013). The above
guidelines and models were selected for the comparative assessment
based on their accessibility and their common use worldwide. Other
privately-owned” models may exist and offer additional features in the
context of GHG accounting of life cycle assessment (LCA), but to the
best of our knowledge, none offers the capability of coupling solid

3 Accepted by Environment Canada to evaluate the environmental performance of
various elements of an ISWM system (EPIC and CSR, 2004; Mohareb et al., 2008).

4 Used to estimate emissions reductions in climate change impacts assessment but does
not consider indirect upstream emissions (EPA/ICF, 2016).

5 Based on a life cycle inventory of ISWM (McDougall et al., 2001).

6 Used by European companies and local authorities for annual emissions inventories
and accounts for gross and net direct emissions, as well as indirect (e.g. electricity con-
sumption) and avoided emissions from energy and material recovery (EPE, 2013).

7 Recent privately-owned models such as EaseTech, developed at the Technical
University of Denmark (Clavreul et al., 2014) or the Solid Waste Optimization Life-cycle
Framework (SWOLF) model (Levis et al., 2013) were not used in the comparative as-
sessment because they are not endorsed by governmental agencies to be used for com-
pliance purposes although they are useful models for waste management but not com-
monly reported for planning or decision making. In this study, the comparison targeted
software supported or endorsed by international or governmental organizations, parti-
cularly for compliance or GHG emissions reduction purposes.

waste and wastewater management systems.

3. Results and discussion
3.1. Model application

Fig. 2 displays simulation results of various scenarios under devel-
oped (a—c) or developing economies (d-f) with corresponding con-
tribution to total net emissions, categorized by source (e.g. FWD, col-
lection, recycling, composting, AD, incineration, or landfilling), gas
(e.g. CO,, CHy4, N,0), and type (e.g. direct-operating, indirect-up-
stream, indirect-downstream), respectively. The variation in emissions
for the tested scenarios (S1.2-S1.5) with respect to the baseline con-
dition in developed economies (S1.1) ranged from —24 to 317%, de-
pending on the adopted waste management scheme (Fig. 2a). For in-
stance, scenario S1.4 that considers landfilling of all MSW (100%) with
energy recovery resulted with the highest emissions in comparison to
the other tested scenarios mainly due to related methane emissions
(Fig. 2b). Followed by scenario S1.5 that considers the incineration of
all MSW with energy recovery (Fig. 2a). The adoption of a FWD policy
(75% market penetration rate and 95% of food waste ground) in sce-
nario S1.3 to divert food waste to an aerobic WW system with anaerobic
digestion of sludge decreased total net emissions by ~24% with respect
to baseline condition (Fig. 2a).
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Developed economy scenarios: S1.1 Baseline condition; S1.2 Substitute composting with AD; S1.3 Substitute composting with FWD; S1.4 Landfilling with energy recovery; S1.5

Incineration with energy recovery.

Developing economy scenarios: S2.1 Baseline condition; $2.2 Optimize recycling/composting; $2.3 Substitute composting in S2.2 with AD; S2.4 Substitute composting in S2.2 with
FWD; S2.5 Open dumping; S2.6 Open burning; S2.7 Landfilling with energy recovery; S2.8 Incineration with energy recovery.

Fig. 3 depicts the disaggregation of emissions in developed and
developing economies by individual management process (collection,
recycling, composting, anaerobic digestion, incineration, and land-
filling) with direct and indirect contributions. For instance, indirect
upstream emissions consist of GHGs emitted during fuel provision,
electricity provision, and material provision (e.g. during landfill con-
struction); direct operational emissions consider emissions from waste
degradation and fuel combustion; and indirect downstream emissions (or
savings) are related to energy production, materials substitution (e.g.
peat), management of residues, and carbon storage.

For the tested scenarios in developing economies (S2.2-S2.8), var-
iation in emissions with respect to the baseline condition ranged from
—95 to 32%, depending on the adopted waste management scheme
(Fig. 2d). Improper practices such as open burning of all the waste
(S2.6) resulted in significantly higher total emissions (up to 295%) than
incineration with energy recovery in S2.8 (Fig. 2d). Similarly, waste
disposal in the form of open dumping (S2.5) resulted with higher
emissions (~30%) than controlled landfilling coupled with LFG col-
lection with energy recovery in S2.7 (Fig. 2d). The perceived

appearance that S2.6 (open burning) results in lower total emissions
than baseline practices can be attributed mainly to emitting CO, with a
lower GWP than CH, (Fig. 2e). However, the open burning of waste is a
large source of pollutants other than GHGs, which are not included in
emissions inventories for climate modeling (Wiedinmyer et al., 2014).

Alternative scenario S2.2 that optimizes the diversion of waste from
landfilling through recycling (13%) and composting (42%) resulted in
significant savings in emissions that reached up to 91% (Fig. 2d).
Substituting waste composting with anaerobic digestion (42%) coupled
with energy recovery in scenario $2.3 equally resulted with up to 94%
savings in emissions. Similarly, diverting 42% of the waste to the WW
system using FWDs in S2.4 resulted in 93% savings in emissions in
comparison to baseline scenario S2.1 (Fig. 2d).

Consistent with literature findings (Blanco et al., 2014; Bogner
et al., 2007; IPCC, 2014), the model simulations in both economies
show that CH4 emissions can be a major contributor (up to 99%) to total
emissions from waste particularly from landfilling (Fig. 2b, e). It is also
worth noting that the fraction of waste recovered for recycling (23%) in
developed economies contributed to significant savings in emissions
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Table 7
Sensitivity to key input parameters.
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Parameter Value Developed-S1.1 ~ Comments

Fraction of LFG collected 0.6 —497,893 Collection efficiency of (60%) for a typical operating landfill with wet waste (EPA/ICF, 2016) and 31%
0.31 —81,466 (Banar et al., 2009) usually in developing economies.
%Change +84% % change from considering 0.6 to 0.3

LFG capture system for flaring or ER ER —497,893 The model accounts for N>O emissions from flaring, in contrast to other models such as WARM and
Flaring —449,614 IPCC-2006 that consider flared LFG as biogenic and not counted.
% Change  +11% % change from considering ER to flaring

EF for Landfill construction With —449,614 Emission factors for landfill construction are adapted from (Manfredi et al., 2009).
Without —500,826
% Change —1% % change from considering EF for landfill construction to not considering it

MCF 1 —449,614 MCF = 1 for landfilling and MCF = 0.4 assuming an unmanaged shallow dumpsite; adapted from IPCC
0.4 —-1,022,836 2006 Guidelines.
% Change  —54% % change from considering landfilling to open dumping

Efficiency factor for electricity generated 0.85 —449,614 0.85 (EPA/ICF 2016; EPA, 2013); 0.3 (EPIC and CSR, 2004; McDougall et al., 2001).

from landfilling 0.3 —473,781

% Change  +5% % change from considering 0.85 to 0.3

Energy content of methane gas 4325 —449,614 The energy content of methane gas used for ER expressed in kW h/Tons of CH4 generated is 4325
14,420 —623,657 (EPA/ICF 2016; EPA, 2013) and 14,420 from (Friedrich and Trois, 2013a; Manfredi et al., 2009).
% Change —17% % change from considering 4,325 to 14,420

Developed-S1.1: Recycling (23%)/Composting (12%)/Landfilling (43%)/Incineration (22%).

The percent change is calculated with respect to the total emissions (expressed in MTCO,E/Year).

ER: Energy recovery; MCF: Methane correction factor; EF: Emission factor.

(Fig. b), thus, resulting in total net negative emissions (Fig. 2a). This is
consistent with waste recovery from recycling in the US that reached
about 26% (of the total MSW generated) in 2014 resulting in ~130%
reduction in GHG emissions (EPA, 2016), thus contributing to total net
negative emissions (EPA, 2017).

Naturally, the overall results are dependent on several variables
such as waste composition, energy consumption, and efficiencies of
waste technologies. For instance, the variation in waste composition in
the context of developed and developing economies exhibited an ap-
preciable impact on total emissions. Scenarios S1.5 (developed) re-
sulted with up to 119% higher total net emissions than S2.8 (devel-
oping) whereby both scenarios consider the same amount of waste
(4000 tons/day) collected for incineration (100%) with energy recovery
(Fig. 2a, d). Direct emissions from waste incineration in developed
economies were up to 21% higher than developing economies due to
the presence of higher fractions of non-biomass combustible material
(e.g. plastics, textiles, etc.) in the waste of developed economies
(Fig. 2¢). However, indirect downstream emissions from energy sub-
stitution were more significant for the case of developing economies
(~14% higher) due to the variation in the electricity grid mix between
developed and developing economies with the latter relying on coal for
energy production (Fig. 3f).

3.2. Impact of input parameters

Table 7 summarizes the impact of varying input parameters on
emissions from the waste sector. The extent of input variation was
defined based on default data reported in the literature. The results
indicate that a LFG recovery system has a significant impact on total
emissions, whereby an efficiency of 0.3 typical of developing economies
(Banar et al., 2009) compared to a 0.6 in developed economies (EPA/
ICF, 2016) can cause a significant increase in the overall emissions
reaching up to 84%. While accounting for N,O emissions from flaring
increased emissions by up to 11%, considering upstream emissions
during site construction affected the overall emissions by ~1% only.
On the other hand, a change in MCF?® (methane correction factor) from
1 (corresponding to landfilling) to 0.4 (corresponding to open dumping)
(IPCC, 2006), contributed to a ~54% decrease in emissions. Therefore,
the efficiency of flaring and the MCF may contribute to a significant

8 In unmanaged disposal sites, a larger fraction of waste decomposes aerobically in the
top layer producing less CH4 than anaerobically managed sites (IPCC, 2006).

variation in the results, necessitating their inclusion in emission ac-
counting models. Nonetheless, a decrease in the efficiency factor for
electricity generated from 0.85 (EPA/ICF 2016; EPA, 2013) to 0.3 (EPIC
and CSR 2004; McDougall et al., 2001) increased the overall emissions
by only 5% because it is not very significant for the case of landfilling. A
change in the energy content of LFG that is used for energy recovery
(ER) from 4325 (EPA/ICF 2016; EPA, 2013) to 14,420 kW h/Tons of
CH, (Friedrich and Trois, 2013a; Manfredi et al., 2009) contributed to a
reduction in emissions reaching up to 17% (Table 7).

3.3. Comparative advantages

Table 8 compares the developed model with commonly reported
models for emissions accounting using key parameters and assumptions
affecting emissions from the waste sector. Except for the IPCC methods,
all models targeted developed economies with default input data in-
troduced for specific locations and often with uncertainty about emis-
sion factors that are not readily accessible or adjustable (Assamoi and
Lawryshyn, 2012; Laurent et al., 2014). The developed model, can
accommodate general and specific locations equally with input data
from both developed and developing economies defined more explicitly
all while offering users the flexibility of modifying emission factors and
input parameters in contrast to a closed source code. For instance, the
developed model allows the user to adjust waste input parameters while
examining their impact on uncertainty in model simulations. It also
allows the selection of the energy mix with associated emissions of CO5
by kW h, in addition to providing default averages.

Disaggregation of emissions based on direct vs. indirect or upstream vs.
downstream contributions, is imperative to assess total net emissions from
individual waste management processes and compare across them. In the
developed model, emissions can be disaggregated, which allows users to
select the scope of reporting whether for national inventorying (direct
emissions) or for life cycle assessment (LCA) (direct and indirect emissions)
decision-making and planning purposes. While existing GHG accounting
models consider many direct and indirect contributions, most of them
(except for EpE) do not consider emissions by type (direct vs. indirect) with
limitations at the level of neglecting upstream® and downstream boundaries

© Upstream emissions such as emissions from fuel provision (extraction, processing,
storage, and transport of fuel), which is required for all waste management processes
involving fuel consumption for the operation of equipment or collection/transport of
waste.
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Table 8

Comparison with existing models.
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IPCC 1996 & 2006 WARM EpE WM IWM-2 Developed Model

Geographical scope Worldwide us EU Canada UK Worldwide
Database Default Default User selected” Default Default User selected”
Modifiable/dynamic N N Y N N Y
Select emissions by type* N N Y N N Y
Select EF/input parameter N N Y N N Y
Select by gas type Y N Y Y Y Y
GWP;oo Reference SAR (1995) AR4 (2007) AR4 (2007) SAR (1995) SAR (1995) User selected
Emissions CO,,CH,,N,0 CO,,CH,,N,0 CO,,CH4,N,0 Variable’ Variable® CO,,CH,4,N,0
Waste composition F, P,P;, T,W,GA,N,O F,P,P;,T,W,GA,G,M,0° Aggregated F,P,P;,GA,G,M,0 F,p,P;,T,G,M,0 F,P,PL,T,W,GA,G,M,N,O
MSW management processes Co,AD,I,Lf,0D,0B C,R,Co,AD,I,Lf C,R,Co,AD,I,Lf C,R,Co,AD,LLf C,R,Co,AD,I,Lf C,R,Co,AD,I,Lf,0D,0B
WW and S management systems N N N N N Y
Collection/transport

Fuel combustion N Y Y Y Y Y

Fuel provision N N N N N Y
Biological treatment

Waste degradation Y Y Y Y Y Y

Fuel combustion N Y Y Y Y Y

Electricity consumption N N Y Y Y Y

Fuel provision N N N N N Y

Carbon storage N Y N N N Y

Peat substitution N Y N N N Y

Energy recovery N Y N N Y Y
Incineration process

Waste combustion Y Y Y Y Y Y

Electricity consumption N N Y N N Y

Energy recovery N Y Y Y Y Y

Material recovery N N N N N Y
Landfill processes

Waste degradation Y Y Y Y Y Y

Fuel combustion N Y Y Y Y Y

Electricity consumption N N Y Y Y Y

Fuel provision N N N N N Y

Material provision N N N N N Y

Carbon storage N Y N N N Y

Energy recovery/N2O from flaring N/N Y/N Y/N Y/Y Y/N Y/Y
Assessments

Carbon Credit N N N N N Y

IPCC 1996 & 2006: Intergovernmental Panel on Climate Change 1996 and 2006 Guidelines; WARM: Waste Reduction Model; EpE: Entreprises pour ’Environnemnent; IWM: Integrated
Waste Management Model for municipalities; IWM-2: Integrated Waste Management Model-2.
MSW: Municipal solid waste; WW: Wastewater; S: Sludge; LC: Life cycle emissions (include direct and indirect emissions); EFs: Emission factors; F: Food; P: Paper; Py: Plastics; T:
Textiles; GA: Garden; W: Wood; N: Nappies; G: Glass; M: Metals; O: others; C: Collection, R: Recycling, Co: Composting, AD: Anaerobic Digestion, I: Incineration, LF: Landfilling, OD:
Open Dumping, OB: Open Burning.

% In order to calculate direct emissions from waste degradation in landfills, the user selects a common methodology and refers to the regulatory methodologies recommended by the
authorities of the country where the site is located.

P User has the ability to disaggregate emissions based on scope of reporting whether for national/GHG inventorying or for LCA/planning and decision-making purposes.

¢ Type of emissions: indirect-upstream, direct-operational, and indirect-downstream contributions (direct and indirect).

9 Includes main greenhouse gases: CO,, CHy4, N,O emissions as well as other emissions such as CO, NOx, SOx, PM, HCl, HF, H,S, Dioxins/Furans, NH3, As, Cd, Cr, Cu, Lead, Mn, Hg, Ni,
Zn.

¢ In its last release, WARM (v. 14) included 54 materials, products and mixed categories (EPA/ICF, 2016).

(Table 8). Similarly, while the WARM model accounts for offset of CO,
emissions from fertilizer and peat production or carbon storage from land
application of compost produced from biological treatment, and savings
from carbon storage during landfilling, other models neglect downstream
contributions. In addition, existing models do not account for indirect
emissions associated with the management of residues from waste in-
cineration (savings from material recovery and load from bottom ash
landfilling), as well as indirect emissions related to the construction of a
landfill, albeit it is relatively not as significant.

The developed model also encompasses the ability to simulate a
wider range of emissions from waste management processes. Similar to
many existing models, it includes life cycle stages from waste collection
to landfilling (Table 8). Furthermore, it considers processes neglected
by some models such as, open dumping or burning of waste, as well as
N,O emissions from flaring of LFG, which was demonstrated to affect
total net emissions significantly (Table 8). We emphasize that existing
models used in the comparative assessment (Table 8) were selected
based on their accessibility and their common use worldwide. Other

privately-owned models'® may exist and offer additional features in the
context of GHG accounting of LCA, but to our knowledge, none offers
the capability of coupling solid waste and wastewater management
systems.

On the other hand, while introducing a FWD policy was reported in
many cases to be an effective alternative for waste reduction (Maalouf
and El-Fadel, 2017; Marashlian and El-Fadel, 2005; Yi and Yoo, 2014;
Bernstad et al., 2013), existing emissions’ accounting models were not
designed to assess the impact of such a policy on emissions’ inventory

10 Recent privately-owned models such as EaseTech, developed at the Technical
University of Denmark (Clavreul et al., 2014) or the Solid Waste Optimization Life-cycle
Framework (SWOLF) model (Levis et al., 2013) were not used in the comparative as-
sessment because they are not endorsed by governmental agencies to be used for com-
pliance purposes although they are useful models for waste management but not com-
monly reported for planning or decision making. In this study, the comparison targeted
software supported or endorsed by international or governmental organizations, parti-
cularly for compliance or GHG emissions reduction purposes.
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from the coupling of MSW and WW management systems. The devel-
oped model integrates both systems under a single framework to
evaluate alternatives that can be particularly important in the context
of developing economies because of the corresponding waste compo-
sition with more than 60% food waste.

Last but not least, a significant discrepancy amongst all models is
apparent in using waste and gas categories for the composition and type
of emissions. In the developed model, emissions were disaggregated
based on both categories, and integrated to clarify the overall reported
emissions, as well as to facilitate the assessment of the impact of waste
composition on emissions. This allowed the comparison between de-
veloped and developing economies and between reported results from
other models. Equally important is the uniformity in deriving and ap-
plying emission factors in quantifying emissions from the waste man-
agement, which can have serious implications on carbon credit trading,
namely when assessing emissions mitigation or reduction targets under
the United Nations Framework Convention on Climate Change
(UNFCCC) agreements or when implementing Clean Development
Mechanism (CDM) projects.

4. Conclusion

This paper introduced a comprehensive model developed for deci-
sion support in quantifying and improving emissions estimation from
integrated waste and wastewater/sludge management systems while
considering upstream, operating, and downstream processes. The
model provides guidelines towards a credible national inventory as well
as a policy planning and decision making about process viability for
investing in carbon credit. In addition to the current state of practice in
developed economies, the model included emissions from waste man-
agement processes still practiced in developing economies (such as
open dumping, open burning of waste, and poorly operated landfills
with flaring systems as well as auxiliary fuel needed to satisfy the LHV
during waste incineration) commonly not considered in most LCA
models. It can disaggregate emissions by source (waste processes from
collection to final disposal), or type (direct and indirect), or gas (CHy,
CO,, N,0) and offers users the flexibility to select processes or modify
input parameters while examining their impact on uncertainty in model
simulations. Equally important is a clarity in deriving and applying
emission factors used to quantify emissions from waste management
systems, which can have serious implications on carbon credit trading
when assessing emissions mitigation or reduction targets under the
UNFCCC agreements or when implementing CDM projects.

The model was tested in the context of both developed and devel-
oping economies to assess the impact of waste composition, manage-
ment processes, energy consumption and other input parameters on
variations in emissions. A scenario analysis demonstrated that best
practices through recycling, biological treatment, food waste diversion,
and/or energy recovery can contribute to significant savings in emis-
sions that ranged between 24 and 95%, depending on the tested system.
In contrast, improper waste management such as open dumping or
burning instead of controlled landfilling or incineration (with energy
recovery) can increase the total equivalent emissions by ~30% and
~295%, respectively. In closure, we argue the benefits of the model
application in providing guidelines for policy planning and decision
making about process viability for investing in carbon credit.
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