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Abstract: Landfilling of organic waste is still the predominant waste management method in Canada.
Data collection and analysis of the waste were done for the case study city of Montréal in Canada.
A life cycle assessment was carried out for the current and proposed waste management system using
the IWM-2 software. Using life cycle assessment results, a non-dominated sorting genetic algorithm
was used to optimize the waste flows. The optimization showed that the current recovery ratio of
organic waste of 23% in 2017 could be increased to 100% recovery of food waste. Also, recycling
could be doubled, and landfilling halved. The objective functions were minimizing the total energy
consumption and CO,¢q emissions as well as the total cost in the waste management system. By using
a three-objective optimization algorithm, the optimized waste flow for Montréal results in 2% of waste
(14.7 kt) to anaerobic digestion (AD), 7% (66.3 kt) to compost, 32% (295 kt) to recycling, 1% (8.5 kt) to
incineration, and 58% (543 kt) to landfill.

Keywords: organic waste; energy recovery; life cycle assessment; cost analysis

1. Introduction

The increased population in urban areas leads to a significant raise in waste generation.
Conventional waste management methods like landfill are amongst the main contributors to greenhouse
gas (GHG) emissions in the world. Landfills occupy large areas of lands and potentially pose a risk to
human health and the surrounding environment. Therefore, it is crucial to find alternative methods
for better municipal solid waste management (MSWM) in urban areas. Annually, 2.01 billion tons of
waste are produced globally, and waste to energy technologies provide approximately 1.5% of the final
energy consumption in Europe [1].

Efforts have been made worldwide to reduce landfilling of the biodegradable fraction of waste,
but the reduction amount is not satisfying so far. An example is food wastes (FW), which are the
easily biodegradable organic waste (OW) [2]. It contributes almost half of the total municipal wastes
in most countries [3] and has great potential to be used for energy purposes. However, it is directly
landfilled in many cases. In 2014 and 2015, FW accounted for 38 [4] and 39 million tons [5] in the USA,
respectively, and three-quarters of these amounts were landfilled [4,5]. The EU Landfill Directive in
1999 prevented landfilling the OW and forced the members to reduce the quantity of biodegradable
municipal waste sent to landfills to 75% (2006), 50% (2009), and then 35% (2016) compared to 1995 [6].
Based on this directive, the proportion of municipal waste disposed of by landfilling should be reduced
to 10 % or less of the total amount of municipal waste generated by 2035 but most of the European
countries could not achieve this target [7]. In 2018, 247 million tons of municipal solid waste (MSW)
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were treated in the EU by landfilling (23%), recycling (30%), composting (17%) and incineration with
or without energy recovery (47%) [8].

Life cycle assessment (LCA) evaluates the potential environmental impacts of products. INM-2 is
a life cycle inventory (LCI) model for integrated waste management that predicts the environmental
burdens of a specific waste management system [9].

Numerous studies have focused on the LCA of diverse waste management systems. [1] compared
recovery methods, which are beneficial compared to disposal options and concluded that thermal
treatment and anaerobic digestion (AD) might be favorable over composting. Composting usually
require large areas, is highly affected by weather condition and has odor problems. [10] criticized
large-scale centralized composting due to enhanced environmental impacts and therefore, considered it
a temporary solution. Decentralized waste management systems decrease transportation requirements
significantly. [11] found out that the presence of a composting plant at 10 km from the municipality
would decrease 65% of the environmental impacts due to the external transport.

Connecting agriculture and waste is beneficial in terms of the reduction of GHG emissions.
Still, there are some challenges regarding increased costs and acceptance for the use of digestate as a
fertilizer (e.g., legal restrictions on the use of digestate produced from sewage sludge) [12,13] reported
that N,O emissions of the application of liquid and solid portions of the digestate were the most
significant contributors to global warming among all the life cycle stages. In another study, [14] coupled
AD with composting to reduce the drawbacks associated with the direct soil distribution of anaerobic
digestates such as the emission of CO, and obtained stable products to be safely used in soils without
affecting their N- and P-fertilizing capacity.

According to [15], one way to improve the utilization efficiency of biomass is the use of waste and
production residues, and a vast majority of waste to energy technologies have lower GHG emissions
when compared to fossil fuels.

The performance of waste management methods depends on the waste composition and climate
conditions. The agglomeration of Montréal (MTL) in the province of Québec (Canada) was chosen
as the case study. Due to the severe weather condition in this province, the energy consumption
of Québec’s residents is one of the highest in the whole world. Currently, about half of the energy
demand in Québec is supplied through renewable sources and the Québec government has ambitious
plans of increasing this amount to 60.9% in 2030 [16]. One of the key targets in this plan is increasing
bioenergy production by 50% by 2030. MTL as the biggest city in this province plays a vital role in
achieving those targets. Therefore, in this study the authors focused on the current waste flow in MTL
and presented different possible scenarios for MSWM in this city. The challenges to achieve optimized
waste flows are discussed. The focus of the present study is on municipal solid waste, which includes
residential, commercial, and institutional waste, and excludes industrial, construction, and hazardous
waste [17]. To the best of authors” knowledge, there are no LCA studies of waste, and especially OW
management for the chosen case study city.

The paper is organized as followed: First, the waste composition in MTL, and the current waste
flow in the city is presented. Then, different MSWM scenarios are defined and their environmental
performance are compared using IWM-2 LCA methodology. In the next section, based on the
preliminary LCA results, a mathematical model is developed and the waste flow is optimized to
minimize the equivalent CO, of GHG emissions, total energy consumption in waste management
system, and total cost of the system. In the final section, the challenges in the way to reach to this
optimized waste flow are discussed. The aim of this study was LCA of the current waste management
system and waste management systems with new technologies in Montréal.

2. Current Status of Waste Management in Montreal

The work uses the Canadian city Montréal as a case study. The agglomeration of Montréal (MTL)
includes 16 cities together with the City of Montréal, which in turn is divided into 19 boroughs. The City
of Montréal is the largest city in the Canadian province of Québec (24% of the population) [18] and the
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second-most populous municipality in Canada, with around 2 million inhabitants [19,20]. Currently,
most of the OW in Québec is landfilled or combusted, and it is planned to ban the disposal of OW and
reach 60% diversion from landfill [21]. Moreover, MTL has a Waste Management Master Plan firmly
anchored in the targets of the Québec Residual Materials Management Policy with its 2011-2015 Action
Plan of the Government of Québec. According to this plan, the recovery target for recyclables, OW,
and construction and demolition waste (CD) is 70%, 60%, and 70%, respectively [19]. It is also planned,
by 2030, to increase bioenergy production by 50% through various methods such as bio-methanation
of OW [16]. Mishandling of OW in MTL or Québec has been reported by several studies [18,22].
Therefore, the environmental assessment of the current and proposed waste management systems is
essential regarding their impact on energy consumption and emissions.

2.1. Data Collection and Analysis

Data collection and analysis for the waste flow of MTL was mainly done based on the reports
published by the Service de ’Environnement in MTL [19,23]. Their report characterizes waste
collections from three sources, including residential, institutional, and commercial ones. The generated
waste included OW (FW, yard waste and mixed residue), paper and cardboard (PC), metal, glass,
plastic (MGP), CD, harmful household products (, paint, pesticide, mercury devices, etc.), textile,
E-waste, and household waste. Collection and disposal of waste are handled by the municipalities
in MTL in different ways, and separation of materials is done in sorting centers. Curbside collection
service collects the household waste and recyclables, and partially OW. OW consisting of FW and yard
waste is collected in most of the buildings of eight or fewer dwellings in MTL, and then transformed
into compost. Seven eco-centers in MTL collect CD, wood, metal, tire, polystyrene and textile, harmful
household products, E-waste, yard waste (gardening and weeding residues, leaves, and Christmas
trees), and other reusable materials. CD is also collected on the street or as a result of resident calls.
Household waste and non-recyclable CDs are sent to the landfills.

2.2. Trend in Waste Generation

Figure 1 illustrates the generated waste in MTL (2012 to 2017). In MTL, total waste generation
decreased from 970 kt in 2012 to 931 kt in 2017. The average amount of OW, MGP and PC, CD,
and textile, E-waste & harmful household products was 361 kt, 286 kt, 234 kt, and 8 kt, respectively.
Various factors affected the decrease in waste quantities such as replacement of printed newspapers
by digital editions, eco-design of products which reduces the weight of containers, reduction of
over-packaging, and reduction of consumption.
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Figure 1. Total waste generation in MTL [19,23]; OW: organic waste, PC: paper and cardboard, MGP:
metal, glass, plastic, CD: construction and demolition waste, and E-waste: electronic products.
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Many products that used to be made from recyclable materials changed to multi-layered flexible
packaging that are not accepted for recycling in MTL. For example, in MTL, plastic #6 (polystyrene),
different kinds of plastic bags and films are not considered as recyclable items. The number of public
policies on plastic carrier bags has more than tripled since 2010, and they are now found on all continents,
ranging from the municipal to the intergovernmental level [24]. Introducing the degradable plastics as
the environmental-friendly alternatives to the market can decrease the vast amounts of plastics that are
landfilled. For instance, Malmir used a solvent casting method to prepare biodegradable films of poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) with cellulose nanocrystals, which has the capability for
applications in the industry of food packaging [25] and achieved well-dispersed bionanocomposites
with improved mechanical and barrier properties [26].

2.3. Waste Flow

The waste flow of MTL in 2017 is shown in Figure 2. Based on this figure, in MTL, 931 kt waste
was generated and the whole amount of this waste was the subject of the research. This amount was
comprised of 95% recyclables (OW, PC, MGP, CD, textile, E-waste, and harmful household product)
and 5% non-recyclables (non-recyclable CD and other materials), and the portion of diverted and
landfilled waste was 45% and 55%, respectively. Adding mixed paper from OW (139 kt) to PC and MGP
(272 kt), recyclables could account for 357 kt. OW in MTL accounted for 369 kt from which around
85 kt was recovered. The recovery ratio of OW increased from 11% in 2012 to 23% in 2017 but was still
far from the 60% recovery target in 2011-2015 Action Plan of the Government of Québec. The recovery
ratio of PC and MGP, and CD was 60%, and 68%, respectively. To compare, household waste collected
from urban and rural sectors of Saguenay in the Canadian province of Québec comprised of 53% to
66% OW, 4% PC, 15% MGP, and 5% textile [27].

Waste

| I

Recyclables Non-recyclables

886 kt (95%) 45 kt (5%)
ow PC MGP Textle & E-waste  Others
81 KLFW (9%) 369 kt (40%) | | 272 kt (29%) | [ 2kt(0%) |[242kt (26%)]
133 kt yard waste (14%)
v v
Diverted Landfill or Incineration
415 kt (45%) 516 kt (55%) |«

Figure 2. Waste flow of MTL in 2017 [19,23].

The waste flow also shows the percentage of FW and yard waste for the OW of MTL. This percentage
was notavailable for 2017, and we assumed the same percentage in 2016 [19]. Accordingly, FW accounted
for 9% (81 kt), and yard waste was 14% (133 kt). The rest of the OW was 17% (155 kt) mixed residue.
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3. Methodology

3.1. LCA Methodology

IWM-2 was used as the LCA methodology to predict the environmental burdens of integrated
waste management systems [28,29]. The scope of the environmental analysis model was defined to
include the major components of residential waste, including paper, plastic, glass, aluminum and steel,
FW, and yard waste. Other types of wastes were considered as components which could be treated
through energy recovery and landfilling options [29]. Goals, functional unit, and system boundary,
life cycle inventory, and life cycle impact assessment in the following sections were based on IWM-2.

3.1.1. Goals, Functional Unit and System Boundary

LCA of the current waste management systems and waste management systems with new
technologies in MTL was considered. These technologies were based on composting of FW, and energy
recovery from mainly FW and yard waste. The total waste generated in MTL in 2017 was considered
as a functional unit in the mentioned systems. The model evaluated the environmental burdens
associated with waste management from the point at which a material is discarded into the waste
stream to the point at which it was either converted into a useful material or, it was finally disposed [28].
Accordingly, waste collection, waste transfer, sorting of recyclable materials at a materials recovery
facility, reprocessing of recovered materials into recycled materials, composting, energy recovery and
landfilling were evaluated by the model through recycling of paper, plastics, glass, steel, and aluminum,
composting and AD of paper, yard waste and food waste, and incineration and landfilling of all waste
components [29]. However, in this study, only AD and composting of FW and incineration of yard
waste was considered.

3.1.2. Life Cycle Inventory

The analysis of all the material and energy inputs and outputs for each stage in the life cycle could
be combined to give the overall life cycle inventory [9]. The overall estimation of energy consumption
and emissions of the waste management systems in this study was conducted with the help of the
IWM-2 model and its pre-defined standard data in Microsoft Excel for Office 365 MSO version 16 and
Microsoft Visual Basic for Applications version 2012.

3.1.3. Life Cycle Impact Assessment

The model estimated the energy consumed (or produced) and the emissions to air, water, and land
associated with different waste management practices [28]. The specific indicator parameters evaluated,
and the environmental effects associated with these parameters are shown in Table 1.

3.2. Waste Management Scenarios

LCA has been conducted for the current waste management systems in MTL (Scl) and three
proposed scenarios (Sc2, Sc3, and Sc4) in which the energy consumption and emissions have been
determined. All the proposed scenarios considered the maximum amount of recycling rates. They also
fed all the yard waste to incineration technology because lignin does not undergo AD, and cellulose
and hemicellulose are degraded slowly in comparison [1]. In the case of FW, Sc2 specified all the FW
for the AD technology, Sc3 assumed all the FW for the composting technology, and Sc4 allocated half
of the FW for the AD technology and the other half for the composting technology. Figure 3 shows the
amount of input waste for waste management scenarios in MTL.
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Table 1. Indicator parameters [28,30].
Indicator Parameter Indicator of Unit
Energy
Total energy consumed Resource depletion GJ
Emissions to air
Greenhouse gases Climate change t
Carbon dioxide (CO»)
Methane (CHy)
Acid Gases Acidification, health risk t
Nitrogen oxides (NOx)
Sulphur dioxide (SO,)
Hydrogen chloride (HCI)
Smog precursors Urban smog formation, health risk t
Volatile organic compounds (VOC)
Nitrogen oxides (NOx)
Particulate matter (<10 microns) (PM-10)
Heavy metals Health risk kg
Lead (pb)
Cadmium (Cd)
Mercury (Hg)
Trace organics Health risk g
Dioxins & Furans (TEQ)
Emissions to water
Heavy metals Health risk, environmental degradation kg
Lead (pb)
Cadmium (Cd)
Mercury (Hg)
Trace organics Health risk, environmental degradation mg
Dioxins & Furans (TEQ)
Biochemical Oxygen Demand (BOD) Water quality, environmental degradation kg
Emissions to land
Residual solid waste Land use disruption t
1050
38
C
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Figure 3. Amount of input waste for waste management scenarios in MTL.
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3.3. Optimization

LCA results are useful measures to develop a mathematical model for the energy and environmental
performance of a waste management system. The IWM-2 software is a helpful tool for conducting LCA
for a waste management system as it includes all different parts of the system, including transportation,
sorting, and energy recovery. The results obtained from IWM-2 included the energy consumption
and the CO, equivalent of GHG emissions from each waste management technology that were good
indicators of waste management system performance. Based on the results derived from the different
proposed scenarios, the ranges of the waste sent to each technology was defined. According to these
values, the amount of waste sent to each section was changed to obtain the equivalent CO, of GHG
emissions (COxq) and energy consumption of each technology (E) for the specified waste amount.
By using these results, a curve fitting tool was applied to develop a second-order mathematical
relationship for both energy consumption and CO,q of GHG as a function of waste input [30].
To achieve a better fit, the data for all technologies were normalized. The general form of the Equation
for each technology is as follows:

E=a[(x = w/ol +b[(x - /o] +c, M

COneq =a [(x — w/o]* +b [(x — w/o] +c. @)

where, E is the energy consumption in each technology, COyq is the equivalent CO; of GHG emissions
from each technology, x is the amount of waste sent to each section, i and o are the mean and variance
of the data obtained for each technology, respectively, and a and b and c are constants. The values of u
and o were derived from the curve fitting tool utilized for developing the Equations.

3.3.1. Objective Functions

The total energy consumption and COjq emission were calculated from the following
equations [30]:
Eotal = EaD + Ec + Ecps + Ep + Eg, ®)

COntotal = CO2aD + COsc + COxcps + CO,p, + COR. (4)

In Equation (3), Eap, Ec, Ecps, EL, and ER are energy consumption at AD, composting, incineration,
landfilling, and recycling units, respectively. In the energy from waste facilities including AD and
incineration, the energy consumption was calculated from the electrical energy generated minus the
energy consumed. For the recycling unit, the saved energy by using recovered material was subtracted
from the energy consumed for recycling the material.

In Equation (4), COap, COzc, COscps, COy1, and COyr are GHG emissions of the anaerobic
digestion, composting, incineration, landfilling, and recycling units, respectively. These quantities
show the total emissions of each technology in their life cycle based on equivalent CO,.

These two quantities are functions of waste input in each technology. In this optimization
procedure, two of the objective functions were minimizing the total energy consumption and CO,
equivalent of GHG emissions.

Cost is a vital factor in designing an integrated waste management system. Table 2 contains
the estimated cost function for each waste management technology. The costs were categorized into
the initial capital costs and operating costs and the parameter x denotes the annual waste input of
each technology.
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Table 2. Costs in Canadian dollars per ton of annual waste input.

Technology Capital Cost (CAD/t) Operating Costs (CAD/t) Reference
Recycling 190 x 190 x [31]
Composting 4000 x%7 7000 x~06 [32]
AD 35000 x*6 17000 x~06 [32]
Incineration 5000 x08 700 x~03 [32]
Landfilling 6000 x0© 100 x93 [32]

In addition to the total energy consumption and CO,.q emission (Equation (3) and Equation (4)),
the total cost of the waste management system was also considered as an objective function to be
minimized [30]:

Costiora] = Costoap + Costye + Costycps + Costyy, + Costyog. 5)

Consider X to be a vector containing the waste input of each technology (X= (xap, Xc, X1, XL, XR)),
and the arrays of this vector were decided by the optimization constraints, then X* was optimal in the
space S, if energy, CO, and total cost are minimized:

Etotal(X*) & CO2qutota1(X*) & Costiotal(X*) < Eroral(X) & COZeq.total (X) & Costioral(X) forall X €S (6)

3.3.2. Constraints

Based on the results obtained from IWM-2, the best scenario was chosen. Therefore, the optimization
constraints could be determined according to the chosen scenario. The lower bounds for the waste
input of landfill and recycling units were the current amount of waste sent to these units in MTL.

3.3.3. Method

An optimization algorithm was used to find the best waste flow for the waste management system
in MTL. This optimization algorithm was a multi-objective one as the proposed system should be
both environmentally friendly and economically feasible. GA is a popular option for solving such
constrained multi-objective optimization problems. GA has been evolved into different forms that
each of them is different from the original GA. One of these evolved forms is a non-dominated sorting
genetic algorithm (NSGA) developed by Srinivas and Deb [33]. The difference between NSGA and
original GA is only in how the selection operator works while crossover and mutation operators remain
the same.

In this study, an improved form of NSGA, meaning NSGA-II [34] was used to minimize the
energy consumption, COzeq of GHG emissions, and cost of the system. This improved algorithm was
less complicated in terms of calculations, and the solutions were more diverse compared to original
NSGA [35].

Figure 4 illustrates the procedure of optimization. The first step was an initialization, which
included defining objective functions, input variables, and constraints. The mass input of the five
technologies (AD, compost, incineration, landfill, and recycling) were taken as input variables. In the
next step, a set of values was assigned to the defined input variables as the initial population and a
fitness function was found for each set of answers in the next step. Then, using this initial population,
the values of the objective functions were calculated to identify the answers that minimize them.
Next, the non-dominated sorting was done to order the answers based on their fitness functions. In step
4, parent chromosomes were chosen among the ordered initial population. The crossover process was
used to generate children for the chosen parents. In the following step, the mutation operator was
utilized for the children. Unlike the crossover process where the children have the same characteristics
as the parents, after mutation, some of the children gain characteristics that belong to neither of parents.
Then, these mutated children are mixed with other children, and again non-dominated sorting will
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occur, and children are chosen for the next generation. Finally, the stop criterion of the algorithm was
checked. The steps 2 to 8 were repeated until this criterion is met.

[ Start ]—b[ 1- Initialization ]ﬁr’[ 2- Fitness calculation ]—P[ 3- Sorting ]—b[ 4- Parent selection }

5- Crossover process

(Generating children)

gen=gen +1

6- Mutation operation

gen < geny, 7- Mixing

8- Non-dominated
sorting

Figure 4. Procedure of optimization.

4. Results and Discussion

4.1. LCA Results

Greenhouse gases (carbon dioxide (CO;), methane (CH,) and nitrogen oxides (NOx), and the
COneq in kt of CO,), acid gases (nitrogen oxides (NOx), sulfur oxides (SOx) and hydrochloric acid (HC)),
smog emissions (NOx, particles (PM) and volatile organic compounds (VOC)), energy consumption
and remaining amounts in the current status of waste management and the proposed scenarios in MTL
are presented in Table 3. In MTL, Scl consumes the most energy (6869 TJ saving) and emits the least
COgzeq (69 kt). Sc3 and Sc4 are the better waste management scenarios in which 14027 T] and 14043 T]
energy is saved, and 127 kt and 144 kt COyq is emitted, respectively. Each waste management system
has its own residuals, for example ash in incineration, or residuals that could not being further recycled
in recycling etc. These residuals are usually sent to landfill.

Table 3. The emissions in the current status and proposed scenarios of waste management in MTL.

GHG Emissions (kt) Acid Gases Emissions (kt) Smog Emissions (kt)
Case Residuals (kt)  Energy (T])
CO, CHy; +NOx COzq NOx SOx HCl NOx PM vocC
Scl -76 6 69 0.07 0.02 0.001 0.07 0.22 0.05 695 —6869
Sc2 9 4 142 0.19 0.04 0.02 0.19 0.13 0.05 427 -13,530
Sc3 9 3 127 0.17 0.04 0.02 0.17 0.15 0.04 417 —-14,027
Sc4 11 3 144 0.20 0.04 0.02 0.20 0.14 0.06 423 -14,043

With Scl as the reference scenario of today’s waste management system, Sc2 uses anaerobic
digestion, Sc3 uses compost, and Sc4 uses anaerobic digestion and compost. The equivalent CO; is
calculated using COpeq = CO, + 21 * CHy + 310 * NOx.

In the AD module (Sc2), emissions originate from biogas combustion (GHG contributor), aerobic
composting (GHG contributor), and water (leachate) from the process. All the methane produced is
typically combusted, and the resultant CO, emissions are not counted. Biogas combustion emits NOx
too, which contributes to equivalent CO, emission. Therefore, emissions of CH4 + NOx and equivalent
CO; are higher for the scenarios with a higher AD ratio. The model does not consider offsetting the
combustion of fossil fuels rather than biogas and, consequently, emission saving.

Process emissions of composting include only one direct emission, which originates from aerobic
composting. GHG emissions of composting are thus lower than AD;

Among the proposed alternative scenarios, Sc2 indicates that using the AD unit as the sole FW
treatment technology has the lowest efficiency in MTL. One of the reasons can be attributed to the
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FW quantity in MTL which does not seem high enough for the maximum simultaneous reduction of
energy consumption and CO, production by AD. It is worth mentioning that IWM-2 estimates the
material-specific AD yields of CH, and CO; based upon the lab studies of AD of MSW in landfills [25].
Accordingly, various kinds of AD set-ups are neglected, and hence, further LCA studies are required
based on lower FW quantity feeding to AD units in order to find out the energy consumption and
CO2 emissions of each set-up. Studies showed that although there were 688 centralized AD plants
for biowaste treatment (average capacity 31,700 ton/year) in EU in 2016, small scale AD (5.2 ton/year)
can be technically viable with potential biogas production performance like large scale AD (3372
ton/year) [36].

4.2. Optimization Results

Based on the results obtained from IWM-2, the best scenario is when all the FW is divided between
AD and compost, all the yard waste is sent to an incinerator, and all the recyclable materials are
recovered. Therefore, the optimization constraints can be determined. As mentioned previously,
the lower bounds for the waste input of landfill and recycling units are the current amount of waste
sent to these units in MTL:

0 <xap <81, (7)
0<xc<8l, 8)
XaD + Xc = 81, )
0 < xcps <133, (10)
360 < xp <683, (11)
163 < xg < 357. (12)

Table 4 shows the parameters of Equations (1) and (2) for each waste management technology,
obtained by using MATLAB curve fitting tools. To explain more, based on the result of the fourth LCA
scenario (Sc4), the waste input to each technology was changed and the amount of CO5.q of GHG
emissions and energy consumption of each technology was recorded. Then, two curves were fitted for
unit based on their waste input (one for CO; and one for Energy). These values were used for doing
the optimization. The results of two-objective and three-objective optimizations are presented in the
following sections.

Table 4. Equation parameters for different waste management technologies.

Technology Input U o a b c
Reevell Energy X \ -115 -1.2x10°  -1.1x107
ecycling XR 2.6 x10 6.2 10
CO, -10 -1.1x10°  -9.4 x10°
c g Energy \ \ 23 1658 3.3 x10*
ompostin Xc . .
posting Co, 1310 1410 ~0.03 160 8104
Energy \ \ 22 -5x10*  -1.6 x10°
AD XAD . .
Co, 59 %10 1410 6 712 1.8¢4
Energy -3.6x10*  -3x10°  -3.8x10°
Incineration XCbs 6.6 x10% 4.3 x10*
CO, 284 7989 1.2 x10*
o Energy -243 3025 3.1 x10*
Landfilling XL 5.2 x10° 1 x10°

CO, —-974 8597 9.6 x10*
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This three-objective optimization for the integrated waste management system of MTL considers
the cost as an objective function in addition to total energy consumption and COpeq emissions of GHG.
Table 5 shows the best three optimum waste flows for MTL.

Table 5. The best three waste flows resulted from optimization.

Design Number x(,:;) )((t(): X(C;l;s z(t]; )((tI; (kt(;lfogl()z) Costigra] (CAD)  Eqgoar (Tj)
1 14,710 66,393 8580 54,0166 29,4955 -879 12,3000607 -11,809
2 14,525 66,393 7880 55,6522 29,4861 -877 12,3203356 -11,802
3 14,684 66,393 8271 54,2802 29,7906 —884 12,3464210 —-11,866

In the best optimum design (design number 1) which has the lowest total cost among these three
options based on the value derived for the total amount of waste, 58% of total waste should be sent
to the landfill unit (540 kt). Recycling unit has the highest share after landfill (32%) equal to 295 kt.
Taking FW into account, 14.7 kt should be sent to AD and 66.3 kt to composting unit, which accounts
for 2% and 7% of the total waste, respectively. The incineration unit has the lowest share in the system
(1% equal to 8.5 kt) of total waste (Figure 5).

mx AD

mx C

w X_Chs
x_L

58% "xR

Figure 5. The optimized waste flow for MTL.
4.3. Discussion

It is clear from the results that the main benefit of having an integrated MSWM system is a
significant reduction of energy consumption and emissions. LCA provides a comprehensive, consistent
and transparent overview of flows in the waste management systems with quantification of the
environmental profile [37]. Based on the optimization results, the amount of recycled waste in MTL
should increase by 87 kt per year. Also, adding incineration and AD units to the waste management
system of the city would increase the share of energy produced from renewable sources. The results
are consistent with the study by [38] with increasing focus on recycling. Also, [39] assessed the
environmental and economic benefit of the substitution of energy crops with food waste in AD and
concluded that a reduction of 42% in the carbon footprint of the electricity produced from the biogas
plant can be obtained. Moreover, installing new units like AD and incineration creates more jobs
in the city which is a social benefit of this MSWM system. A study by [40] showed that new jobs
could be created in the various processing centers and between transportation nodes of the waste
management system. Employment opportunities by waste to energy include the collection and
sorting of waste, waste transportation, waste plant construction, and plant operation. On average,
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a Waste-to-Energy plant in Europe can create 62 direct jobs, and the total direct and indirect jobs in
2011 was 56,000 in Europe [41]. However, it should be noted that all these results have been driven
based on this assumption that all types of wastes are separated completely which is not possible in real
life. The following bullet points summarizes different challenges present in the way to achieve this
optimized waste flow:

(1) As mentioned above, the biggest challenge is complete separation and sorting of different types
of the waste. Creating sorting units for the whole amount of waste is an expensive solution.
Therefore, another solution is encouraging people to be more interested in source separation
of waste.

(2) Hydro Québec is the only supplier of electricity in the province of Québec. Unfortunately, there
is no specific policy about buying self-generated electricity from private suppliers. Therefore,
it affects the interest from external investors to help to construct expensive units like AD
and incineration.

(3) The other existing challenge is the public awareness. People should become aware of the hazards
of landfilling the municipal waste and realize what an important role they play in different waste
management scenarios.

(4) Another challenge is the location of new AD and incineration units and whether there should be
one central unit or several distributed units across the city. Although a study by [36] concluded
the advantages of a fully decentralized AD systems, the authors believe that more detailed LCA
studies are needed to find the solution for this problem.

(5) The severe weather condition in Montréal during its long winters is another challenge for utilizing
organic waste management facilities like AD and composting units. Further thermal energy
would be required to keep the system in an optimum temperature condition. Especially in case of
AD and composting, cold weather might slow down the degradation process. Putting the AD in
a greenhouse has been suggested and is recommended. Study by [42] showed that an AD could
49% less heat energy by being housed in a greenhouse.

5. Conclusions

The work presents an analysis of waste flow including OW, PC, MGP, CD, textile, E-waste,
harmful household product, and other materials in a case study city Montréal. It shows the huge
potential of energy recovery from FW and yard waste instead of landfilling them, as is the current OW
management method.

In MTL in 2017, 931 kt waste was generated, and the portion of diverted and landfilled waste was
45% and 55%, respectively. OW in MTL accounted for 369 kt from which around 85 kt was recovered.

Four scenarios were analyzed to assess the greenhouse gas emissions and costs of different waste
management strategies. With the current waste management system as the reference scenario 1,
the proposed scenarios Sc2, Sc3, and Sc4 feed all the yard waste to incineration. Moreover, all the food
waste goes to anaerobic digestion in Sc2 and to composting in Sc3. Sc4 considers 50% of FW for AD
and composting.

The LCA study showed that in MTL, Sc3 and Sc4 are the better waste management scenarios in
which 14,027 TJ and 14,043 T] energy is saved, and 127 kt and 144 kt COZeq are emitted, respectively.

Based on the results obtained from LCA studies, NSGA-II was used as an optimization algorithm to
optimize the waste flow in MTL. The objective functions were minimizing the total energy consumption
and COpeq emission of GHG and the total cost in the waste management system. The optimized waste
flow for MTL by using a three-objective optimization algorithm is sending 2% of waste (14.7 kt) to
AD, 7% (66.3 kt) to compost, 32% (295 kt) to recycling, 1% (8.5 kt) to incineration, and 58% (543 kt)
to landfill.

Based on the optimization results, the benefits of this integrated MSWM system are significant
reduction of energy consumption and equivalent CO, emissions. The other benefits are increasing



Energies 2020, 13, 5701 13 of 15

the share of renewable energy production and creating more jobs through construction of AD and
incinerations units. However, this should be noted that in all these scenarios it has been assumed that
different waste types are completely separated. Therefore, proper separation and sorting of recyclable
material, food waste and yard waste is a big challenge. Another challenge is the lack of a specific policy
for buying self-generated electricity, which reduces the interest from external investors to invest into
the construction of AD and incineration units in the city. The other challenge is low public awareness
about the dangers of landfilling and their important role in having an efficient MSWM system. Finally,
the severe weather conditions during the long winters of MTL could affect the efficiency of AD and
composting and these units would need further thermal energy to operate properly.
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