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ABSTRACT

The aim of the work is to develop a mathematical model that offers realistic description of the Municipal Solid
Waste (MSW) activities in a specific region and subsequently to optimize this model using Mathematical
Programming (MP). The optimization process takes into account two criteria or objective functions (Multi-
Objective MP): The minimization of the Net Present Value (NPV - economic criterion) and the minimization of
CO,-equivalent emissions (environmental criterion). The model contains all the available technologies and paths
of the MSW system (the superstructure in process synthesis terminology) that are expressed in the model with
proper relationships.

The model performs a simultaneous, structural, design and operational optimization of the MSW system, i.e. the
output of the created model is which technology units will be used and which paths are followed for the MSW
system (structure), what is the capacity of these units (design) and what are the operating loads to and from the
units (operational optimization).

The multi-objective optimization provides not just one optimal solution, but the Pareto front (NPV vs CO.eq.
emissions) for the whole system. This information is essential to the Decision Maker because he can see the
trade-offs in the Pareto curve and select his/her most preferred among the Pareto optimal solutions.

The tool has been tested through three case studies in Greece, namely in the prefecture of Chania, the Region of
Eastern Macedonia-Thrace (north-eastern Greece) and the Region of Western Macedonia (north-central Greece).
In this paper, data and results will be presented for the prefecture of Chania.
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METHODOLOGY

The mathematical model that describes the Municipal Solid Waste (MSW) management system is developed
using the principles of Mathematical Programming (MP). All the available technologies and paths of the MSW
system are expressed in the model with proper relationships (equalities and inequalities). The model consists of
the decision variables (the unknowns of the problem), the parameters (the known data), the constraints (the
relationships that describe the system) and one or more objective functions (the drivers of the optimization).

Borrowing ideas from the field of process synthesis in chemical engineering, the problem can be formulated as a
multi-period structure, design and operational optimization problem [7]. All the available MSW options and their
interdependencies can be considered in the superstructure of the system (topology of all the available MSW
options) and the MP model proposes the best solution. A simultaneous, structural, design and operational
optimization of the MSW system is achieved i.e. the output of the created model is which technology units will
be used and which paths are followed for the MSW system (structure), what is the capacity of these units
(design) and what are the flows and operating loads to and from the units (operational optimization). MP has
already been used for the optimization of MSW systems in various cases [1, 8, 9].

The model which is developed is a multi-objective mathematical programming model. Specifically it has two
objective functions: (1) the Net Present Value of the system over the 20-year horizon and (2) the CO,-equivalent
emissions. As the name suggests, multi-objective optimization (or multi-criteria optimization) involves
optimisation in the presence of more than one (usually conflicting) objective functions (criteria). The main
difference between single and multi-objective optimization is that in the case of the latter, there is usually no
single optimal solution, but a set of equally good alternatives with different trade-offs, also known as Pareto-
optimal (or non-dominated or efficient) solutions. The Pareto optimal solutions are the feasible solutions that
cannot be improved in one objective function without deteriorating their performance in at least one of the rest.
In the absence of any other information, none of these solutions can be said to be better than the other. Usually a
decision maker is needed to provide additional preference information and to identify the “most preferred”
solution (“optimal” according to his/her subjective preferences). Depending on the paradigm used, such
knowledge may be introduced before, during or after the optimization process. Multi-objective optimization thus
has to combine two aspects: optimization and decision support (Steuer, 1986). In the present study, the
generation of the Pareto optimal solutions will be done using a version of the popular epsilon constraint method
[10].

Model Building

The mathematical model will describe the MSW system as a directed graph. There are nodes that represent the
processes and arcs that represent the flows between the processes. The boundaries of the system are defined from
the collection phase till the final disposal. The model will represent the superstructure of the system, i.e. all the
available options with their interconnections as shown in Figure 1. In Figure 1, one can see how the bins are
connected with the processes, how the processes are interconnected and which the main products of each process
are. It must be noted that for each generic technology there are more than one specific type of units that can be
utilised which are mutually exclusive. For example, for Composting we have 5 types of units while for MBT we
have 18 types of units. The optimal type of unit for each technology will be selected by the model.
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Figure 1: Graphical representation of the superstructure of the MSW system

(Acronyms for Processes: TSR: Temporary Storage for Metals, Plastic and Paper, TSG: Temporary Storage for Glass,
CMP: Composting, AD: Anaerobic Digestion, MRF: Material Recycle Facility, WtE: Waste to Energy, BD: Biodrying,
MBT: Mechanical and Biological Treatment, TS: Transfer Station, LDF1: Landfill, LDF2: Landfill for Hazardous Waste.
Acronyms for products: ME: Metals, PL: Plastic, PA: paper, GL: Glass, CMP: Compost, BIOG: Biogas, DF: Derived Fuel,
SO: Stabilized Organic, EN: Energy)

The model is properly formulated in order to perform structural, design and operational optimization. In other
words, the major questions that will be answered with the optimization process are: which processes (structure),
what will be their capacity (design) and what will be there annual operational load (operation). All these figures
will be computed in period-wise basis. In technical terms the model is a Multi-Objective Mixed Integer Linear
Programming (MO-MILP) model, which means it contains continuous and integer (mostly binary) variables.
The basic elements of the multi-objective mathematical programming model are briefly described below:

Objective functions

Two are the objective functions of the problem: (1) the minimization of the Net Present Value (NPV) of the
MSW system over a period of 20 y, which represents the economic objective and (2) the minimization of total
CO,-eq emissions of the MSW system, which represents the environmental objective. The NPV incorporates the
investment and operational costs, as well as the income from recyclables, electricity and other products over a
20-year period.

Decision variables

The decision variables of the model are actually the unknowns of the problems, i.e. those variables for which we
are trying to find their optimal values. In our case we have discrete (binary or integer) and continuous decision
variables. The discrete variables are mostly associated with the structural characteristics (is i-th technology
present in the optimized MSW system? how many units will be needed?). The continuous variables are mostly
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associated with the design and operational characteristics (what is the capacity of i-th unit in period t? Which is
the amount of waste transported from i-th unit to j-th unit?).

Constraints

The main constraints of the model are the mass balances that have to be satisfied between nodes (equality
constraints) and the capacity constraints that have to be satisfied (“less than” constraints). There can be policy
constraints (e.g. the recycling rate or the amount of waste sent to landfill). Logical constraints are also present in
order to apply conditions for mutually exclusive alternatives. Auxiliary constraints may also be present (e.g.
linearization of non-linear terms). Special reference should be made to the modeling of the landfill and the
associated CH,4 emissions. It has been done using the Intergovernmental Panel on Climate Change (IPCC)
guidelines [6] and takes into account five waste categories (food, garden, paper, textile and wood) and the
different behavior of treated — untreated material. The calculation of the CH,4 emissions (and therefore the CO, —
equivalent) takes into account in a flexible manner the possibility of flaring, as well as the ongoing process of
CH, emissions after the expiration of the study horizon. These ex-post emissions are explicitly calculated and
participate in the minimization of CO,-eq. objective function.

Parameters

The parameters of the model are the known data. These data are the economic and technological characteristics
of the processes, the prices of the recycled materials and produced energy, and the conversion factor of every
ingredient in each one of the candidate technologies. The original waste is classified in 34 ingredients and its
composition is considered known for the model based on representative past data. The scheme of the bin
configuration is also considered as given (which types of bins are used) in the model. The different bin schemes
can be examined as different scenarios.

Modes of Operation and Expected Results

The model can be used as an optimization tool or just as a simple calculation tool. The user can adjust the extent
of optimization by controlling the degrees of freedom of the model. Instead of performing a full optimization
(with all the degrees of freedom), he/she can consider some technologies as given and the system will be
optimized given this information. In this case the corresponding decision variables will have fixed values in the
optimization and will not be altered. Moreover, the user can impose constraints (user defined constraints) on the
flows (e.g. no more than 30,000 tn/year can be sent from the mixed waste bin to the MBT units). The full model
includes approximately 24,445 continuous variables, 210 integer variables and 12,399 constraints.

The optimization of the multi-objective model provides a representative set of the Pareto optimal solutions for
the MSW management problem. With the term “solution” we mean the structural characteristics (which units
will be constructed in each period), the design characteristics (the capacity of the units, what capacity expansions
will be required) and the operational characteristics (annual waste flows between the units). All these amounts
are expressed with appropriate decision variables and their values will be the main output of the system, of
course along with the value of the objective function(s).

The model is multiperiod and has a dynamic evolving element over time, following the scenario for the quantity
of produced MSW (20y horizon divided into four periods). The results of the optimization will refer to each
period of time and there will be inter-period constraints quantifying the relevant linking relationships. The model
has been implemented and solved using the widely known modeling language GAMS / General Algebraic
Modeling System [4].

SOFTWARE TOOL

The tool is a decision support software (DSS) targeted to experts and/or practitioners in the field of MSW
management. The user is able to examine various scenarios by designing conceptual architectures of MSW
systems by selecting among the component technologies. Depending on the selected component technologies the
system creates the conceptual architecture by adding in the graphical map the respective type of bins in the
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collection system, the types of landfills for disposal following the superstructure constraints illustrated in Figure
1 and the links among the component technologies (Figure 2). Note that for the disposal we use two types of
landfill, with the hazardous connected only with the Waste to Energy component. For each technology (i.e.
composting, anaerobic, WtE, etc.), many types of processes have been incorporated. Therefore, the software
contains an extensive library with cost data (capex, opex) and environmental data (emissions, fuel consumption,
etc.) for each technology type. Data has been drawn from literature [2, 6, 11], but also from questionnaires
distributed to operating plants in Greece and Europe.
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Figure 2: Conceptual map of an MSW system

Subsequently, the user has to define the parameters of the MSW system: (a) the composition of the MSW
generated, (b) the collection system parameters, i.e. bin models, collection frequency, etc., (c) the component
technologies parameters, e.g. min/max capacities of units in tonnes per year, etc., and (d) the transportation
parameters, e.g. truck models of each link, average distances, etc. Next, the user may define constraints to be
considered in the optimization problem, e.g. recycling targets, restrictions on the number of units, or in the flows
between component technologies and run the optimization. The outcome of the optimization is the “Pareto
frontier”; in this case a curve with the x-axis representing the net present cost for the 20y horizon and the y-axis
the environmental impact of each solution, thus tons of CO,-eq. (Figure 3). The user may select a point on the
Pareto curve and see the parameters and outcomes of the respective solution analysed in the four 5-year periods
(Figure 4).
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Figure 3: Pareto curve for the feasible solutions of an MSW system

900000 910000 920000
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Annual cost per period (keuro):

1 32496
2 64473
3 96938
4 130844

Net Present Cost for 20 years (keuro): 887430
Total emissions CO2-eq for 20 years(kt): 2240

Bins: 2245

Annual costs and income by category (keuro)
Bins: 518 550 664 750
Transportation (capacity): 342 711 1113 1547
Transportation (operation): 1518 1633 1812 1966
Processes (capacity): 1640 2763 4237 5613
Processes (operation): 30269 60665 92871 126296
Income from recycle: 1791 1848 3758 5328
Income from electricity: 0 0 0 0

Investment costs

2379 2873 3248

Transportation: 4270

327 411 402

Pracesses: 20444 14002 18381 17157

Recycling rates

wood packaging: 0.03 0.03 0.04 0.04
paper: 0.40 0.40 0.47 0.52
glass: 0,13 0.00 0.22 0.29
metal: 0.09 0.07 0.30 0.43
plastic: 0.05 0.05 0.07 0.08
recyclable to recycle & energy: 0.15 0.13 0.21 0.25
organics to landfill: 1.07 1.15 1.18 1.25
Annual CO2-equivalent emissions by category (kt
From energy in processes: 3.43 352 5.20 6.29
From processes (no LDF); 195 2,10 284 3.06
From transportation: 2,13 230 255 2.76
From Landfill: 3436 9446 129,22 151.88

Load in the bins (tons)

BGL O 0 0 0
BMT O 0 0 0
BPL O 0 0 0
BPA O 0 0 0

BRC 34999 35630

53440 65732

BOR 28769 30991

41892 45129

BMW 256232 278110

276041 289213

Figure 4: Summary of the outcomes of a feasible solution



CASE STUDY: THE PREFECTURE OF CHANIA/CRETE

Background Information

The prefecture of Chania is the westernmost prefecture of Crete, in the south of Greece. The population reaches
156,220 inhabitants, which equals to about 25% of the total population of Crete (temporary data of 2011
inventory).

In the prefecture of Chania an integrated waste management system is in operation that serves the majority of the
municipalities of the area. The core of the system is the Mechanical Biological (aerobic composting) Treatment
Plant (MBT plant), located in Korakia. Next to the MBT, a sanitary landfill for the residues is in operation.

At this time, the plant processes about 93,000 tons/year and the operation is set in 2 shifts, 6 days/week. The
facility (MBT plant and SL) receives mixed MSW, commingled recyclables from the separation at source system
(“blue” bin) and small quantities of green and bulky waste.

Table 1: Waste Quantities

Waste Stream Tonsly
Mixed Wastes 79.122,00
Recyclables From Selection 13.158,00
at Source
Green Wastes 960,00
Bulky Wastes 1.201,5

Waste composition (as they enter the facility) is presented in the following table:

Table 2: Composition of MSW in the facility of Chania

Recyclables Mixed Wastes | Green wastes
Mixed paper/Cardboard 28,47% [ 42,2% | 13,14%/6,10%
Plastic (white film/mixed) 4,32%/ 6,28% 6,28 %
PET 1,08 %
PP 0,46% 14,25 %
PE 1,06 %
Ferrous Metals 1,62%
Aluminum 0,22% 2,78 %
Glass 2,52% 2,23 %
Tetrapak 0,086% 1,77 %
Textiles/Leather/Rubber/Wood 3,12% 7,15 %
Organic material 2,54% 37,17 % 100 %
Inner materials 6,11 % 5,58 %
Other 3,55 %

The responsible Waste Management Authority is DEDISA: Trans-Municipal Enterprise of Solid Waste
Management in Chania. The MSW management system includes:

e Collection (no transfer stations at the moment)
e Separation at source of paper and commingled recyclables (blue bin: metals, paper, glass, plastics)
e Processing of mixed MSW and green wastes at the MBT plant

e Landfilling



The facility of Korakia was built with a total budget of 30 mEuro, with 75% co-financing from the Cohesion
Fund 11 (2000-2006) and the rest 25% by the Public Investment Fund. The facility includes:

e Weighbridge

e Waste Reception

e Mechanical pretreatment — manual sorting

e Composting in a fast composting tank with forced aeration
o Refinery of compost, maturation and storage

e Sanitary Landfill of the residues

o Tertiary treatment of leachate

The recyclables from the “blue-bin” are hand-sorted in the MBT plant and separated into paper, cardboard,
ferrous metals, aluminium, glass and plastics.

About 25,000 tons/y of mixed municipal waste are processed at the MBT plant to recover ferrous and non-
ferrous metals and to produce compost. The produced has been used for dumpsites restoration, in gardens, in
areas were a fire has caused damages, etc., with exceptional results.

The rest of the mixed waste (55,000 tons) is landfilled at the Sanitary landfill adjastent to the MBT plant.

Tool Application in Chania
DEDISA has used the Waste-C-Control Tool to examine several waste management options (scenarios) with the
aim to propose improvements to the existing management system (as applied so far), in order to reduce GHG
emissions and costs. The results of this application will be incorporated in a Local Action Plan (LAP) that
DESISA is determined to apply.

Input data were based on Tables 1 and 2 for MSW and recyclables. An assumption was made with regards to
future waste quantities that an annual increase by 1% to 2% is expected. Whereas it is likely that growth may
slow down to some extent in certain areas, it seems that during the 10 -year period of 2009-2019, the annual
expected increase will be around 1.5%, while the next decade (2019-2029) the annual growth rate is expected to
fall to about 1.2%. Also, due to the fact that changes in waste composition are rather difficult to foresee, an
assumption was made that for all four periods the composition remains constant (see Table 2).

Five (5) scenarios were formulated using the software tool, with scenario 1 being used as the reference case.

Scenario 1: Reference case

e The existing MBT receives 13,000 tons of recyclables (mainly packaging waste) from the “blue bin”
system.

e The MBT also receives 25,000 tons of mixed waste that are processed (mechanical treatment and
composting). The MBT has a maximum capacity of 70,000 t/y

e 200 tons of glass are temporary stored within the facility.

e 55,000 tons of mixed MSW enter the Sanitary Landfill (SL).

¢ No transfer Stations are in operation

In this scenario, the Tool is “free” to decide whether the MBT capacity will be fully exploited and even whether
this capacity should be increased. Also, the tool is free to increase the capacity for processing the recyclables or
to add a new sorting plant. However, the technology for mixed wastes (MBT with aerobic composting) cannot
be changed (all other MBT types are excluded and mass balances are user-defined to match the mass balance of
the existing MBT plant). Also the technology for sorting recyclables is determined by the user (hand sorting and
some mechanical treatment). Investment and operational cost data are customised based on real prices (provided
by DEDISA) to match the existing infrastructure.



Scenario 2: Advanced mechanical treatment and source separation of the organic fraction and of paper

e 4 Transfer Stations (TS)

e Source separation of paper (8,000 tons/y) and temporary storage within the Korakia premises

e Source separation of glass as in scenario 1

e Source separation of 10,000 tons of the organic fraction of MSW (OFMSW). This stream is treated in
one of the two existing composting tanks of the MBT.

e High tech equipment is installed to assist the existing hand-sorting line for recyclables coming from the
blue bin. These recyclables are now reduced by 8,000 tons (paper) and reach 5,000 tons.

e The MBT plant is equipped with advanced recycling equipment for the rest of MSW (max. 70,000 t/y).

e The SL receives only residues

In this scenario, the Tool is “free” to decide whether the MBT capacity will be fully exploited and even whether
this capacity should be increased. Also, the tool is free to increase the capacity for processing the recyclables or
to add a new sorting plant. However, the technology for mixed wastes (MBT with advanced recycling and
aerobic composting) cannot be changed (all other MBT types are excluded and mass balances are user-defined to
match the mass balance of the MBT plant according to DEDISA data). Also the technology for sorting
recyclables and for treating organic wastes are determined by the user (advanced mechanical sorting and in
vessel composting, respectively). Investment and operational cost data are customised based on real prices
(provided by DEDISA) to match the existing or planned infrastructure.

Scenario 3: Production of RDF and source separation of the organic fraction and of paper

This scenario is similar to Scenario 2, with only difference being the extra equipment installed at the existing
MBT line for mixed wastes. In this scenario, some additions are made to enable the production of RDF insead of
installing advanced sorting equipment to recover recyclables from mixed wastes.

In this scenario, the Tool is “free” to decide whether the MBT capacity will be fully exploited and even whether
this capacity should be increased. Also, the tool is free to increase the capacity for processing the recyclables or
to add a new sorting plant. However, the technology for mixed wastes (MBT with RDF production and aerobic
composting) cannot be changed (all other MBT types are excluded and mass balances are user-defined to match
the mass balance of the MBT plant according to DEDISA data). Also the technology for sorting recyclables and
for treating organic wastes are determined by the user (advanced mechanical sorting and in vessel composting,
respectively). Investment and operational cost data are customised based on real prices (provided by DEDISA)
to match the existing or planned infrastructure.

Scenario 4.1: Free

In this scenario, there is source separtion of paper (8,000 tons), OFMSW (10,000 tons/y) and glass (200 tons),
there is a “blue bin” system (5,000 tons of recyclables), and collection of mixed wastes (70,000 tons/y), via four
TS. The technologies used to treat all these fractions are “chosen” by the model (free scenario). For comparitive
reasons, the customised MBT types used in scenarios 1-3 are incorporated in the model (including mass balances
and cost data).

Scenario 4.2: Free with targets for Biodegradable Municipal Waste (BMW targets based on Dir. 31/99/EC)
This senario is idenical to scenario 4.1 but the constraint for BMW diversion from landfill is activated.

Results
Each scenario was a different “run” of the software and one Pareto front with 11 feasible solutions was produced
for each scenario (see Figure 5).
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Figure 5: Pareto “fronts” or curves, for each scenario in REMTH

Compared with scenario 1 which represents the current situation, one can see the curve moving to lower costs
and emissions, because of the optimization of MBT, of the introduction of TS, and because of landfill costs and
emissions reduction (landfilling of residues only).

All scenarios indicate that source separation of fractions (OFMSW, paper, glass) improves the environmnetal
performance of the system.

In scenarios 4.1 and 4.2 the Tool “suggests” technologies like anaerobic digestion for the OFMSW or MBT with
an anaerobic digestion step in order to increase income (selling of renewable energy). Both scenarios result in
achievement of the objectives of Directive 99/31/EC and this means significant emissions reduction compared
to all other scenarios. However, investment costs are higher. It is worth mentioning that even thogh in scenario
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4.1 the directive 99/31 target is inactive, the Tool itself optimises the system towards achieving the targets in
order to reduce emissions. So scenarios 4.1 and 4.2 have more or less the same Pareto curve.

In scenario 3, costs increase because there is no RDF combustion unit in Crete, so the transfer in a cement
industry would be economically intolerable.

Finally, scenario 2 results in significant emissions reduction compared to the reference case, while there is full
exploitation of the existing infrastructure. It is also obvious that the modifications of the existing MBT to
enhance recycling, offers additional benefits without an intoreble cost increase. So, even though scenarios 4.1
and 4.2 may present better results in terms of CO.eq. minimisation, they require significant alterations to the
existing management system. That is why, Scenario 2 is prefferable by the decision makers.

Future State
In this context, D.E.DI.S.A. with the help of the Tool aims at the adoption of the following options for meeting
the targets for reducing GHG at local level:

e Support Sorting at Source programs: Create an adequate network of waste collection bins, by offering
opportunities for source separation. (availability of different bins for paper, glass, organic)

o Working with large scale units (e.g hotels, military) from which the organic fraction will be collected in
a separate container and therefore large amounts of biodegradable fraction are diverted from the SL. In
the same time, the production of compost material is enhanced

e Locate bins correctly for optimum collection, which aims to reduce GHG emissions from transportation
of waste

¢ Information campaigns and public awareness for the need of limited production and proper segregation
of waste and the available options.

CONCLUSIONS

Mathematical Programming proved to be a reliable tool for the multi-objective optimization of the MSW
management system. The developed model is flexible and can be customized to any case, as the main key
parameters are determined by the user. The synthesis (which units), design (which capacity) and operational
(annual flows) optimization provides the Pareto optimal solutions based on two criteria: (1) the net present cost
over the 20 years period and (2) the cumulative CO,-eq emissions over the 20-year period. The obtained Pareto
fronts from different scenarios can be compared and the tradeoffs among the Pareto optimal solutions within
each one Pareto front can be also investigated by the user. The dynamic evolution within the 20-year period of
the corresponding technologies associated with each solution is also calculated.

The application of the software tool in Chania enabled the development of a Local Action Plan, which aims to
reduce GHG emissions from waste management activities at local level. Through the use of the tool, DEDISA
was able to answer questions like “what is the impact of adding OFMWS recycling in terms of costs and
emissions”, “is it necessary to use transfer stations”, “is the system improved by introducing advance recycling
eqquipment to the existing plant”, etc. The answers to these questions, which could not be materialised in the
past, are now provided through an integrated solution that has been formulated and can be easily communicated
by DEDISA waste experts to decisions-makers and the broader public, by using two comprehensive indicators:

cost (NPV in million euros) and emissions (in CO2-eq.), over a 20y period.
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nepikndn

O chokAnpupsvo; ogESIOGUOT Ethg CUCTI TG SIOELPUENG EOTLEWY m:pned.w anoppuEpdTwy (ALA] oE
Irfptd}epzmm emineSo QUoTEAsl QNG i usy'ﬂ.hmspeu; TpokARTEL :}Tpcmwwﬂ-u oyefaopol. Iy mepodon
EPYOOID OVOMTUSGOETOL EWO POVTEAD OTpOTyLEoU uxl-:ﬁu:-u].mu o KEAUTTEL Evav 206Tr oplfovia yio T

Suxyeipaon AZA o mepubEpELXkD EmineSo yprowonouwvTa; Mafnuomke Mpoypapponopd (M), Te povisko
MM yproyonoEl g apyes g ovvleong Sepyaouwy, SnAadn mepypddsl v uvRepSop] TOU CUOTHRaTOS
(nepiapfavel Snhabdn ohec Tig Suwarss ispyaoies wo Tig SuouwBecer; Toug) koL e Tv emhuon Bplokoups T
Bédniory Abon. H Peknom Avon xaBopilel ﬁoul]' TOU CUOTTPaTo: ﬁnnu'ag Sepyamsc), Tov ﬂsﬁmuu& [og
SXoTACoEL, TWwY uu'.'n.ﬁ-urujl KL T AErTouUpyia (1L Errp:llEi; poEc). To wovteko Elval moATEpOGLES ETTL WOTE W
npucr&mpm-:rm ®oL o xpu'.ﬂ}l; evrabne Twy povalwy pEca otov 20et] opiovia. O ueTaPANTES anodacnc Tou
poVTEADU Elval GuvERELS (poEr wlumwy, SuvapEoTTE; SiEppaciwy kAR) Kol aképmet (aplBpog povaiuwy ava
EaTyopia SlEppacuy). OL IEPIOPUTUOL EVAIL [ LETOTPEROVIOL JF FRQUUKGDE ETTL WOTE T0 MPoR0TToY MovIERD
Wi Elemn povtedD Muod AxEpaiou Mpappixoy Mpoypoupatiopol (MAIM). H BeAnoronoinon yiveral pe Paon
500 anxepenxe; guvaptroe: (1) Tnv ExBapa Napoboa Afia g 20emiac kot (2) wg cuvoliks EXFopRE; CO..
To npofinua tou MNolu-Kpompuaxo0 MAM smdoston pe Ty peBobo AUGMECOMN KoL TopayETL 1 KEpRUAn LE Ti
xaTd Pareto Bektiones MOGELS amo Tig omoies kahsimal va sAEL s o arodaoilwy. To RovTEAD CWIRTUGTETAL KL
srodieTon O0F mEpLfakhov GAMS. H péBobor Ba shapuooSel o8 pun peAETN MEpIMTWENC MoU abopd oI AUTIER
MakeSovia.

AEZEIE KAEIALA

Nohvkprnpoeds  MaSnpoTkd;  MpoypoUaTIoNo:, AWEPWN  OTEPEWN  QROPPLINGTWY, CTPOTYLEGS
TRESLRTHEG

1. EIZAIQMH

O ockomog TNG epyaciag authg eivar n avartuln evég umokoyoTikol WovIEAoU ya To PEATLOTO
oyeSaoud Suorgsipuweng AoTwuny ITEpewy Amopplapanoy (AZA) os nepupepewaEs enineso. ITnv ovoia
NpOyUOTOTeLETOL HEAETN chwy Twy SuaBeoyuwy Tegvoloyuwy koL Suadpouwy Tou cuothuatog ALA pe
fpdaon ong Teyvoloyies koL Oy otn ywpoBsmon. To poviEAo amorteheiton and T peraphnég
amnédacng (oL aywwoTol Tov mpoPAnuarog), TIC MOpapsTpoug (ol ywwotd SeSopéva)l, Toug
MEpLOMOUOUE (oL TYECEL MoU MEpypdfouy To CUOTNME] kKoL P ) TEPLOSOTEDED OVTIKELMEVIKEL
cuvaptroer; (oL obnpol g PeAnotomoinong). Mokg to  powvieko  SnuwoupynSsl, ToTE
NpOyUATOTCLETOL [ BEATLOTOTO IO TOW WOVTEADU.

Aavallopevol WSEEC amo Tov TopEn ouvBEoTC SLEpYOOLWY O YNULKN KWTED, To npofinua pmopel
va Swrumwdsl wg fva MoAUTEpLoSIKS, SoKS, SLNCTOTOAOWKS KoL ASITOUpWED TpoBhnua
Beknworomoinong (lyerandGrossmann, 1938). Dheg ou emoyég AZA wol oL alAnAefopTioel; Toug
umopoly va SewpnBolv oroyEila g vnEpSouns ToU CUCTHUATOS kol To povieho MaBnuotxou
Mpoypappariopol tpotelvel TN BEAniomn Adon. Emruyydveror Tavtdypovn, Sopuxr], Siastamohoyxn
®aL Astroupyier] BEATICTOMOLCn ToU oucTipaTog Twy AZA SnAobn to anoTelécpara Tou LovTEAoU
nov SmuuoupynBnee sival mowg wovabsg TExvoloywwy Ba ypnowomonS8oly KoL o wovondana Sa
akxchoudnBoly yua o cuompa ATA (Sopuwn), oo Ba Elval n YWPNTKOTNTO TWY RovaSwy autwy
{BraoTacwodoyuer) kon mows Ba eivay oL poég koL Ta ASIToupyIEG HOpTLa Tpog KL s TLG Povabes o
stqma  Pacn [Aswwoupywn Pednotomoinon). Tha auta o otouEia Ba  vmoloylloviol KaTd
nepoboug. AMO TEVENG amciews To poviEAD Elvan Eva povtEho MutoU Axepowow Mpappikou
NMpoypappariopoy [MAMM), To omolo onuaivel 6T MEMEXEL CUVENEL koL aREpOLES [ouvriBwg
Suabikés) perafAnrés. O MaBnuomieds Mpoypaupomouds £ge [6n ypnoyomownBel yi
Behnotomoinon Twv  cuomnuatwy  AZA o Guddopsg mepummwos  (BAEmE ya
napadsypasbouNajmandEl-Fadel, 2004; LouizandShih, 2007].
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Ooov apopa to nebio ehoppoyic mpoEsmol yu pokpompoBecpn shipaka kafwg to poviEho
kodumrer eva 20-etr opliovia ywplopEvo oOF TECOEpE mepoSoug. To amoteAEcpora TG
Beknioromoions avadEpovTol oF AGSE MEPLOSD TOU YPOVOU KoL UTIApYOUY TEQLOPLOWLOL PETAE) Twv
nEpLofwy mow Rpocbopllouy MOCOTLED TI OYETIKES CUVBETIKEL OYECELS. TO HOVIEAD QVOMTUCETAL KL
emAUETOL pE m ¥pnom NG SUpEwW ywwoTng yAwooog povishonoinong GAMS
(GeneralAlgebraicModelingSystem, Brookeetal. 1938).

Inuepa, n mnepifoddovnen avnouyia auvfaverar oho koL MEMOOOTEpD, audwoBnTuwTag T
“BcToroplo” TOU CLEOVOMLEOU EpITNPplou we To povabed kpunpo wa ) Aqgn anoddoewy o
Suadopa mhaina. AsSopévou om Ta meplfakkovied odEln Sev umopoUy va anotyun 8oy VKol O
YPAUO  MPpOKEEVOU Vi svowpaTwSoUy of o CIEOVOULEN  OVTIKEWEVIEN CUWGpTRSr, ©
ochohnpupsvor oyebwopds AZA ammrel W ypron molvepanpaeng PeAniotoncinong. Kotd m
SuaprEwa Twy SU0 TEAsuTaluww BEKCQETUOV, EYOUV ShApUOOTEL OYET®A povTEAD PE TOARGITAOUC
OTOYOUC yud T PEATIOTOMOLNON OF TOUEL OmMWE EVEpYEMKA cuoThuora, Sulwaoia oluvBsong,
emAoyn spywv (projects), Suaysipwon neplfadiovtog, Suaysipon vbatwy kKA. (Belton and Stewart,
2002). Inuepa, o ohokAnpupEvos oYESIOOUOE oTa cuoTnuara AZA kadilotaron unogpewtwog (Abou
Majm and El-Fadel, 2004). O opog “ohohnpwpivoc” YpROULOTOETOL YUl VO TOVIGEL WG EVPUTOTN
anodn TOU CUCTHMOTeS, ONOoU TEPO OQNe TOUC Owovopukoug otoyous [emsvbumikn amodin)
smiuwkowTon kol oL meplfaidoviiecl otoyoy (amodn Puooywdmrog) KoL 0L KOWWWIESL oTOYOL
{kovwuwnvien amodm ).

Ito mhaiow tov Mafnuaneoy Mpoypappanowos nnoldonioy otoywy Beinuotonoinon yiverau
peEow MoAvkprenpuakoy Madnuorkeoo Mpoypoapponopos (TM). Drwe unodnAwvel To SVoua, oTo
povrERa MMM npayuoronoetal BEATICTOMOUNGN WE TNV MOpousiol MEPISCOTEDWY TOU EVOE
{owvnBwe aAANACoUYEDOUGHEVV) OVTIKELMEVIEWY SuVapThoswy (kpmnpu). H kopua Svadopa petafl
NG HoVoEDUTLOKTS KoL TG mokukpionouakns BeAToTonoinong elvar ot oty SEUTERN MEQUTTWOT],
cuvnBug Sev umapgel pia powvo BEATwoTn Adon, @AAd pa ceypd and shioou kolEc svalloETwEg
EMAOYES, EMLONG YWWOTES we oL BEAMoTeg kard Pareto [ pn kuprapyoupevwy 1 anoSoTikeg) Alosng
(Figueira et al. 2005). IuvwnBwe ypewdleton €vag wrRelBuvog y T Afbn anoddacswv, o
ancdaciloviog, KoL jHE TNV napoy mposfeTwy mAnpodopuuy autcyg va mpociwoploel v "mAEov
npoTywpevyn" ion (PEkTiom®, cUpdHovVa LE T UTIOKEWMEVIKES TOU TIDOTULNCEL). Avaloya LE To
YPMOWOTOWUNEVD MovTERD, N YWwoon autr pumopel va ewsoyBel mpw, kora ™ Sudpesua g peTa ™
SumbSilkacia Bekniotomnoinons. Iuvemws, n Ao Twy mpofinudrwy MM elvoar pua Somhn anootol:
MpWToV, I MOpaywyry Twy kord Pareto PEATIoTwY AUCSWY KOL TN  OUVEXELL N Aoy peTmiy
auvtwy. To mpwto PEpog Elval o Kofopd UROAOYLOTLEN Epyacia, evw To SeUtspo mepthaufavel
™ Andn anodacewy ow exdpals Tig mpoTyn el Tou anodacilovra (Steuer, 19385).

2. KATAIKEYH MONTEAQY

To pofnuotke povieho mepypadel To oUCTNUA Twy  ALA wg Eva  watevBuvopeve  ypadnuo.
Yrapyouw kopfoLmou  avanapwotouy T SwEpyacisc kml tatofa mOU  OVTIMpOOWREUOUY  TIE
poEguETail  Twy GEpyacuwy. o opuaTov  sucthuarog  opilovior  and g daon
NG owAkoyng wEXpL TNV TEMKN  SwBecn. To  poviEho EEMpOCWREL TV umeEpSoun  Tou
cuoTnuarog, Sniabn cAeg g Suafsompes emkoyEg pe T SraouviEceEL; Toug.

Ito Iynpa 1 pmopolpe wva  SOUME wg ol KASoL  ouwSEOVTOL ME TIg SiEpyacies, W oL
Siepyacieg SioouvBiEovrol pETOS) TOUC KOL Mo Elvol T KUpu mpoiovea g kale Swepyaciag. Ta
Sosexoppusva  PEAn elval  oupof;  MpOgTo YWwpo  uyEwvopeng tadng  and kabBe Swepyacio.
MpeneL va onpewwBel OTL yua kB YEVIENE TEYVoADYLOL EYOULE MEMOCOTEPOUE amne £vav sibws Timo
povabwy mou  pmopolv  wa  ypnowononBouv ou omoleg sivan  apoPalwg anoskewomees. N
nopafsyua, Yo Ty EoPooTOoU 0N EY0UHE 5 Tumoug povabuwy, svw yuo v Mpyovien - Buokoywery
ensfepyacia youpe 18 Tumoug povabwy. O PEATWOTOC TUTOS  powadac yuo kdBe  Teyvoloyio Ba
EMAEVEL COTO TO WOVTERD.
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2.1 Xopoaktnplotikd MaBnpatikot Mpoypoppatiopon
Yrapyouv TECCEpO oToELD yia kaBe povieko MoSnpoartkoy Mpoypoppornopes: O petafinTeg
amnodacng, oL MEPLOMOWNSL, N OVTIKEWWEVIED CUVEPTNON (N GVIKEWEVIKES TUVIPTNOEL] koL o
mapdpeTpoL.
s O pevafAnTe; omodaonc ToU  LOVIEASU SIVOL OV MpOyLOTEOTTE OLEYVWoToL  TOU
mpofhiparog, Snhabn ng perafinrég yua Tig onoieg nposnadotue va Bpodpe Tig BEAToTEG
TWES TOUG. LE QUTEG MEpAapBavovialL oL posg Tww MKWy, n Umapln povadwy, 1 xpovir
£vraln Twy powdbwy, oo SuvapxoTnTe; povabuy
& (h mopapeTpol ToU PoviEAou Eivan Ta ywword Seopsva pag. Ta SeSopéva autd Eivol To
OIECVOLED KOL TEQWOROYLED JOpaKTNpIoTIEd Twy SIEpYQoIWY, Ol THES TWY OVOKUENWEVISY
UALKLIY KL TG MOPaySUEVS EVEDVELREL, O CUVTEAECTN LETOTPOMILE TOU kASs cusTankol o
afe pua ard T urodigues teyvoloyies. Ta apped andPAnTa EQTOTACOOVTIL FIEVW KOTW
COE TPUOVTQ TECCEQO CUCTOTKG EOQL ) CUCTAON Towg Sswpelial ywdTh yud TO LOVIEAD
Bamiopevn o ovimposwneuTikd SeSopEva Tou mopsABdvtog. H ouvBecn Tww kabuwv
Bepwpeltol EMIENG yweotn (mowl TUmoy kabwy YpneUoRoouwToL ot MoviEho koL pe TN
SuvapeotnTa Tov ke kabou sfsvalioviol Suadopenkd CEVapL.
s (On BosEol MEpLOPLOUOL TOU WOVIEADU EIVEL TO WOOLUYL0 LATES ToU TRETEL VIl LEQVOTIOLOUTOL
peTabl Twv kOpPwY (REMOPICHOL WOOPPOTLAG) KL OL IEPLOPLTOL JuWpnTUECTINTAL Fow TPETEL
VI LKOvoToLoUvTaL |“AwoTspe amo” meplopwuol). Muopouy va URApouy SRLONG KL Ol
neplopopol molmeng (). “ro mocootd awokUkhwons yua To yuaki mpEMEL wa £ivol
Tovhaorov a% n Ayotspo anc B% TG apopuens MosoT TS TW amofhmwy iou WRopouy vl
mave ora XYT). Axdpa, pmopoly Vi EVaL TapovTes Aoywol MEpIopLSOL yia TV Edappoyn
Twy mpolmofioswy ya apofoiss anoelkswopeve; evaliokmkes. BonSnmeol mepopurpol
pmopei emiong va etvar nopdvTeg [Ty ypouukonoinom Twy pn-ypappiy ).
®  Ajo sivol oo POowKE; OVTLKEYMEVIEE guvapThos Tov mpofhnuartoc: (1) n sAayioronoinen
g KaBapag Napovsag Aflag — KMNA - tov cuotporog twy AZA [Net Present Cost - NPC) tow
ouoTREaTes Twy AZA oF pua meplofo SlkooL ETWY, 1 OO0 QVTUTROOWIEUEL TOV CLECVOULED
orogo kaL (2) n ehapoTronoinon Twy cuvolkwy sxmopmuy C02 tow ouothporog Twy ATA N
omola OVOmposwrElsl Tov REpPoidovike otoyo. N v emihvon tou mpofAhiuorog
TMOAVEDLTIPLIES) MpoYpOUUaTouoy gpnoyonouwiBnke n peBobog AUGMECON (Mavrotas,
2009).

3. MEAETH NEPINTOIHE

Aol kotaoksvaotel To  povieRko  Moduxkprmpluoecl  MaSnuomeols  NpoypoupaTuEpog
MOAYUATONOIETOL 1 Shapuoyr ToU OF pua mokn pE sARMaEd YOpoKTnpuoTied o om adopd T
cuvBeon Twy croumbuwov. Mpokemar yua e mokn pe mAnSuope 4000000 korolxwy wol ps
oxouriSun 2.100.000 tfyear.
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TuvolEd 1on oyomou}EnKay ETTE TURoL kabuwy:

s  Tuahl {Bin for Glass — BGL)

*  Métahio {Bin for Metal — EMT)
*  MAocmkd {Bin for Plastic — BPL)
*  Xopml {Bin for paper — BPA)

¢  Avarvkhwowa  (Bin for comingled — BRC)

¢«  Opyomnxd
s  Muma

{Bin for Organics — BOR)
{Bin for Minzd Waste — BMW)

O ypriotng kaieitvm va emMAELEL To cuvBuaopd Tous Snuovpyavras £vol SudopeTied cevapu. O
mivakeg mou akchouSolv mopousalouy TO cuCTATKd Twy ATA To omola cuvolkd EMNOL TPLOVIL

TECTEDIL

MNivakag 1. FvBeon ATA

Opyavied ioina

m"'f'ﬂ’)‘”m TFI:HM.I.HI'-' [Food waste) IIL&-npu-L':lEq peradiixkd; ouskEuamies (Ferrousmetalspackaging)
amophnra kinou (Garden & park waste) Jadia £isn mSnpoiywy perdAhuwy [TtherFerrousmetals)

AdAha opporeka [Other organics)

Afppn- ZUko- Yoo

shoupuvEnes susksuaoies [Aluminum packaging]

Jaddo sifior ahoupivmou (Otheralurminum)

Kaoutrous (Rubber)

b (Foil)

aéppa [Leather]

Mioomika

=ik cusksuaoia (Wood packaging)

Addo eibog Euhou |OtherWwood)

Pawtec mhactkss ouokswamss [Mixedpackagingplastic)

eifior mhaotkoy | Otherplastic)

¥aoua Textile) ToavTes | Bazs)

Napt Towin cuokswaoiag (Packaging film)
X pTvn Iuokswaoia [Packaging paper) [2Mo sifior Tawiag] Otherfilm)
wprow (Cardboard) PET urotibies [PET bottles)

xapTi extimuwsonc |Print paper] PV pmoTides (PVC botties)
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JupnmEoTnTag oy vyewovopuer tadn 1 (LDFL), ypnowomowouvron kaw ou 7 kdSou koL TEADG n Ty mg
NASKTOLKNG EVEQYELDE FOU MOpaysTal oo wie kol mwisitol oto Siktwvo eival 85 svpwf/MWh. Ztnv
CUVERELD TPEYOUE TO POVTERD pag pe Suadopeg mapadhayes, omwg yux mapadswypa akhalovrag Tov
MEQLOPLOWS YL WEYLOTN Yuwpnmestnta oo LDFL, alddlovrag T ouvBeon Twy kabwy, addalovag Tny
TU MASKTPLOLON KO

4. AMOTEAEIMATA

4.1 Tevapio Avadopdc

TpEyovTos T0 Mpoypouua Y To cevdple avadopds nalpvoups 1o e5fg MAdypoppa 1 pe mg kora
Pareto PEAmworeg Avcerg. O Mivaxag 3 mapovcuaiel Tig povades mov SuadopomooivTal ota onueio
shinoTou KSoTous, eviuapeons Aong (6”7 onuelo) Koy eddypuotwy exmopmuy CO2,
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MPORETAL i $TrvES povdbes. AvTIBETWE, oTo ouelo sAayloTwy sxmopnwy CO2 undpyeL mpoTipnor
om povaba mbtl3. Emmtkeow, eivar epdaveg om ora SUo mpwTa onusia SEv ¥prOoWOoNoETOL
oTaBpog petadoptwons. O Aoyog eivar kafapa owovopkos. To kOoTog Tou oTaBpol LeTadopTwoTg
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4.2 Napadiayn pe faon ) oovleon TwV Kabwv
Mia o g mopaiiayes pag adopd T cuvBeon Twy kxabwy. Na To Aoyo auTo, oMW GaivETOL OToV
Mivaxa 4 mow agchouBel, Squoupynoous nevte Sundopenkd cevapla ouvBeong kabuw.
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ARG TO SUTYPOUUN ROpOTNEoULE OTL To CEVapo 1, To omolo anoTeAsl KoL To SEWIpLo avadopas, sival
0 KOAUTEpD KOBWE TNyWvEL OT0 ML JUERG KOGTN KoL OTL fwe Juspes exmopneg 002, O exmopmmeg
VEVIKOTERD EYOUV Wl ¥atw Spuws 7000 ktn. To kdorog pmopel wa MAsL pEypl ko 22000 ktnfyear
{oevapuwo 4). Tékog o cevapua 3 kot 4 sival o Mo asxplfd kaBog Sev Erouv Kado yuo opyavikd
amGpinTa.

4. IYMIMEPAIMATA

Ev komoxkeify, pe tov MabBnuomxd Mpoypouuoanopd — ApoyLOTONOUCOME MUl AERTORERT
povtshomoinon Tou mpopAnparog g Swageipuonc Twy AZA. H edappoyr S& Tou povtERou pog
npocdepel apketn euehfio kadwe Eyoupe Tn SuvartdtnTa va addalovps sukola kdrow SeSopéva
LG, O Yu mapaseypa T oUvBEDn Twy EGSwY 1 TV T ToU NAEKTpLOLOU, KOl va AopBavoupe
dueca Ta véa amoteAéopare. EmmAfov, afloOMUEIWTO WL TO YEYOVOSL OTL 1 FIOMWKRLTT]pUEKD
Beinotomoinon napeys Baduous eAcvBepiag otov anodaci{ovta. O tehsutaiog £xsL T Suvardta
WL Uy EPIVEL koL v emAEEEL avdpsca and eflcou kakes evaldorTikEs emhoyEs, Tig BEATIOTES AUoELg
wara Pareto, TV SRAE0V MpOTWLIREVT]E TUMEHOVE JIE T, UIOKEYLEVIKES TOU mpoTiroels. Erow Aouov,
I ELCOywyr MEQLTCOTERWY TOU EVOg Kpumpiwy om Subwacia Aqfng anddaons obnysl o8 o mo
DEQALTTLEN QUMELKOVLOT] T TR0y LOITLEN TIpO- AN JLaTuwy.

EYXAPIETIEE
H epyacia £ywve ora mAoiowm Tow £pyow LIFEDS ENV/GR/000254 tou npoypapporog LIFE
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EXECUTIVE SUMMARY

This paper presents the methodology that has been followed and the results that came up from the
elaboration of an EC co-financed LIFE+ project in Greece (LIFE09/ENV/GR/294). The objective of
the project is to develop a software tool that enables Waste Management Authorities and other
stakeholders to substantially reduce GHG emissions resulting from their waste management (WM)
activities. The tool provides "decision support" for the optimization of WM practices, in terms of GHG
emissions and financial data through a simulation environment, where an existing or desired regional /
local waste management system can be designed by the user. The innovative idea is the incorporation
of an optimization function through which the tool will calculate the optimal values for the decision
variables using Mathematical Programming (MP). The results of the software tool enabled the
identification of procedures for the development of Local Action Plans, which aim to reduce GHG
emissions from waste management activities at local level. Each Action Plan sets specific quantitative
goals for GHG emissions reductions, specifies the means to attain them, as well as the relevant
investments that need to take place and the timing of these investments.

INTRODUCTION

The main objective of the WASTE-C-CONTROL project is to develop a software tool that assists
decision-makers to design and evaluate different integrated waste management systems, from the level
of waste generation up to the level of waste treatment and disposal, on the basis of overall GHG
emissions and management cost. In addition, the evaluation is extended also to ancillary environmental
impacts, such as generation of air pollutants.

The investigation of different WM alternatives is performed through mathematical programming, the
outcome of which is the identification of those integrated systems where their overall GHG emissions
can be reduced only at the expense of management cost. In other words, the tool assists the user to
build the so-called ‘Pareto frontier’ in the particular situation faced. In this way, decision-makers



become aware of trade-offs involved in their waste management problem and are able to select a
solution by being aware of the main dilemmas and constraints faced.

The tool has been tested through three case studies in Greece, namely in the Regional Union of Chania,
Crete, the Region of Eastern Macedonia-Thrace (north-eastern Greece) and the Region of Western
Macedonia (north-central Greece). In this paper, data and results will be presented for the Region of
Eastern Macedonia and Thrace (REMTH).

METHODOLOGY

The mathematical model that describes the Municipal Solid Waste (MSW) management system is
developed using the principles of Mathematical Programming (MP). All the available technologies and
paths of the MSW system are expressed in the model with proper relationships (equalities and
inequalities). The model consists of the decision variables (the unknowns of the problem), the
parameters (the known data), the constraints (the relationships that describe the system) and one or
more objective functions (the drivers of the optimization).

Borrowing ideas from the field of process synthesis in chemical engineering, the problem can be
formulated as a multi-period structure, design and operational optimization problem (Iyer and
Grossmann, 1998). All the available MSW options and their interdependencies can be considered in the
superstructure of the system (topology of all the available MSW options) and the MP model proposes
the best solution. A simultaneous, structural, design and operational optimization of the MSW system
is achieved i.e. the output of the created model is which technology units will be used and which paths
are followed for the MSW system (structure), what is the capacity of these units (design) and what are
the flows and operating loads to and from the units (operational optimization). MP has already been
used for the optimization of MSW systems in various cases (see e.g. Abou Najm and El-Fadel, 2004,
Louis and Shih, 2007, Jing et al., 2009).

The model which is developed is a multi-objective mathematical programming model. Specifically it
has two objective functions: (1) the Net Present Value of the system over the 20-year horizon and (2)
the CO,-equivalent emissions. As the name suggests, multi-objective optimization (or multi-criteria
optimization) involves optimisation in the presence of more than one (usually conflicting) objective
functions (criteria). The main difference between single and multi-objective optimization is that in the
case of the latter, there is usually no single optimal solution, but a set of equally good alternatives with
different trade-offs, also known as Pareto-optimal (or non-dominated or efficient) solutions. The Pareto
optimal solutions are the feasible solutions that cannot be improved in one objective function without
deteriorating their performance in at least one of the rest. In the absence of any other information, none
of these solutions can be said to be better than the other. Usually a decision maker is needed to provide
additional preference information and to identify the “most preferred” solution (“optimal” according to
his/her subjective preferences). Depending on the paradigm used, such knowledge may be introduced
before, during or after the optimization process. Multi-objective optimization thus has to combine two
aspects: optimization and decision support (Steuer, 1986). In the present study, the generation of the
Pareto optimal solutions will be done using a version of the popular epsilon constraint method
(Mavrotas, 2009).

Model Building

The mathematical model will describe the MSW system as a directed graph. There are nodes that
represent the processes and arcs that represent the flows between the processes. The boundaries of the
system are defined from the collection phase till the final disposal. The model will represent the



superstructure of the system, i.e. all the available options with their interconnections as shown in Figure
1. In Figure 1, one can see how the bins are connected with the processes, how the processes are
interconnected and which the main products of each process are. It must be noted that for each generic
technology there are more than one specific type of units that can be utilised which are mutually
exclusive. For example, for Composting we have 5 types of units while for MBT we have 18 types of
units. The optimal type of unit for each technology will be selected by the model.
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Figure 1 Graphical representation of the superstructure of the MSW system (Acronyms for Processes: TSR:
Temporary Storage for Metals, Plastic and Paper, TSG: Temporary Storage for Glass, CMP: Composting, AD: Anaerobic
Digestion, MRF: Material Recycle Facility, WtE: Waste to Energy, BD: Biodrying, MBT: Mechanical and Biological
Treatment, TS: Transfer Station, LDF1: Landfill, LDF2: Landfill for Hazardous Waste. Acronyms for products: ME:
Metals, PL: Plastic, PA: paper, GL: Glass, CMP: Compost, BIOG: Biogas, DF: Derived Fuel, SO: Stabilized Organic, EN:
Energy)

The model is properly formulated in order to perform structural, design and operational optimization.
In other words, the major questions that will be answered with the optimization process are: which
processes (structure), what will be their capacity (design) and what will be there annual operational
load (operation). All these figures will be computed in period-wise basis. In technical terms the model
is a Multi-Objective Mixed Integer Linear Programming (MO-MILP) model, which means it contains
continuous and integer (mostly binary) variables. The basic elements of the multi-objective
mathematical programming model are briefly described below:

Objective functions

Two are the objective functions of the problem: (1) the minimization of the Net Present Value (NPV)
of the MSW system over a period of 20 y, which represents the economic objective and (2) the
minimization of total CO,-eq emissions of the MSW system, which represents the environmental
objective. The NPV incorporates the investment and operational costs, as well as the income from
recyclables, electricity and other products over a 20-year period.




Decision variables

The decision variables of the model are actually the unknowns of the problems, i.e. those variables for
which we are trying to find their optimal values. In our case we have discrete (binary or integer) and
continuous decision variables. The discrete variables are mostly associated with the structural
characteristics (is i-th technology present in the optimized MSW system? how many units will be
needed?). The continuous variables are mostly associated with the design and operational
characteristics (what is the capacity of i-th unit in period t? Which is the amount of waste transported
from i-th unit to j-th unit?).

Constraints

The main constraints of the model are the mass balances that have to be satisfied between nodes
(equality constraints) and the capacity constraints that have to be satisfied (“less than” constraints).
There can be policy constraints (e.g. the recycling rate or the amount of waste sent to landfill). Logical
constraints are also present in order to apply conditions for mutually exclusive alternatives. Auxiliary
constraints may also be present (e.g. linearization of non-linear terms). Special reference should be
made to the modeling of the landfill and the associated CH4 emissions. It has been done using the [PCC
guidelines and takes into account five waste categories (food, garden, paper, textile and wood) and the
different behavior of treated — untreated material. The calculation of the CH4 emissions (and therefore
the CO, — equivalent) takes into account in a flexible manner the possibility of flaring, as well as the
ongoing process of CH, emissions after the expiration of the study horizon. These ex-post emissions
are explicitly calculated and participate in the minimization of CO;-eq. objective function.

Parameters

The parameters of the model are the known data. These data are the economic and technological
characteristics of the processes, the prices of the recycled materials and produced energy, and the
conversion factor of every ingredient in each one of the candidate technologies. The original waste is
classified in 34 ingredients and its composition is considered known for the model based on
representative past data. The scheme of the bin configuration is also considered as given (which types
of bins are used) in the model. The different bin schemes can be examined as different scenarios.

Modes of Operation and Expected Results

The model can be used as an optimization tool or just as a simple calculation tool. The user can adjust
the extent of optimization by controlling the degrees of freedom of the model. Instead of performing a
full optimization (with all the degrees of freedom), he/she can consider some technologies as given and
the system will be optimized given this information. In this case the corresponding decision variables
will have fixed values in the optimization and will not be altered. Moreover, the user can impose
constraints (user defined constraints) on the flows (e.g. no more than 30,000 tn/year can be sent from
the mixed waste bin to the MBT units). The full model includes approximately 24,445 continuous
variables, 210 integer variables and 12,399 constraints.

The optimization of the multi-objective model provides a representative set of the Pareto optimal
solutions for the MSW management problem. With the term “solution” we mean the structural
characteristics (which units will be constructed in each period), the design characteristics (the capacity
of the units, what capacity expansions will be required) and the operational characteristics (annual
waste flows between the units). All these amounts are expressed with appropriate decision variables
and their values will be the main output of the system, of course along with the value of the objective
function(s).



The model is multiperiod and has a dynamic evolving element over time, following the scenario for the
quantity of produced MSW (20y horizon divided into four periods). The results of the optimization will
refer to each period of time and there will be inter-period constraints quantifying the relevant linking
relationships. The model has been implemented and solved using the widely known modeling language
GAMS / General Algebraic Modeling System (Brooke et al., 1998).

SOFTWARE TOOL

The Waste-C-Control tool is a decision support software (DSS) targeted to experts and/or practitioners
in the field of MSW management. The user is able to examine various scenarios by designing
conceptual architectures of MSW systems by selecting among the component technologies. Depending
on the selected component technologies the system creates the conceptual architecture by adding in the
graphical map the respective type of bins in the collection system, the types of landfills for disposal
following the superstructure constraints illustrated in Figure 1 and the links among the component
technologies (Figure 2). Note that for the disposal we use two types of landfill, with the hazardous
connected only with the Waste to Energy component. For each technology (i.e. composting, anaerobic,
WHE, etc.), many types of processes have been incorporated. Therefore, the software contains an
extensive library with cost data (capex, opex) and environmental data (emissions, fuel consumption,
etc.), for each technology type. Data has been drawn from literature, but also from questionnaires
distributed to operating plants in Greece and Europe.
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Figure 2 Conceptual map of an MSW system

Subsequently, the user has to define the parameters of the MSW system: (a) the composition of the
MSW generated, (b) the collection system parameters, i.e. bin models, collection frequency, etc., (c)
the component technologies parameters, e.g. min/max capacities of units in tonnes per year, etc., and
(d) the transportation parameters, e.g. truck models of each link, average distances, etc. Next, the user
may define constraints to be considered in the optimization problem, e.g. recycling targets, restrictions
on the number of units, or in the flows between component technologies and run the optimization. The
outcome of the optimization is the “Pareto frontier”; in this case a curve with the x-axis representing
the net present cost for the 20y horizon and the y-axis the environmental impact of each solution, thus
tons of CO,-eq. (Figure 3). The user may select a point on the Pareto curve and see the parameters and
outcomes of the respective solution analysed in the four 5-year periods (Figure 4).



Pareto front with efficient solutions
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Figure 3 Pareto curve for the feasible solutions of an MSW system

‘ Solution 1 887429.59 2240.41

Return |

Annual cost per period (keuro):
1 32496

2 64473

3 96938

4 130844

Met Present Cost for 20 years (keuro); 887430
Total emissions CO2-aq for 20 years(kt); 2240

Annual costs and income by category (keuro)
Bins: 518 550 G664 750
Transportation (capacity): 342 711 1113 1547
Transportation (operation): 1518 1633 1812 1966

Processes (capacity): 1640 2763 4237 5613
Processes (operation); 30269 60665 92871 126295
Income from recycle: 1791 1848 3758 5328
Income from electricity: 1] a 1] a
Investment costs
Bins: 2245 2379 2873 3248
Transportation: 4270 327 411 402
Processes; 20444 14002 18381 17157
Recycling rates
wood packaging: 0,03 003 004 004
papet: 0.40 040 0.47 052
glass: 0.13 0.00 0.22 0.29
metal: 0.09 007 030 043
plastic: 005 0.05 0.07 0.08
recyclable to recycle & energy: 015 0.13 0.21 0.85
organics to landfill: 107 1,15 1,18 1.25

Annual CO2-equivalent emissions by category (kt)
From energy in processes: 3.43 352 520  6.29
From processes (no LDF): 195 210 284 3.06
From transportation: 213 230 255 2,76
From Landfill: 3436 94.46 129.22 151.88

Load in the bins (tons)

BGL O 1] o ]
BMT O o 1] ]
BPL O o o 0
BRA O o 1] ]

BRC 34999 35630 53440 65732
BOR 28769 30991 41892 45129
BMW 256232 278110 276041 289213

Figure 4 Summary of the outcomes of a feasible solution



CASE STUDY: THE REGION OF EASTERN MACEDONIA-THRACE (REMTH)

Background Information

REMTH lies in the North-East part of Greece and is divided in five Regional Unions with a total of 22
Municipalities, with the main urban centres being Drama, Kavala, Xanthi, Komotini and
Alexandroupolis. The rest of the municipalities are rural based. Also, the two islands / municipalities of
Thasos and Samothrace are included. The total population is approximately 610,000 inhabitants.

Waste quantities are estimated based on the daily production rate of MSW per inhabitant. This rate is
estimated as 1.40 kg/(inh.*d) for the urban areas and as 1.14 kg/(inh.*d) for the rest municipalities.
This estimation results in a quantity of 320,000 tpa MSW, with an annual increase of 1.5%. The
estimation is verified by sample weighing of the MSW collection vehicles.

REMTH has an officially approved Regional Waste Management Plan (RWMP, 2009), as dictated by
the relevant Greek legislation. The RWMP sets key issues for MSW management:
e Utilization of transfer stations (TS) to efficiently (in environmental and cost terms) transfer
waste to the dedicated facilities
e Achievement of the Packaging Directive targets by use of dedicated bins for dry recyclables and
Material Recycling Facilities (MRF)
e Achievement of the Landfill Directive targets (Dir. 99/31/EC) by: a. Recycling of the organic
fraction of MSW (separate collection and biological treatment) and b. Treatment of the rest of
MSW in Integrated Waste Management Units (IWMU), incorporating mechanical —biological
treatment in two central facilities with energy and material recovery and landfill of the residue.

So far, not all of the planned facilities have been constructed and MSW management is based mainly
on landfill. Currently, the use of two (2) transfer stations has been initiated and one Material Recycling
Facilities (MRF) (six are foreseen by the RWMP). As a result, the recycling of waste packaging
material (“blue bin”) is practised only in three municipalities. The recycling of special types of solid
wastes, such as ELVs, tyres, WEEE, batteries, etc., is extensively practiced in the whole Region.

Tool Application in REMTH

DIAAMATH, the formal Waste Management Body of REMTH, participates as a beneficiary in the
LIFE 2009+ project. DIAAMATH has used the Waste-C-Control Tool to examine several waste
management options (scenarios) with the aim to propose improvements to the MSW management plan
(as applied so far, but also as planned in the official RWMP), in order to reduce GHG emissions and
costs. The results (improvements) of this application will be incorporated in a Local Action Plan (LAP)
that DIAAMATH is determined to apply.

Seven (7) scenarios were formulated using the software tool. The rationale behind the scenarios
development was that from scenario 1 to scenario 7, there is a gradual improvement of waste treatment
options, from only landfilling to more sophisticated options:

1. One — bin system for the total MSW — Landfilling. (Blank scenario).

2. Two — bin system/6 spots: packaging material (“blue bin”) and the rest MSW. Packaging Material
recycling in six MRFs - landfilling of the rest MSW. The software “decides” the MRF technology,
their capacity and the mass flow in the respective 5-y period.

3. Two — bin system/2 spots: Like scenario 2, but 2 MRFs, 2 composting facilities. The software
“decides” also for the composting technology, capacity and mass flow.



4. Three — bin system/6 spots: packaging material (“blue bin”), organic fraction of MSW (OFMSW)

and rest MSW. Recycling in 6 MRFs, composting of OFMSW in 6 composting facilities and

landfilling of the rest MSW. The software “decides” for the MRF and composting technology,

capacity and mass flow.

Three — bin system/2 spots: Like scenario 4, but 2 MRFs, 2 composting facilities

6. Three — bin system/2 spots/MBTs. Like scenario 5, but treatment of rest MSW in 2 MBTs
producing RDF and in situ thermal utilization of the RDF. The software “decides” respectively for
the MRF, composting, MBT and RDF thermal treatment technology, capacity and mass flow.

7. Three — bin system/2 spots/MBTs. Like scenario 5, but treatment of rest MSW in 2 MBTs
producing RDF. Ex situ thermal utilization of the RDF (sale to end user). The software “decides”
respectively for the MRF, composting and MBT technology, capacity and mass flow.

e

Results - Local Action Plan
Each scenario was a different “run” of the software and one Pareto front with 11 feasible solutions was
produced for each scenario (see Figure 5). Based on the tool’s results, the most favoured scenario is 7.
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Figure S Pareto “fronts” or curves, for each scenario in REMTH

One can see from the curves that Scenario 7 results in lower emissions and costs. The points of each
curve are the 11 feasible solutions that the tool produces. Each solution consists of different structural,
design and operational characteristics. The decision-maker may choose the least costly one or (usually),
the one in the middle of the curve.

By examining the scenarios and the feasible solutions of the preferable scenario, DIAAMATH has
formulated a Local Action Plan (LAP), for the short-term, mid-term and long-term, with policies and
measures regarding recycling of materials, collection and transport of wastes, waste treatment and
disposal. The relative cost for the application of the LAP can be obtained by the software tool, while
the reduction of GHG has been quantified, as well. As such, the environmental and cost “impact” of the
plan is transparent to all involved stakeholders and can be communicated to the public.



Transfer of waste

The operation of all planned transfer stations should begin as soon as possible (short-term target),
since, according to the tool, this results in lower GHG emissions (compared to current fuel
consumption data), regardless the scenario examined.

Recycling of materials

In a mid-term period, the recycling of packaging materials by the “blue bin” system should be
expanded to most of the municipalities in REMTH. Also in a mid-term horizon period the initiation of
the operation of a second MRF should be considered.

Additionally, the introduction of a 3 bin (organic bin) should apply, with the respective composting
facilities. The tool indicated that two simple open-windrow composting plants would be sustainable for
the case of REMTH.

Waste treatment

In the long-term the treatment of waste should be a reality by the utilization of appropriate treatment
facilities. The solution positioned in the middle of the curve for scenario 7 (light purple curve, Figure
5), consists of two MBTs with the “B” part being dry anaerobic digestion and the “M” being high
intensity mechanical pretreatment to supplement packaging waste recycling and to produce RDF. It is
preferable to utilise the RDF in ex-situ installations (even though a negative selling price was used).
These suggestions will be taken into account when the realization of the MBT plants is due.

Waste disposal

Also, in a long-term horizon period the waste heading towards disposal and landfilling should be the
minimum. This means that in a long-term horizon period the IWMU should be constructed and
operational.

Expected results
The expected results, in respect to the foreseen improvements of the waste management system can be
summarized in the following:

e Short-term results (2012-2013): Utilization of Transfer Stations with respective saving of fuel,
time and money.

e Mid-term results (until 2015): Covering more municipalities with the blue bin system and
respectively increasing the recycling levels. The increased recycling levels means less amounts
of waste heading for landfilling, saving in this way valuable space-volume in landfills.
Treatment of the OFMSW by saving and reducing the GHG emissions (especially CH4) from
landfills.

e Long-term results (2016-2017): Treatment of mixed MSW in MBTs will result in the
minimization of landfilling, increase of recycling and recovery of renewable energy.

CONCLUSIONS

Mathematical Programming proved to be a reliable tool for the multi-objective optimization of the
MSW management system. The developed model is flexible and can be customized to any case, as the
main key parameters are determined by the user. The synthesis (which units), design (which capacity)
and operational (annual flows) optimization provides the Pareto optimal solutions based on two
criteria: (1) the net present cost over the 20 years period and (2) the cumulative CO;-eq emissions over
the 20-year period. The obtained Pareto fronts from different scenarios can be compared and the



tradeoffs among the Pareto optimal solutions within each one Pareto front can be also investigated by
the user. The dynamic evolution within the 20-year period of the corresponding technologies associated
with each solution is also calculated.

The application of the software tool in REMTH enabled the development of a Local Action Plan,
which aims to reduce GHG emissions from waste management activities at local level. Through the use
of the tool, DIAAMATH was able to answer questions like “what is the necessary number of
installations”, “what is the impact of adding OFMWS recycling in terms of costs and emissions”, “is it
necessary to use transfer stations”, etc. The answers to these questions, which could not be materialised
in the past, are now provided through an integrated solution that has been formulated and can be easily
communicated by DIAAMATH’s waste experts to decisions-makers and the broader public, by using
two comprehensive indicators: cost (NPV in million euros) and emissions (in CO;-eq.), over a 20y

period.
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NMEPIAHWH

O o16x06 TnG TTapolcag epyaciag cival va mrapoucidoel Tn diadikacia kal TN PéBodo TTou
aKoAOUBNBNKE KaBWG Kal T ATTOTEAECHUOTA TTOU TTPOEPXOVTAl ATTO TNV €KTTOVNON €vOG €pyou
TTou cuyxpnuatodoteital atd 1o TPoypaupa LIFE + (LIFEO9/ENV/GR/294). O o16X0G TOU
épyou Atav va avatrtuéel éva epyaleio Aoyiopikou, (WASTE-C-CONTROL), tou divel T
oduvatoTnTa oe dopeig Alaxeipiong Zrepewv ATTORANTWV-POAZA Kal GAAOUG EPTTAEKOUEVOUG,
va JEIWOOUV TIG €KTTOUTTEG Agpiwv Paivopévou Tou Oegpuoknmiou —APO, o1 oTToieg
TTIPOKUTITOUV aTTO TIG OpaoTNEIOTNTES dlaxeipiong Twv AZA.

To epyakeio TTpoo@EPEl UTTOOTHPIEN ATTOPACEWY PECA ATTO Mia KAIVOTOUO TTPOCEyyIon,
autr) TG BeATioToTroinong dUo PBaACIKWY OTOXWV: TN HEiwon Twv eKTToPTIWY APO amd Tn
olaxeipion AZA kai TN peiwon TOU KOOTOUG. [pokelyévou va  emiTeuxBei  auto,
Xpnoigotroiouvtal ol apxég Tou MaBnuaTikou MNpoypauuatiopyol o€ éva duvapikd TTEPIBAAAOV
TIPOCOMEIWONG OTTOU O XPNOTNG MPTTOPEI va dnuioupyAoel éva véo €mOuuntd ouoThua
dlaxeipiong A va eTavaoXedidoel Eva UTTAPXOV, EEKIVWVTAG aTTd T CUAAOYA, TTEPVWVTAG OTNV
emmegepyaaoia kal KataAfyovtag otnv TeAIKR dIdBeon.

Mpokeipévou va yivel cagéotepn n OUVAMPIKA TOU gpyaAgiou, OTnv TTapoucda epyaacia
TTapouoiadeTal w¢ TTapddelyua n TTEPITTTWoN TNG diaxeipiong Twv AZA oTnV TTEPIPEPEIOKA
evoTnTa Xaviwv, Mepipépeiag Kpntng.

AEgeig KAadia: aépieg ekmmoumréc Bepuoknmiou (APO), uciwon APO, LeAriororroinon
ouoThRuaToS

1 EIZArQrH

O kUpIog 0TOXOG TOU €pyou gival va avatTuéel éva epyaAeio Aoyiouikou TTou BonBdel Toug
1B0vovTeg va oxediddouv Kal va agloAoyouv OIoQopETIKA OUuoTANATA OAOKANPWUEVNG
Olaxeipiong amoBANTwyY, atrd 1O £TMTTEdO TNG TTAPAYWYNAS ATTORBAATWY UEXPI TO ETTITTESO TNG
eme€epyaaoiag kai TNG dIABeONG Toug, ue BAon TIG GUVOAIKEG ekTTOUTTEG ADO Kai Tn dlaxeipion
TOU KOOTOUG.

To epyoAeio €xer dokipaoTei pEow TpIWV Qopéwv dlaxeipiong otnv EAAGda (o1 otroiol
OUMUETEXOUV OTO TTPOYpauua LIFE wg ouvdikaiouxol): Tn AEAIZA otnv TTepipepelakrh evoTnTa
Twv Xaviwv, T AIAAMAG otnv trepipépeia AvatoAikrig Makedoviag-Opdakng kai 1n AIAAYMA
otnv Tepipépeia AuTikg Makedoviag. 10 TTapdv dpBpo, dedouéva kal armoteAéopara Ba
TTAPOUCIOOTOUV YIO TNV TTEPIPEPEIOKT EVOTNTA XaViwy.
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2 MEOOAOAOTIIA

To pabnuatikd poviéAo TTou TrepIypd@el TO oUoTNUa AlaXEipIoNg QOTIKWY ZTEPEWV
AmoBANTwy  (A.Z.A) €éxel avamTuyxBei XpnoldoTTolwvTag TIG apxég Tou MaBnuarikou
MpoypappaTiopou (MI). OAeg o1 dlaBéoipeg TEXVOAOYiEG Kal oI dIAdPOUESG TOU CUCTHHATOG
ek@palovtal oTo POVTEAO HE TIG KATAAANAEG oxéoelg (100TNTEC KAl aviooTnTeS). To HOvTEAO
atroTeAeital atmod TG JeTABANTEG aTTOQaoNGS (o1 AyvwaoTol TNG EEI0WOEWS TOU TTPOPRAAUATOG), TIG
TTOPAPETPOUG (TO YVWOTA dedopéva), TOUG TTEPIOPICHOUG (01 OXECEIG TTOU TTEPIYPAPOUV TO
oU0TNPA) Kal Wia 1 TTEPICOOTEPEG AVTIKEIUEVIKEG OUVAPTAOEIG (TIG OTToieg TTpoOoTTadEi TO
MOVTENO va BEATIOTOTTOINTEL).

Aavellouevog Kaveig 10€e¢ atrd 1o TTEdi0 TG OUVOEONG dIEPYACIWV OTN XNMIKA HMNXAVIKH,
pTTOPEl va dlatuttwoel To TTPORBANPA WG €va OOUIKO, OXEDIAOTIKO, AEITOUPYIKG KAl TTOAU-
mEPIOdIKO TTPORANua apiaTotroinong (lyer and Grossmann, 1998). ‘ET1ol, emITUyXAveTal Wia
Tautoxpovn BeATioToTroinan Tou cuoTAMaTOG A.Z.A 0 DOUIKO, OXEDIAOTIKO, AEITOUPYIKO Kal
XPOVIKO emmiTredo. AnAadr}, n £€€0d0¢ Tou pOVTEAOU eival TTola TexvoAoyia emreéepyaciag Ba
xpnoigotroinBei kai Troieg diadpopég Ba akoAoubnBouv yia 1o dedouévo ouaTtnua diaxeipiong
(Souikd etmiTred0), TTOIQ €ival N OUVAUIKOTNTA TwV POVAdWY auTwv (oXedIaoTIKO TTITTESO) Kal
TToIEG €ival oI poég (TToodTNTA) aATTO KAl TTPOG TIG HMOVAdeS (AsiToupyikd eTTiredo). Ta
TTOPATTAVW YivovTal o€ XPovikO opifovta 20eTiag, Xwplopévou ot 4 TepIddoug, OTTOTE TO
MOVTEAO TTPOTEIVEI KAl TN XPOVIKA TTEPIOdO €1I0ayWYAS MIOG Hovadag oTo cuoTnua diaxeipiong
(xpoviké emmiTredo). O MM éxel NdN XpNoIYOTTOINBE yIa TNV BEATIOTOTTOINON TWV CUCTNUATWY
A.Z.A og didgopeg Trepimrtwoels (1r.X. Abou Najm & El-Fadel, 2004, Louis & Shih, 2007, Jing
et al., 2009).

To poviéAo TTou €xel avaTrtuxBei eival €va  TTOAUKPITPIOKO HaBNUATIKG  POVTEAO
TIPOYPAMUATIONOU.  ZUYKEKPIYEVA, TIpooTraBei va PBeATiotommolfcel OU0  AVTIKEIUEVIKEG
ouvapTnoeig: (1) Tnv kabapn TTapoloa agia Tou KOGTOUG TOU CUCTAPATOG KOTA TN SIGPKEIQ TOU
XpovikoU opi¢ovta 20 eTwv Kkal (2) TIg eKTTOUTIEG COseq. OTTWG uTTOdNAWVEI TO OVOopa, TO
TToAUKpITNEIOKSG PovTéAO BeATioTotroinong (1 MoAukpitnpiaki avaAuon otn BEATIOTOTTOINGN)
mepIAapBavel Tnv BeATIoTOTTOINON TTapoudia TTavw oTrd evog (OCUVABWG QAVTIKPOUOUEVWYV)
QVTIKEIJEVIKWY OUVOPTATEWV (KpItipia). H kupia dia@opd PeTagu atrAng Kal TTOAUKPITAPIOKAS
BeAtioTotToinONG €ival OTI OTAV TTEPITITWON TWV TEAEUTAiWY, OuVRBWG dev UTTAPXEl Wia
BEATIOTN AUGON, aAAG éva oUvolo €&ioou KaAWwV eVAANAKTIKWY AUCEWYV, €TTIONG YVWOTWY WG
Pareto-BEATIOTWY AUCEWV.

O1 Pareto BEATIOTEG AUOEIG €ival 01 €QPIKTEG AUCEIG TOU TTPORAAMATOG, TTOU OEV PTTOPOUV va
BeATIWOOUV KATA TN Mia QVTIKEIMEVIKI) OUVAPTNON XWPIS va PeiwBouv ol emdd0oEIg TOUG OTNV
GAAN avTikeIpevik ouvdptnon. EAAeipel otroioadnTTOTE AAANG TTANPOQOPIAG, Kauia atrd auTég
TIG AUo¢€Ig dev ptTopei va AngBei wg n KaAuTepn. ZuvABwg oTnv ammdé@acn ol IBUVOVTEG gival
QTTAPAITNTOI YIO VO EVTOTTIOOUV TNV «TTPOTIHWHEVN» («BEATIOTN» OUPPWVA PE TIG UTTOKEIUEVIKEG
TIPOTIUAOEIG TOU 18UvVoVTa) AUon.

2.1 Anuioupyia MovtéAou

To paBnuatikd povréAo Treplypd@el To cuoTnua A.2.A wg éva ypdonua. YTrdpxouv Kool
TTOU QVTITTPOCWTTEUOUV TIG TEXVOAOYIEG KAl YPAPMEG TTOU QVTITTIPOCWTTEUOUV TIG POEG PETAEU
Twv dlgpyaciwyv. Ta Opia Tou CUCTAPOTOG &EKIVOUV aTTd TN @Aon TNG OUAAOYAG MEXPI TNV
TeAIK O108eon. To povrého Onuioupyei OnAad Tnv AeyOueEvn  «UTTEPKATOOKEUR» TOU
ouoTAPATOG, ONAadr OAeg oI dl0BEoIuEG €TTIAOYEG PE TN METALU Toug OlaoUVOEDn, OTTWG
Qaivetal 010 XxAua 1. X1o Xxnua 1, yrropei Kaveic va o€l TTwg ol KAdol gival cuvOedEUEVOI UE
TIG DlEpyaaieg (TexVoAoyieg), ToV TPOTTO TTOU OI dlEpyaCieg eival dlaouvoedeuEveS Kal TTold gival
Ta KUpIQ TTPOIGVTa TNG KABE digpyaaiag.



Hinfior
mezfaks —
ML, PA
Hindor
o
Hindor
[
5 = a
= =
L ow
[1H
c e =
b COrganic OW, @06 o
[w}]
o — s
0 "
E ME, ML FA G
@ w12
ME,IF
MHT 118 P
E —
o
lez 14 o

IxAua 1: pa@ik avammapdoTaon TNG «UTTEPKATACOKEUNG» TOU MOVTEAOU (AKPWVUUIO TEXVOAOYIWV:
TSR: Temporary Storage/llpocwpivr] amoBrikeuon avakukAwaoIgwy TTANV yuaAiol, TSG: Temporary
Storage for Glass/ [lpoowpivl amoBikeuon yuaAhiol, CMP: Composting/KoutrooToTroinon
BioatmoBARTWY, AD: Anaerobic Digestion/ Avaegpdfia Xwveuon BloatropAATwy, MRF: Material Recycle
Facility/Kévipo Aiahoyri¢ AvokukAwoipwv YAkwv, WIE: Waste to Energy/Movdda evepyelakng
aglomoinong, BD: Biodrying/Movada Biohoyikig E&fpavong, MBT: Mechanical and Biological
Treatment/Mnyaviky BioAoyiki EmeCepyacia, TS: Transfer Station/EtaBuo¢ Metag@déptwong, LDF1:
Landfill/XYT un emkivéuvwy, LDF2: Landfill for Hazardous Waste/ XYT emkivouvwy. Akpwvipid
mpoidviwv: ME: Metals/pétalda, PL: Plastic/TAaoTikd, PA: paper/xapti, GL: Glass/yuaAi, CMP:
Compost/koutréoT, BIOG: Biogas/Bioaépio, DF: Derived Fuel/deutepoyevég kauaipo, SO: Stabilized
Organic/oTtaBepoTtroinuévo opyavikd, EN: Energy/evépyeia)

Ta Paoikd oToIlxeia TOU MPOBNUATIKOU HOVTEAOU TTPOYPAPUATIONOU  TTEPIYPAQOvTal
TTOPAKATW

AVTIKEIUEVIKEC SUVAPTATEIG

AUO €ival 01 QVTIKEIMEVIKEG OUVAPTACEIS Tou TTPOPARPaTog: (1) n €AaxioTotroinon Tng
KaBapng Mapouoag Atia (KIMA) Tou cuoThuaTog diaxeipiong o€ mepiodo 20 €Twv, n oTtroia
QVTITTPOOWTTEUEI TO OIKOVOMIKO KPITAPIO Kal (2) N €AaXIOTOTTOINOTN TWV OUVOAIKWYV EKTTOUTTWV
COy-¢q TOU CUCTAPATOG, N OTTOIO AVTITIPOOWTTEVEI TO TTEPIBAAAOVTIKO KpITriplo. H ouvdpTtnon
NG KIMA evowpaTtwvel To KOOTOG €TTEVOUONG Kal AgiToupyiag, KaBwg kal Ta €00da TTwAnon
UAIKWV Kal evépyelag yia TTepiodo 20 eTwv.

MeTaBAnTéc ATréaong

O1 petapAnTéc amoégaong Tou MoviéAou e€ival O AyvwoTol TwV  €ELIOWOEWV TOU
TTPORBANMATOG, YIO TOUG OTTOIOUG TO PMOVTEAO TTPOCTTABET va uTToAOYIoE! TIG BEATIOTEG TIMEG. 2TO
MOVTEAO TTOU €xel dnuioupynBei uttdpyxouv OIOKPITEG (BUADIKEG 1 AKEPAIEG) KAl OUVEXEIG
peTaBANTEG atré@acng. O dIaKPITEG PETARANTEG WG €TTi TO TTAEIOTOV €ival ouvOedEUEVES UE TA
OOMIK& XapPaKTNPIOTIKG (eival n TexvoAoyia i, TTapolca oTo PBeATIOTOTTOINUEVO CUCTNUO
dlaxeipiong; TOoeg povadeg Ba xpeiaoTouv;). O ouvexeic ETABANTEG OXETICOVTAI KUPIWG WE TO




oXeDIAONO Kal TA AEITOUPYIKA XAPAKTNPIOTIKA (TToId €ival n duvapikdTNTa TG HovAadag i, KaTd
TNV TTepiodo t; Ti moodTNTa aTTORAATWY OTTé TN Povada i peTapépovtal oTn Povada j);

Meplopioyoi
Ol kUplol TTEPIOPIOHOI TOU POVTEAOU gival Ta I00CUyIa YAZag TTou TTPETTEI VA IKAVOTTOIoUVTal

METAEU KOUPwWYV (TTEPIOPICHOI IGOTNTAG) KAl Ol TTEPIOPICHOI XWPNTIKOTNTAG (TTEPIOPICHOI TUTTOU
«MIKPOTEPO OTTO»). MtTopei va €iocaxBouv Kkai TTEPIOPICPOI TTOMITIKAG (TT.X. TO TT0000TO
QVAKUKAWONG 1 N 1oodétNTa OTTOPAATWY TTOU OTTOCTEAAOVTAI TTPOG UYEIOVOUIKH TA®H).
YTTapyouv €TTiONG AOYIKOI TTEPIOPICHOI TTPOKEINEVOU va epappolovTal o 6pol yia apolfaia
QATTOKAEIOPEVESG EVOANOKTIKEG AUCEIG. BoNBNTIKOI TTEPIOPICUOI YTTOPET £TTIONG VA €ival TTOPOVTEG
(TT.X. YPOAMMIKOTTOINON TWV YN YPOUMIKWY OpWwV).

MapdueTpol
Or1 TTapdueTrpol Tou HoOvTéEAOU €ival Ta yvwoTd Oedopéva. Ta dedouéva autd eivar Ta

OIKOVOMIKA Kal TEXVOAOYIKG XOPOKTNPIOTIKA TWV TEXVOAOYIWVY, Ol TINEC TWV AVOKUKAWMEVWYV
UAIKWV Kal TNG EVEPYEIQG TTOU TTAPAYOVTAl, KABWG KAl O OUVTEAECTNG WETATPOTIAG TOUu KABE
ouoTaTikoU o€ KABe pia ammd TIg utToWn@IEG TexvoAoyieg. H apxikr moodTtnta Twv A.Z.A
katatdooetal o€ 34 cuoTaTikG Kal N oUvBeor) TNG BewpeiTal yvwaTr] yia To HOVTEAO (E10aywy’n
oToixeiwv atrd 1o XprnoTn). To auoTnua cuAloync (apiBudg kai €idog Kadwv), eTTiong Bewpeital
yvwoTé atrd 10 PovTéAo. Tuxdv OI0QOPETIKOI ouvdUAoHoi KAdwV CUAAOYAG UTTOpoUV va
e€eTaoB00V WG dIaPOPETIKA oevapia.

2.2 Tutrol Aeitoupyiag Kai atroTeEAéopATA

To povTtéNo ptTopEi va xpnoipgotroinBei wg €va epyaleio BeATioToTToinoNg A WG éva atrAd
epyaAeio uttohoyiopwy. O xproTng ptropei va pubuioel To BaBud BeATioTotroinong, EAEyxovTag
TOug PBaBuoug eAeuBepiag TOou poOvTEAOU. AvTi €TTOPEVWG va  eKTeEAETal piIa  TTANPNG
BeATioTotToinon (Me 6Aoug Toug BaBuoug eAeuBepiag), 0 XPAOTNG MTTOPEI VO €I0AYEI OPICPEVEG
TEXVOAOyieg wg Oedopéveg kal To ouoTnua Ba PBeAtioTotroinOei pe Sedopéveg QUTEG TIG
TTANPOPOPIEG. ZTNV TTEPITITWOTN AUTH Ol AVTIOTOIXEG METABANTEG aTTOPacNnG Ba éxouv oTaBePEG
TIWEG oTn BeATioToTToiNON Kal &ev Ba peTaBaAdovtal. ETITTAéov, 0 XproTnG uTTopei va emiBAAEl
TTEPIOPIOPOUG OXETIKA PE TIG POEG (TT.X. OxI TTEpIoadTEPOl atrd 30.000 tn/y ptropoulv va oTaAouv
a1ré 10 KAdO Twv AZA o€ povadeg MBE).

MNa Tnv etmmiAuon xpnoigoTroieital n eupéws yvwoTtn yAwooa GAMS (General Algebraic
Modeling System, Brooke et al., 1998).

3 AOrizMIKO EPIrAAEIO

To epyaieio Waste-C-Control €ivar éva Aoyiopikd utrooThpigng amoégaocns (Decision
Support Software-DSS) 1mou ammeuBlveTal O EUTTEIPOYVWHOVEG /KAl €TTAYYEAUATIEG OTOV
Topéa AZA. O xpAoTtng cival oe Béon va eeTdlel didgopa oevapia oxedidalovTag dIAPOPES
KAPXITEKTOVIKEGY OUCTNUATWY dlaxeipiong, ETMAEyovTaG PETALU TwV OIOBECINWY TEXVOAOYIWV.
Avahoya pe Tnv emmAgypévn  TexVOAoyia TO oUOTAUO  ONUIOUPYEl TNV  OPXITEKTOVIKNA
TPocBETOVTAg OTO Ypapnua (BAETTE ZXAMG 2) TO avTioTOIXO £€id0g KAdOoU, TO €iBOG TOU XWPEOU
UYEIOVOUIKAG TAPNG KAl TIG CUVOETEIG ETAEU TWV TEXVOAOYIWV.

To Aoyiopiko TrepIAauBavel pia ekteTapévn BIBAIOBRKN pe dedopéva KOOTOUG (ETTEVOUTIKO,
Aeiroupyikd) kai TTePIBAANOVTIKG dedopéva (EKTTOUTTEG, KATAVAAWON Kauoiuou, K.ATT). Ta
otoixeia avrAnGnkav amd TN PiBAIoypagia aAAd kal amd  KAatGAAnAa  oxediaopéva
EPWTNUATOAGYIO TTOU dlavepnOnkav o€ povadeg ev Asitoupyia otnv EAAGSa Kail TO eEWTEPIKO.
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ZxAua 2: MNpagikA avatrapdoTacn evog ouoTiuaTog diaxeipiong AZA, 0To UTTOAOYIOTIKG £pyaAcio

To ammoTéAeopa NG BeATIOTOTTOINONG €ival N «KAWTTUAN Pareto». AnAadr pia KOQUTTUOAN JE
TOV Agova X, va avTITTPOCWTTEUE! TNV KaBapr TTapouca KOOTouG yia Tov 20T opiovTa Kal Tov
agova y TIG TTEPIBAANNOVTIKEG ETTITITWOEIG TNG KABE AUong, dnAadr) Toug ToVoug CO,.q (ZXAH
3). O xpARoTNG UTTopEi va €TTIAEEEI Eva onuegio oTnv KauTTUAN Pareto kai va dei TIG TTapauETPOUG
KAl TO ATTOTEAEOUATA TNG ETTIAUCNG VIO KOBEPIA aTTO TIG TEGOEPIG TTEPIOOOUG TWV 5 ETWV.

4 E®APMOTIH: NMEPI®EPEIAKH ENOTHTA XANIQN

4.1 Aedopéva

H Mepip. Evétnra Xaviwv Bpioketal 010 duTIKOTEPO AKPo TNG Kpntng, otn NoTia EAANGSa.
ATtroTeAeital atrd eTTTd drjpoug: AtTokOpwvag, Xavid-Kiooapog, ZeAnvog, Kavravog, MNAataviag
2@akid kai Maudog (uikpd NAcog). O TANBuouog eTavel Toug 156.220 KaToiKOUG, CUMPWVA HE
TA TTPOCWPIVA OTOIXEIO TNG aTToypa@ng Tou 2011.

H Odiaxeipion Twv A.X.A Tng evotnTag TWV Xaviwv oTnpietal oTnv OAOKAnpwuévn
eykardoTtaon emegepyaoiag kal d1dBeong TTou BpiokeTar otn B€éon Kopakid. YT1reuBuvog
®opéag Alaxeipiong AmopARTwv €ival n  AiladnuoTikr) Emixeipnon Alaxeipiong Ztepewv
AtmopARTwy A.E. - A.E.ALZ.A..

To Epyootdoio Mnxavikig AvakUukAwong kai KoutrooTtotroinong (E.M.A.K.) &ekivnoe tn
Aeimoupyia Tou TNV dvoign tou 2005. Auth Tn oTmiyun emegepydlovral ~93,000 tn/y kai n
AeiToupyia TNG eykatdoTaong yivetar oe 2 Papdieg, 6 nuépeg Tnv eBOouGda. H péyiotn
TTPORAETTONEVN TTapaywyn amofBARTwy utroloyiotnke otoug 70.000 tn éwg 10 2015 KaI TO
Tpdciva atroppiyuara otoug 10.500 tn.

210 EMAK Xaviwv kaBnuepiva diaxwpifovtal o€ MPEPOUG UAIKG 50 TOVOI avaKUKAWCIHWY
UAIKwv (TTepitrou 13,000 tn/ly) OTTwWG XapTi, XapTovi, TTAACTIKA, aAoupivio, HETAAAQ, yuaAi, ol
oTT0i0lI 0dNYyoUVTal OTAV £YKATACTAON PEOW TOU EKTETAPEVOU OIKTUOU dIOAOYAG OTNV TTNYR Twv
MTTAE Kal KiTpIvwv KAdwv (Yuahi), Tng AEAIZA. Ta diaxwpiopéva UANIKG odnyouvtal o€
TMOTOTTOINKEVES Blounxavieg Kal TaIpieg TNG ATTIKAG Kal Tou HpakAgiou.

2710 TUANA Mnxavikig AlaAoyig Kal KOUTTooTOTToINONG ZUPMEIKTWY diaxwpifovTal pnxavika
100 TOVOI CUUMEIKTWY ATTOPPIMUATWY Kal 0dnyouvTal TTPOG KOUTIOoTOTToinon Tepi Toug 40
TOVOUG CUPWOIPWY UAIKWY, OTA OTToia TTpooTiBevTal TEPaxIopéva KAadIG attd KAadéuaTa.

KaBe pépa odnyouvtal yia OiaBeon otov Xwpo Yyeiovoulkng Taeng, 174 T1ovol
QTTOPPIMHATWV.



Mpog 10 TTapdV, 0TO VOUO Xaviwy dev YiVETAl XWPIOTH CUAOYA TWV OpYaVIKWY ATTORBAATWV.
To E.M.AK. emme€epydletal kai diaxelpifetal Ta A.Z.A. PE OKOTTO Tn WEIWON TOU OPYaVIKOU
KAGoPaTOG Twv atmofARTwy 110U 0dnyouvTal otov X.Y.T.

Mivakag 1: MNapaywyr AZA Kal avoKUKAWGCIJWY avd 0o

ARQuog AZA,tn AvakukAwoipa, tn
Xaviwv 53.446 11.532
Kicoduou 5.460 267
MAaTavid 11.800 777
2@pakiwv 1.311 0
Atokopwvou  8.400 406
Zuvolo 80,417 12,982

H olvBeon Twv atroBAATWYV TTAPATIOETAI OTOV ETTOUEVO TTIVAKA:

Mivakag 2: 20vBeon atmoARTWY

AvakukAwaoipa UAIKE A.Z.A. Mpdoiva KATTWV
AVAUIKTO XapTi/xapToKouTa 28.47 % 1 42.2 % 13.14 % /6.10 %
MAaoTIKO (AeUKO QIAP/avAUIKTO) 4.32 % /6.28 % 6.28 %
PET 1.08 %
PP 0.46 %
PE 1.06 % 14.25%
216npouxa 1.62 %
AAoupivio 0.22 % 278 %
luahi 2.52 % 2.23%
TeTpatmdk 0.086 % 1.77 %
Yoaoua/dépua/eAacTiKG/EUANO 3.12% 7.15 %
Opyavika 2.54 % 37.17 % 100 %
6.11 % 5.58 %
AN 3.55 %

4.2 Zevdpia TTou £§eTAOTNKAV

Me ot1éxo, oTta mAgioia Tou Trpoypduuatog LIFE, va dnuioupynBei éva Totmké ZxEDI0
Apdong (TZA), yia Tn peiwon Twv ekmouTrwv ADO amd Tn diaxeipion AZA, €geTdoTnkav Ta
eTOPEVO OEvApIa:

2evapio 1: Yoiotduevn katdotaon diaxeipiong AZA. Aaupavetal rapaywyr ammoBAnTwy ion
pe 93.000 tn/y kai:
o 13.000 ouAAeybpuevol TéVOoI GVAKUKAWGCIHWY UAIKWY aTTd TO PTTAE KAdO €i0épyxovTal OTO
EMAK kai diayxwpifovTal o€ TTINEPOUG UNIKG
e 25.000 T6VOI 0116 TO eloepXOPEVa cUppEIKTa AZA eioépyovtal oto EMAK, evw 55.000
Tévol AZA 0dnyouvTal KateuBeiav TTpog TaPh Xwpig eTTeCepyaaia
o Agv uttdpyouv 2T1a0uoi MetagodpTwong

>evapio 2: E@apuoyn MEZAA kai BeAtiototroinon e€omAioyol EMAK: Ta 1 dnuioupyia
Tou OeUTEPOU TEvapiou AAPONKE UTTOWIV KUpiwg o TMepIpepelakdg ZXedIAoPOS Kabwg Kal ol
ouvartotnTeg BeATioTotroinong Tou EMAK (au¢non Babuol autopartotroinong).



o Anuioupyia Teoocdpwy oTaBpwyv MetapopTwong/ évag oe Kabe druo.

o T[lpodialoyn xapTiou 8.000 tn/y, yuaAioU 200 tn/y Kal AVAUIKTWY AVOKUKAWOIPMWY (MTTAE
Kadog) 5.000 tn/ly, kaBwg kai 10.000 tn/y opyavikou. To opyavikd kAdoupa 6a
emmegepyddleTal otn pia €Kk Twv OUO UQPICTANEVWY OELAUEVWY KOWTTOOTOTTIOINONG TOU
EMAK

e Ta avauikTa avakukAwoiua emegepydlovial oto EMAK, 10 otroio €xel avaBabuioTei
ammd amoywn MHNXavoAoyikoU €EOTTAIGHOU (SIOXWPICHOI PE PNXAVIKO TPOTTO KiI OXI
XEIPOVAKTIKG)

o Aciroupyia Tou avaBabuiouévou EMAK yia tnv UTTOAEITTOueVn TToooTNTa aTTd Ta AZA,
pe dedopévn duvauikéTnTa 70.000tn/y.

o O XYT &éxeral uovo UTTOAEiypaTa

Zevapio 3: MNapaywyn RDF: Opoiwg pe 1o delTepo oevapio aAAG pe Tn diagopd OT1 Katd TN
Mnxavikr) eme€epyacia mapdyetar RDF, 10 otroio diatiBetan ye apvnriki TiunR -30 €/tn, o€
TolpevToBlounxavia ektdg NG Mepipépeiag KpAtng.

2evapio 4.1: Opoio e 10 Zevapio 3, he T dla@opd OTI, TO UTTOAOYIOTIKO £pYaAEio ETTIAEYEI
TexVoAoyia yia Tov PITTAE Kédo (TUTTog KAAY), yia TO OpYavIKO (KOPTTOOTOTTOINCN f avaepoia
XWVEUON) KAl yIA TO CUUUEIKTA.

2evapio 4.2: Opoio pe 10 O0evapio 4.1, wotdco emPBAAETAI TTEPIOPICUOS OTNV TAY
BioatrodouAoipwy AoTikwv AtoBARTwy - BAA. O1 o1dX0I UTTOAOYIOTNKAV YyIa TNV €vOTNTA
Xaviwv w¢ 1000010 22% Tou aTdxou TnG Kpntng, Bdon g KYA 29407/3508.

4.3 AtroteAéopara a1mrd TN XPRON TOU £pyaAgiou

To epyaAcio TTapéxel Tn duvatdTNTa va TTapaxBoulv évieka AUoeIg avd oevdpio. H k&dBe Auon
MTTOPEI va TTapéxel D1aQOPETIKEG TEXVOAOYIES yia Tn diaxeipion Twv ATTORANTWY C€ CUVOUOOHO
ME TO KOOTOG DIaxEipIoNG Kal TIG EKTTOUTTEG BIogeIdiou Tou dvBpaka. H Auon 1 og k&Be oevapio
QVTITTPOOWTTEVEI TN AUonN €AaxioTou KOoTOUuG Kal n AUon 11 Tn AUon €AaXioTwY EKTTOUTTWV
(ZXnupa 3).

>e ox€on Pe 1o ogvdplo 1 TO OTT0I0 TTAPOUCIACEl TNV UPICTAPEVN KOTAOTACN, TTOPATNPEITAI
METOKIVNON TNG KAUTTUANG O€ WIKPOTEPA KOOTN KAl EKTTOPTTEG £EQITIOG TNG BeEATIOTOTTOINONG TOU
E.M.A.K., Tng TTpocBrkng ZMA (Ueiwon EKTTOUTTWV KAl OIKOVOMIa KAIHAKAG), TG MEIwoNG TG
TAPAG CUMPMEIKTWY Kal Tou KOOTOUG TNG dIAAOYNG £6aITiag TNG XWPIOTAG CUAAOYAG XapTIoU Kal
opyavikoU. ZXETIKA Pe To oevdpio 3 TTapatnpeeital aténon ota KOoTn Adyw Tou OTI dEV UTTAPXEI
Movada evepyelakng aglotmoinong RDF otn KpAtn. Z1a oevdpia 4.1 kai 4.2 vy emTuyXAavovTal
o1 o1oxol TNG KYA 29407/3508 yia Tnv TaQr|, TTaparnpouvTal apkeTd uwnAd K6oTn TEVOUONG,
AOyw eloaywyng povadwyv avagpofiag Xwveuong.

Eival agloonueiwTto 011 TNV TepimTwon auénuévwy Babuwy eAeubepiag (oevapia 3, 4.1 kai
4.2), T0 povtého eiodyel Texvoloyia avaepofiag yxwveuong Oedouévng TNG KAANG TIMAG
TwAnong TG Tapayouevng KWh (emdotnon Adyw Avavewoiywv [nywv Evépyeiag).
Mpogavwg katd 1o oxediaoud Tou EMAK dev ioxue n onuepivil vopoBeoia mpowbnong Tng
Oleicduong Twv ATE, aAAd 10 ev AOyw atroTéAeopa pttopei va An@Bei uttdyn o€ peAAOVTIKOUG
oxedlaopoug AXA oTnv TTEPIOXH.

A6 Ta egeTalOueva oevapia, n AEAIZA eéAe€e 10 oevdpio 2 yia T dnuioupyia Tou TZA,
BIOTI agloTrolei TTAPWG TIG UPIOTAUEVEG UTTOBONEG. MEOW TOu Ogvapiou auToU KATAdEIKVUETAI
€MioNg n avaykaidtnTa Aciroupyiag Tou EMAK og 1TAfpn duvouikdétnTa pe avaBabuiouévo
€EOTTAIONO, aAAG Kail n BETIKA €TTIppon TNG TTPOdIAAOYAGS Tou opyavikou Twv A.Z.A
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ZxAMa 3: AtroteAéoparta atd Tnv Xprnon tou WASTE-C-CONTROL-kautrUAeg Pareto avéa ogvdpio

5 EYXAPIZTIEZ

To épyo “Waste Management Options for Greenhouse Gases Emissions Control”
(LIFEO9/ENV/GR/294) TrpayuaTOTIOIEITAI JE TN OUVOPOWI| TOU OIKOVOMIKOU epyaAciou LIFE Tng
Eupwtraikng ‘Evwong. MAnpogopieg oto: www.epem.gr/waste-c-control.
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H ENXQMATQXH TOY EZEQTEPIKOY KOXTOYX XTH AIAXEIPIXH
AXTIKQN XTEPEQN AITOPPIMMATOQN MEXQ ITOAYKPITHPIAKOY
MAOHMATIKOY IPOTPAMMATIEMOY: H HEPIIITQXH THX ATTIKHX

r. Manpmrdgl, N. de]gz, P. Ekonkdé’;lvon3, B. Karcm’)pog“, E. Fsmpyonoﬁkons,
N. depykonkag3

1Epy(wn‘|p10 Buoounyavikng & Evepyesiaxng Owovopiag, ZyoAn Xnukdv Mnyovikdv,
EMII, 2FACETS A.E., °EIIEM A.E., “Efvikd Actepockoneio AOnvav, *«AOHNA»
Epevvnrico Kévrpo

NEPIAHYH

O oAOKANPOUEVOS GYESAGIOC EVOG GLGTHUATOS SOYEIPIONG OOTIKMOV GTEPEDV OTOPPUUATOV
(AXA) oe mepupepelokd eminedo amoteAel amd TIC PEYOADTEPEC TPOKANGELS GTPATYLKOD
oXeO10GLOV. TNV TAPOVoa EPYOUGIO AVOTTUGGETOL £VO. LOVTEALD GTPOTNYIKOD GYESIGILOD TOV
koAOmtel évav 20et opifovta yw v dwyeipion AXA og meppepelokd eminedo
ypnoworowwvtag Madnuatico [poypappaticpd (MII). To povtého MIIT givor ToAvmeplodikd
KoL YpNoonotel T apyEg TG ovvheoTg dlepyacimv, dNANOT TEPLYPAPEL TNV VTEPIOUT| TOL
CULGTNLLOTOG KO LE TNV emiAvon Ppiokovpe T PEATion Abon. H Bédtiom Adon kabopilel
douN TOL GVOTHUATOG (TOLEG d1EPYNGiES), TOV GYEOIAGUO (TIG SL0GTAGELS TMV LOVAS®MV) KoL TN
Aerrovpyia (Tig €TNoleg pogg). Ot petafAntég omdopoonsg Tov HovtéAoy gival cuveyeic (poég
VAIKOV, OUVOUIKOTNTEG JlEPYACIOV KAT) Kol oképateg (apBpdg povadmv avd Kotnyopio
dlepyacidv) kol To poviéro givor poviédo Miktod Axépatov I'pappkod [poypappoticpon
(MAITI). H BeAtiotomoinom yivetor pe Pdaon 600 avrtikepevikés ocvvoptioes: (1) Tnv
KobBopd Ilapovca A&l (KITA) g 20etiog kot (2) tig ovvoikég ekmouméc CO,. To
nwpokvumtov poviélo [MoAvkpirmplaxod MAITI emivetan pe m pébodo AUGMECON o
TOPAYETOL 1 KOUTOAN [e TG KoTd Pareto Bédtiotec Aboelg amd Ti¢ onoieg Kaheiton vo emheéEet
0 amopacifov. H kawvotopio tng cuyKeKpévng epyaciog eival 1 SuVITOTTO EVOOUATMOONG
OTO LOVTELO TOV e£MTEPIKOL KOGTOVG £TGL MGTE 1) PeATIoTOTOINGN Va Yivel Oyt povo pe Baon
TO OLKOVOUIKO KOGTOG OALL TO GLUVOAIKO KOGTOG (01KOVOUIKO KOGTOG GLV EEMTEPIKO KOGTOG).
Me tov 1pomo avtd vmoroyiletor pa véa KITA mov cvumepirappdavel kot 10 e£mteptkod
k6otog and (o) Khpatikn oddayn (B) Aépia Pomavon (v) Edapog — Yrédapog () [Towdtnta
{ong to omoio o KGbe mepinTwon vroloyiletor KotdAANAo. Ta amotehécpoto diyvouy TV
amoKAon mov €yovv peTald TOVG TO OMOTEAECUATO OTOV GTNV OIKOVOWIKT] OVTIKEWEVIKY
GULVAPTNOT YPTCYLOTOLEITOL TO GUVOAIKO KOGTOG OVTL Yl OOKAEICTIKG TO OIKOVOUIKO
KO0TOG. Q¢ HEAETN EQPOAPUOYNG TO LOVTELO EQAPUOLETOL OTNV TEPLOYN TNG ATTIKNG.

AéCeig Klerora: Awoyeipion Aoty Ztepeyv ATopprupdtwv, EKmoures aepiwv Bepuoknmion, eCwteptko
xoarog, Mabnuoatixog [poypouuationos

EIZAT'QI'H

H dwyeipion Actikdv Ztepeddv Amofantov (AXA) amotedel £va amd ta o chvOeTa
TPOPANUATA TOV GUYYPOVAOV KOWOVIOV. YTAPYOuV Sdeopes OLuVOTOTNTEG OTN
OLAAOYY, OTN HeETOPOPd, oty enefepyacio Kot otnv ondBeon. H kotaAAniotnta
KGOe cuVOLAGHOD TEXVOAOYIDV €E0PTATOL OO GUYKEKPIUEVA YOUPOKTNPLOTIKA KOl OEV
VIApYXEL Mol KoBoAd emikpatovoo  dmoyr. AOY® NG TOAVTAOKOTNTOS TOV
TPoPANaTOG YPEGLETAL L0 GLGTNUOTIKY TPOGEYYion Omov Ba egetalovtal OAeg ot
duvatég Aoelg kot Bo emAEyeTal n KaAOTEPT.

O MoaOnpatikdg Ilpoypoppoaticpnoc amotedel 10 WoVIKO epyoAelo Yoo TETOLEG
oLOTNOTIKES Tpooeyyioels. H povieAonoinon tov mpoPAnpatog Kot 1 eniivcy tov,
OnAadn n evpeon g PEATIOTNG AVong, divel 6Tov amoeacilovta T SuVATHTNTO HLOG
OQUIPIKNG OVTILETOTIONG Kl EEETAGNC TOAADY GEVOPIMV.



2y dwyeipon tov AZA 0 HoONUoTIKOS TPOYPAUUATICUOG EKOVE TV ELGAVICT] TOV
™ dekoetio Tov *70 Kl EKTOTE £OVV TAPOVGLUCTEL EKATOVTAOES EQapUoYEG [1].

211 CLYKEKPIUEVN EPYOTin EKTOG omd TO GLVOAKO KOGTOG AapPAvovTol LITOYT Kot Ot
ekmounég aepiowv tov Beppoknmiov Tov cvoTNUATog dtaxeipiong AZA divovtag évav
TOAVKPITNPLOKO Yopaktpo oto pdPfAnua. Mapdyeton pe t pébodo Augmecon [2]
T0 oVvoAo TV katd Pareto Avcewv amd TG omoleg koAeiton va emAéler o
anopaciCowv. To wxowvotopkd otorgeio elvar 0Tl 610 KOGTOC UTOPOVUE Vol
ocoumepapovpe Kot t0 €£®TEPIKO KOGTOG TMV SPOP®Y OPACTNPOTHTOV TOV
oyetiCovtan pe ) dayeipion twv AXA. H mpotevouevn pebodoroyia Ba epappootel
oTNV TEPLOYN TG ATTIKNG.

H doun g epyaciog &yl g e€ng: 1o 2° kepdlato meprypdpeton | pebodoroyia, 6o
3° kePAAO TO. PACIKE YOPAKTNPIOTIKG TOV HOVIEAOL, 6T0 4° KeQOAalo M peAétn
TEPIMTOONG Y100 TNV ATTIKY KOl 0 VIoloyiopdg tov e€wteptkod KOGTOVG, 670 5°
KEPAAOI0 T amoTELEGHATO Kot TEAOG T PUCIKA cvpTEPAoHATA 6TO 6° KEQHANLO.

MEOOAOAOrIIA

MaOnuatixoégs Ilpoypoupuoticuos Kai vTEPOOUT] TOV CVGTIUATOS

To podnuotikd poviélo mov meptypapetl 1o cuoTnpa dlayeiptong AXAéyet avamtuydei
YPNOWOTOLDVTOS TIG 0pyeS Tov Mabnuatikov Ilpoypappoticpod (MII). Oleg ot
dwbéopeg Texvoloyieg Kot 0l S1OPOUES TOV GLGTNUATOG EKPPALOVTAL GTO HOVTEAO
LE TIG KATOAANAESG oxéoels (1lo0TNTEG Kot ovicOTNTES). To poviého amoteAeiton and Tig
uetofAntéc  amdpacng (ot Gyvootor ™ €EI0MCEMS TOV  TPOPANUATOC), TIC
TOPAPETPOVG (Ta YVOOTA dedopéva), TOVG TEPLOPIGHOVS (01 GYECELS TOV TEPTYPAPOVY
10 ohoTNUe) Kot piol 1) TEPIGGOTEPES OVTIKEWWEVIKES OGLVOPTNOES (TIC omoieg
npoonadel T0 HOVTELD VO PEATIOTOTOMOEL).

Aovellopevog kaveilg 10éec amd to medio NG oLVOEOTG OlEPYACIDV OTN YNUIKN
YoV, pmopel vo dlotumdcel t0 mPOPANUO G €va SOUIKO, GYESIACTIKO,
AeTovpYIKd Kot TOAD-meP10d1kd TpoPAnua apiotonoinong [3]. ‘Etol, emttvyydveron
o tavtdypovn Pertiotomoinon tov cvotiuatog A.X.A og dopkd, oYeEIOCTIKO,
Aertovpykd ko ypovikd emimedo. Aniadn, mn €£000G¢ TOv HOVTEAOL Eglvarl mOl
teyvoroyia emelepyaciog Ba ypnoyonombei kot moeg dadpopés Ba arxorovdnbovv
Y. TO0 0€d0pUEVO cVGTNA daxeiplong (doUKO emimedo), mota ivar 1 SuvopkdTnTo
TOV HOVAS®OV ATV (GYEOTIKO EMIMED0) Kot TO1ES vt o1 poéc (mocdTnTa) amd Kot
TPOG TG HoVAdeg (Aettovpykd emimedo). Ta mapamdve yivovtal oe ypovikd opilovta
20¢etiog, yopopévov oe 4 mePLOOOVS, OMOTE TO HOVTEAO TPOTEIVEL KOl TN YPOVIKN
nepiodo E10AYMYNG UG LOVASOS 6TO GLGTHLA dlayeiptong (Ypovikd emimedo).

To poviélo mov €xel avamtuybel elvar €va mOALKPITNPOKO HOONUOTIKO HOVTEAO
TPOYPOUUUOTIGHOV. ZVYKEKPYEVA, TPOoTaOEl Vo PEATIOTOTOMGEL 0VO AVTIKEWEVIKES
ocuvaptoelg: (1) v kabapn mapovca afio TOL KOGTOVG TOV GLGTHUOTOS KOTA TN
dugpkelo Tov ypovikov opifovia 20 etdv kot (2) tig ekmounég CO2-eq. Onwg
VTOONAGDVEL TO OVOUd, TO TOAVKPUTNPWKO HOoVvTéAo Peitictomoinong (1)
[ToAvkprnplakn ovéivorn ot PeAtiotonoinon) meprroapupdver v PeiticTonoinon
Topovcio TAve amd €vOg (CLVHBWOE AVTIKPOVOUEV®OV) OVTIKEILEVIKOV GUVOPTICEDV
(kprmpua). H xoplo dtopopd petald aminig Kot moAvKpITnplokng PeATioTonoinong
gtvat 6T otV TEPinTOON TOV TEAEVTOIOV, GLVNBWLG dev VIThpPyEL pior PEATIOTN Vo,
AL €vo oUVOAO €Eic0V KOAMY EVOAOKTIKGOV AVCE®V, €MioNG YVOOT®V ¢ Pareto-
BértioTwv ADoEwV.

Ot Pareto Péltioteg ADoelg eivar o1 €PIKTEG AVCELS TOV TPOPANUATOG, OV OEV
UTOPOVV Vo, BEATIOO0VV KATA TN W0 OVTIKELEVIKT GLVAPTNOT XOPIg va petmbodv ot
EMOOGELG TOVG OTNV GAAN OVTIKEIWEVIKY] cuvaptnon. EAdelyel onolaocdnmote dAANG
TAnpoeopiag, Kapio and avtég TG Avoelg dev umopel va Anedel o¢ 1 Kahvtepn.
Yuvnbmg oty andpacn ot 1BHvovieg elval amopoitnTol Yoo VO EVIOTMICOLV TNV
«TPOTILOUEV  («BEATIOTN OCOUO®VO HE TIG VLTOKEWEVIKEG TPOTYNOELS TOV
amoeacilovta) Avon. X ovvéyeln mopatiBevior o TpOmMOg Ompovpyiog Kot To
YOPOKTNPLOTIKA TOV pHovTéAov Mabnpoaticod [Ipoypappoaticpo.



Xapaxtypiotixd tov Movrélov

To podnuatikd poviédo meprypdpet To choTUO dtxeipnong AXA ¢ &va ypaenua.
Yrdpyoov «OuPol mOL OVTIIIPOGMOTEVOVV TIG TEYVOAOYIEG KOl YPOUUES OV
AVIIPOoOREVOLV TIG poG LETAED TV depyasidv. Ta dpla Tov GuoTHHATOG EEKIVODV
amo T edon TG GVAAOYNG HEYPL TNV TeMKT dtdBeom. To povtédo donpovpyei dnioadn
TV AEYOUEVN «VTEPSOU» TOV GLGTNLOTOG, ONANDT OAEC Ol S1OECIUES EMAOYEC e
™ HETAED TOVG d1oHVOEDT, Omwg Paivetal oto Zynuo 1 6mov pmopel Kovelg vo o€t
OGS 01 KAdot gival cuvdedepévol pe Tig depyacieg (texvoroyieg), Tov TpOTO OV 01
dlepyocieg eivar duovvoedepéveg Kot mowd gival To KVupL TPOIOVTO NG KAOE
depyooiag. Ta empépovg cvotatikd mov amotehobv ta AXA givar 34.
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Yymqpe 1: Tpoaeikn avomapdotoon T «OTEPKATACKEVT|G) TOV HOVTEAOL (AKpmvi
teyvoroyidv: TSR: [Ipocwpivi) amodnkevorn avakukAOCU®V TANY yvaiob, TSG:
[Tpocwpwvn amoBnkevon yvaiiov, CMP: kourocstonoinon froamofAntwv, AD:
Avoepofia Xmvevon BroamofAntwv, MRF: Kévtpo Awwrioyng AvakukADOGIL®V
Yiwov, WtE: Movada evepyelokng agtonoinong, BD: Movada Boroyng Enpavong,
MBT: Mnyavikn Biodoywkn Eneepyacia, TS: Xtabuog Metapoptwoong, LDF1: XYT
un emkwvovvev, HZLDF: XYT enkivovvov. Axkpovopa tpoidvtev: ME: /uétaida,
PL: mhactikd, PA: yapti, GL: yoaii, CMP: xournoot, BG: froaépro, EN: Evépyeta,
DF: devtepoyevég kavoyo, SO: otabepomompévo opyavikd)

Ta Packd otoryeion TOL HOONUATIKOD HOVTEAOL TPOYPOUUUOTIGHOD TEPLYPAPOVTOL
TOPUKAT.

Avtikeevikég YuvopTioELg

AVO givar o1 AVTIKEWEVIKES GLVOPTNOELS TOV TpoPArnatog: (1) n eloyiotonoinon g
KaBapng [Mopovoag A&ia (KITA) tov cvotipatog dwyeipiong oe mepiodo 20 etav, M
0010 OVTITPOGMOTEVEL TO OIKOVOUIKO KPITNPLO KOl UTOPEL VO GUUTEPIAAUPAVEL KOl TO
e€mtepkd KOGTOC KOt (2) M ghayioTonoinomn TV cuVoMKAOV ekmounmv CO2-eq Tov
GLGTNHLOTOG, 1 OTO{0L AVTUTPOSMTEVEL TO TEPIPAAAOVTIKO Kpitipro. H cuvaptnon g
KITA evoopatdvel 10 kO6TOG €mévOLoNG Kol Astovpyiog, koBmg kot To £€0000
TAOANGT VAIK®OV Kol EVEPYELNG Y1 TEPiodo 20 eTdv.

MetafAntéc AmdQaong




Ot petafntéc amdéeacng tov HoviEAOv &ival Ot AyvmoTtol TV 5I0MOE®V TOV
npoB%ﬁuarog, YL TOVG onoioug T0 LOVTEAO npocnaesi va vroAoyicel s BéLTioTEC
TIUES. XTO uovrsko 7OV SXSI dnpovpynBet vdpyovv drakpitég (81)(1811(8@ 1 aKspousg)
Kot cuveyeic petafAntéc andeaong. Ot SLaKpnsg petafAntég og eni to mheiotov gival
OLVOEDENUEVEG ue Ta dopkd X(xp(xmnpwtma (etvar M teyvoroyia i, mapovoa GTO
BelticTomompévo cvoTNUO SL(xX?,lpwng, noceg povades Ba ypelastovv;). Ot cuveyeig
uawB?mrsg oxetiCovial Kuping He T0 GYESIUOHO KL TOL AEITOVPYIKE XOPUKTNPIGTIKG
(mowd givor n dvvapukdtnta Mg povadag i, katd v mepiodo t; T mocom ol
amoPANTOV and TN Hovada 1 LETOPEPOVTAL GTH LOVADA. j);

Ilepropiopoi

Ot kbOplot mepropicpot tov poviéhov eivar to woldywr palog mov mpémer va
wavomowovvtal  petalhd  kOpPov  (mepopiopol  166TNTOC) KoL Ol TEPLOPIGHOL
yopnTikdtTag (Teplopiopol TOTOL «KpdTEPO amd»). Mmopel va gooyBovv kot
TEPLOPIOUOT TOMTIKNG (.Y TO TOGOGTO AVOKVUKAMONG 1| N TOGOTNTO ATOPANTOV TOV
AMOCTEAAOVTOL TPOG VYEIOVOUIKY TAPN). YTAPYouv emiong Aoywol meplopiopol
TpoKeWEVOL va gpapudlovtal ot dpot yo. apotPoio. AmOKAEIOUEVEG EVOAALUKTIKES
Moelg. Bonfntikoi mepopiopoi  pmopel  emiong va  givor  mopdvteg  (my.
YPOUUIKOTOINGT TOV U1 YPOUUK®OV Op@V).

[opduerpot

Ot mopdpeTpotl Tov povtédov etvar Ta yvwotd dedopéva. Ta dedopéva avtd eivar Ta
OIKOVOLIKGE KoL TEYVOAOYIKE YOPOKTNPIOTIKA TOV TEYVOAOYDV, Ol TWEG TV
AVOKVKAOUEVOV VAKOV KoL TG EVEPYELNG TOV TTopdryovTal, KaBmG Kol 0 GUVTEAECTNG
LETATPOTNG TOV KABe cvotatikob oe kdbe pio and Tic vroyneieg teyvoAroyiec. H
apyw mocdtra tov A.X.A katatdooeton oe 34 cvotatikd kot 1 obvOeon NG
Bewpeitar yvoom yuo to povtédo (sloaywy’n otoyegiov and to ypnot). To chotua
ovAloyNg (e1dog KAdwV), emiong OBewpeitar yvwotd amd 10 poviéro. Atdgopot
oLVOLAGHOT KAOWV GLAAOYNG UTOPOVV Va eEETAGH0VV G H10POPETIKA GEVAPLAL.

To poviého avtd éxel avantuybei ce GAMS [4] ko meplapPaver mepimov 24,000
ovoveyelg petofantég, 168 axépoteg petaPantéc wor 12,000 mepropiopove.
Aemtopépeteg Yo 10 HovTEAO vITdpyovv ot dnuocicvon [S] evd €xet avamtuyBel ko
avtictoyo Aoywouiko (Waste-C-control tool [6]).

AEAOMENA XXEAIAZMOY

H emoa mopaywyn Actikdv Xtepedv AnoPfAntov (AXA) cOUPOVO [LE GTOTXEID TOV
Eviaiov Xuvoéopov Afpov kot Kowotmitov Nopod Attikng (EXAKNA) aviABe og
2.222.828 tn omv Attikn 1o €tog 2010 [7]. Zougpwvo pe otoyeio Epgvuvntikov
[Ipoypdppatog mov exmovibnke ywo Aoyopracpud tov EXAKNA kor 1o omoio
napovctalovtar avoivtikd otov Ilivaka 1, mdve amd 1o 70% tov napayduevov AXA
omv Attikf] givar froomodopnoia VAIKA (0pyavikd amoppippota, xopti, KAT.), Eva
HKpd HEPOC HOVO TMOV OTOI®MV OVOKVKADVETOL, &VA To LIOAOUTA 0dnyovvToL
angvbeiog mpog Yyewovoukn Tagn pe omoTéEAEGHO TNV EKTOUTY] ONUOVTIKOV
nocoTHTOV Agplov Gawvopévov tov Ogppoknmiov (ADB).

IMivaxag 1. [Tocootiaio cvvheon AXA Aekavomediov Attikng (Xepovog — Avoién
2007-2008) Inyn: Epeuvntikd poypopupa «I[Ipocsdiopiopdc Pucikoynukdv
Mopapérpwv ko [Tootikng Zvotaong Amoppudtov Askavonediov ATTIKNAG»

(EOviko ko Kamodiotprokod [Mavemomuo Adnvav, 2008)

Katnyopieg Xvotaon
1 | Opyovikd (vroAeippato TPOPOV, AATKMOV 0yopmV) 43,50%
2 | Xaprti 28,10%
3 | Mootk 13,00%
4 | Tvo 3,40%

5 | MétoAa 3,40%

6 | Aéppa-ZEvro-Yoacua- Aoud (AZEYA) 8,70%




H dwypovikn e€€MEn tov mapaydpevov AXZA ommv Attikn yuo v mepiodo 2011-
2030 extipdror otn don Tov akdA0VO®V TAPadoYDV:
= 0 puBudg avENong Tov TANBVOUOV TG ATTIKNG TIG ETOUEVES deKaETiEG Bal elvar
ioog pe to pKkpd puOud avénong g terevtaiag ewoocaetiog (1991-2011)
= N mopayduevn mocoOTNTo AXA avd kdtowo oyetiCeton dueca pe to pudud
avénong (1 peiwong) Tov AEIT g yopos.

Me Baon tig mopadoyéc avtég v mepiodo 2011-2015 Adym g veeong Kot NG
OIKOVOUIKNG KPIoNG ekTndTol €Tnota peimon g mopaymyng AZA g 1aéng tov
2,5%, evdd ekTydTon o pukpn emoto avénon g taéng tov 0,6% v mepiodo 2016-
2020 xor 0,8% vy v mepiodo 2021-2030. Tw ™ ovotaon v AXA
ypnowomowvvtal to ototyeion tov Ilivaxa 1, eved yivetor m mopadoyn Ot 1M
TOGOOTLOH0 GVOTOCT OV KOTNYyopiot LAKOD Topapével otabepn OAn v mepiodo
2011-2030. H odwypoviky €EEMEN TOV GLVOMK®OV KOl 0VE VAKO TOCOTHTOV
napaydpuevov AXA oty Attikn yo v mepiodo 2011-2030 6mwg vroroyilovrtan
Baoel TV TOPOTAVE TOPASOYDY TAPOVSLALOVTAL GTO ZyMua 2.
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Yympo 2. Extignon daypovikn e£EMEN TOCOTHTOV Kol GVGTACNG TAPUYOUEVMV
AXA oty Attikn yo v epiodo 2011-2030.

210 VPIOTAUEVO choTUA dlayeiplong Tov AXA oy ATTikn Ta 000 Pocikd pedpoTa
OLALOYNG OMOTEAOVV O KOOOG GUUUEIKTOV KOl O KAO0G GLAAOYNG OVOKVKADGIL®V
OLOKELOCIOV («UTAEe KAG0c»). [TapdAinia kot oe pikpdtepn €ktacm epappolovton
Kot QAL TPOYpappaTa S1A0YNG GTNV TTNYN OT®G £ivat Yio TOPASELY LA TO TPOYPOLLLLLOL
avakVKA®ong xaptiov tov Ewdikoy Atofabuidikod Xovoeopov Nopod ATTIKNG
(mpdnv EZAKNA), 1o Kévtpa Avtamodotikng AvakOkAm®ong KoOdS Kol TIAOTIKES
dpdoelg daAoyng otnv Tyn KAT. Ta cuyKeEKPIUEVO TPOYPAUUOTO AOY® TNG LOPPONG
TOUG OTO HOVTEAO TPOGOUOIDVOVTIOL HE KAOOVG UEUOVOUEVOV VAKOV (YvaAlov,
XOPTIOV, TAUGTIKOD Kot HETAALOV). ZOUQVO [LE oTOLYElN TOV ETHOLOV ekBECEMV TNG
EAAnvikng Etapeiag A&omomong Avakdkimong mov dtayelpiletol ta £pyo «UmAe
Kadov» kol ™G Avtamodotikng Avakvkimong A.E mov dwyepiletan ta Kévrpa
AvVTamod0TIKNG AVAKUKA®ONG Ol GUAAEYOUEVEG TOCOTNTEG TOV VAIK®V HE S0A0YN
omv myn to 2010 avépyovror ce 250.000 tn mepinov. Lt mAaiclo ™G TOPOHGOGC
avdAvoNg OTIG EMOUEVEG TMEPLOSOVG EKTIUATOL GTAOOKY OVENCT TOV TOGOTHTOV
OVOKVKADGIU®OV VAIK®OV TOL GLAAEYOVTOL YOPIOTA £TCL OCTE VO EMITVYYAVOVTOL Ol
otoyor ™G Odnyiog IMTAaicio yw to amdPinta (2008/98/EK) ko g Odnyiog
2004/12/EK yio T1¢ cuoKeELOGIEG KOl TA OmOppitpoTe cvokevaciog. H avénon tov
CLALEYOUEV®V TOGOTHTOV BE®PEITAL OTL EMTLYYAVETOL KVUPIWG LEGH KASWMV YOPIOTNG
GLALOYNG XOPTIOV, YVOALOV, HETAALOL Kot TAaGTIKOV. EmimAéov Bempeiton epappoyn
EKTETAUEVNC SLOAOYNG otV TN ProamofAtov cg €101KOVG KAGOVS TPOIIUAEYLEVOL



0pYaVIKOD pE GTadloKn avénon Tov Ttocotitov ¢ Tovg 160.000 tn/étog v mepiodo
2025-2030.
Yto mAaicwo ¢ mapoHoog oviivong AapPavovior vITOYN Ol VPICTAUEVEG LOVADES
eneEepyaciog AZA Tov AEITOLPYOVV 6TV ATTIKT, OTOC:

= EMAK A. Awociov duvapottog 250.000 tpa

= ¥MA Eyoto0 pe dvvopkotra 500.000 tpa

= Ta Aertovpyovvia KAAY (®vA), Eievoiva, Aompoémvpyoc, Emavaktnon)

oLVOMKNG duvapkdTnTog 225.000 tpa

Ta 16oldya palog ave LAKO TV VEIGTAUEVOV HOVAI®V SHOopPOvVOVTaL oTr Bdon
TOV JWOECIUOV  TPOYUATIKOV OTOlElmV Agttovpyiag, &VO Yoo TIC VTOAOUTES
TeXvoA0Yieg a&lomotovvtat ototyeio omd TapOUOIES EYKATAGTAGEIS 6TV Evpdmn.
Ye OTL 0QOpd TO TOPOYOUEVO OELTPOYEVEC Kavoo omd povddeg emelepyaciog
ovppektov AXA, mapoéblo mov vmapyert M dvvordtra aflomomong Tov  and
VOLOTANEVEG HOVADES (Y. TolevToflopnyovia), oto TAAicO TG TAPOVGUS AVAAVONG
Bewpeitar 60TL T0 oOvoro NG mapaydpevne moocodTNToS B odnyeitor oe povada
Oepukng emeCepyaciog He TAPOy®YN TMAEKTPIKNG EVEPYELNS. ZNUEWOVETAL OTL Ol
TEPIOCOTEPEG EYKATOOTACELS Oeplukng emelepyaciog oto €EOTEPIKO TOPAYOLV Ol
uoévo nAektpiopd oAAG kor Beppodtnrta, n omoio aflomoleitol and KATAVIAWTEG TOL
O1K1OKOV — Tprtoyevn Kot Bropunyovikod topéa. Qotdc0, Kabmg 6TV TapoLGH HEAETN
nepintwong dev  givor duvatdv va TPocdloploTovY ol THAVOl  KOTOVOAMTES
Oepudotrag / otpov yivetor 1 mopadoyn OTL M AVAKTNOM EVEPYEWNS 0QOpPd
OTTOKAEIGTIKA GE NAEKTPOTOPOYMYN.

EEQTEPIKO KOXTOX

v mapovca gpyacic oto povtédo AauPdvovtor vmoyn Kot ot eEmTEPIKES
O1KOVOUEG TOL cLVOEOVTOL e TNV TEPPOALOVTIKY VITOPAOON KOl TIG YEVIKOTEPES
EMNTOCELS TNV TOOTNTA {ONS TOV S10pOpwV TeEYVOLOYIOV emetepyaciog AZA Kot ot
OTO{EC OMOTYLMVTOL GE OIKOVOUKOVG OPOVG KOl EVOMOUATMOVOVTOL GTNV OVTIKELEVIKT|
GLVAPTNOT TOL KOGTOVG.

H owovopikn amotiunon 1ov eTmTOce®my Tov TPOKAAOLVTAL ad TNV KAV aEpimv
mov cLUPdAlovY oTO EoVOLEVO TOL Ogpuoknmiov, éywve ot Pdon TV TALOV
TPOGPATA TPOTEWVOUEVOV TIUOV artd TV opada epyaciog tov ExternE [8]. Zoupwva
LE OVTEG, Ol EMIATMOELS TNG KAMUATIKNG oAAayNG vToAoyilovton pe pio KEVIpIKN Ty
k6oTovg iom pe 19 €000/t CO2eq, Aapfavovog vToyn KoTAAANA0VG amoTAn0mPIoTES,
£tol ote o1 {nuieg g Katnyopiag avtig mov katd Pdon Ba ekdnimbodv e Pabog
YPOVOL Vo avayBovv 6To TapoV.

To owovopkd péyebog TV EMMTOCEDOV TOL TPOKAAOVLVTOL OO TOVG EKAVOUEVOLG
aéplovg pumavtég  (eopovpévev TV EKTOUTOV  aepiov  Tov  Bgppoknmiov)
VTOAOYIOTNKE OVOALTIKG LOVO YO TIC LOVAdES BepKNG eneEepyaciog OOV Ot aépleg
eKTOpUTEG etvar onpovtikés. T Tig vtoAowmeg texvoroyieg UNYOVIKNG Kot BloAoyiKng
emeepyaciog ot aépieg eKMOUTEG (eKTOG TV ekmopndv ADO) cuvoedvTal Kupimg Le
™ ¥PNON KOLGIH®V KOl ©G €K TOVTOL Ol €EMTEPIKEG OKovopieg dev Kpivovrtal
onuovtikés. To yeyovog awtd emPePordverar kar omd oyetikég peréteg [9, 10] dmov
10 &fmtepkd KOOGTOC NG aéplag pvmavong omd HovAdES KOUTOGTOMOMGONG
vroAoyiletan og 0,61 — 1,32 €/t vAwov mov emefepyaletal, eV Yo TIS HOVAOEG
avaepofog yovevong kot toug XYTA dev vrepPaivel ta 0,10 €/t. To owovopkd
LéEYENOC TV EMMTAOCEDV TOV TPOKAAOVVTOL OO TOVS EKAVOUEVOVS OEPLOVG PLTTAVTES
Katd tn Aettovpyio povadwv Bepuikng emefepyociog, egaptdtor og mOAD peydAo
Babud amd TN xpNOOTOOVUEVT TEYVOAOYIA, TN Y®POBETNON TG LOVAdAC, TO TANBO0C
Kol TO €100 TV OMOJEKTMV GTNV ELPVTEPT TTEPLOYN, TIS KPATOVGEG UETEMPOAOYIKES
ouvnkeg, KA. Z10 TAQICI0 AOWOV NG TOPOVGOS HEAETNG EQOPUOYNG KOl
Aoppévovtag VoY TIC TOPATAVE WUTEPOTNTES, SIUUOPPOONKE L0 TUTIKT OC TPOG
TOL YOPOKTNPNOTIKA TG (VYOG Kol SIAUETPOS Kapvadag, Beppokpacio amaepiov KAT)
povada Bepuukng emefepyaciog mov ywpobemOnke otov OEAA A. Attikng. Ot
EKTOUTEG TNG LoVAdaG vVToAoyiotnKay pe fdomn ta Becpobetnuéva dpla EKTOUTADOV TNG
oonyiag 2000/76/EK kot 10 Oeppikd mepleyOUeVo TOL KOVGIHOL NG povdoag (to
omoio e&aptdTol amd TNV TOGOTNTA, TH GVGTACT] KOl TO PUGIKA YOPUKTNPIGTIKA TOV).



Mo ™ dwomopd tv aepiov pumewv ypnoyoromdnkav 600 HOVTEAX O1GTOPAS
aepiv pUTOV G TOTIKO KOl TEPIPEPEINKO EMIMEDO, EVA N EKTIUNGCT TOV EMMTOCEDV
oV vYeio, T yewpylo Kol TIG VIOJOWUES TTpaypatomomOnke ot Pdon KaToAAAwV
OLVOPTNCEMV £KBEONC — AMOKPIONG KOl TOV HOVAII0I®mV TGV KOGTOVS d10pdpmV
KOTNYopldv emmtocemv pe 1o poviédo Ecosense. Mg Bdon tovg vmoAoyiopovg o
e€mtepkd kdoTOg VIoAoYioTnKe og 68,13 €/MWh kavoipov mov aélomoteital ot
povada.

H owovouikn amotiynon Tov emmTO®cE®Y MOV GUVOEOVTOL UE TN POTAVON TOV
VOOTIKAOV TOP®V KOl TOV €6APOVG / VITEdAPOLG eEattiog TNG ONUIOVPYING KOl doPPONG
OTPAYYICUATOV GE YDOPOVS dwdbeong amoppiupdtov, £ywve oty PAon TEXVIKOV
LETAPOPAS OPEAOVS YPNOIUOTOIOVTINS O POCIKEG TNYES AVAPOPAS ONUOGIEVUEVES
ueléteg [11, 12]. INo 1o Pooikd 6evaplo eEMTEPIKOV OTKOVOUDY XPNGILOTOMONKE N
TN 0.77 €/t yuo to XYTA o 1.35 €/t yio v 1091 Tov enikivouvov anofAntov amd
povadeg Bepuikng enelepyascio.

Ye 0Tl aQOopd TIG EMMTOGEIS oTNV ToOTNTA (NG amd TV VTapén Kol Agttovpyia
povadwv eneepyaciog amoppipdtov ypnopomomonke n tun 37,00 €/t yio to XYTA
Kot 1 TN 43,75 €ty 1ig povadeg Bepuikng enefepyaciag, ol 0moieg avTIGTOLYOVV
0TO VO OPl0 TOV TIUOV TOL VITOAOYioONKaV e PBAorn dNUOGIEVUEVES LEAETES Y10 TV
EXada [8, 9] kar v 12 yodpeg e Evponaikng Evoong [13]. o 11 vméAourteg
TeYVOAOYieg OOV dgv VIAPYoLV dwbéciua oToryelo eKTIHATAL OTL TO €EMTEPIKO
k6otog eival younAdtepo amd 10 avtictoyo Yy to XYTA kot mpooeyyilet to
KOTATEPO OPLO TOL €VPOVG (2,75 €/t) Yo TIg LOVAdES UNYaVIKNG emesepyaciog Kot To
20 €/t (uéom Tun e0POLG) Y1 TIC HOVAdEG Proloyikng enelepyasio.

Ta eotepikd opéAn amd v aflomomon Tev TPoidvVIwV (AVOKVKAMDGCLLO VAIKA,
KOUTOGT) KOl TNV TOpOy®yn MAEKTPIKNG evépyelng O AouPdvovtor vmoyn ota
TAaiclo TG TapoHOOS LEAETNG EPOPUOYNG Y10 TNV TTEPINTTOOT TNG ATTIKNG, OV KOl TO
povtédo mapéyel avtn tn dvvatdtnta. O Adyog eivar 6Tl apevdg eivar dVoKOAD Ot
EMNTOCEIS OVTEG Vo omoTiuMBovv ot PAon TEXVIKOV UETOQOPES 0QELOVG amd
TPOMNYOVLEVES UEAETEG WOliTEpA av OLTEG €yovv ekmovnBel o GAAec ydpeg, yioti
e€optdvTol 6 TOAD peydio Pobud amd Tig TOMKEG GLVONKES KOl QPETEPOL OTL TAL
A0V TPOCPOTO ONUOGIEVUEVO OOTEAECUATO OYETIKO e TO €&mTepkd KOGTOG
YOPOKTNPLOTIKOV HOVAS®V Tov EAANVIKOU NAEKTPIKOD GLUGTHILOTOG TPOEPYOVTOL ATTO
™ uerlémn ExternE mov exmoviOnke to 1999 [8] «xou éxtote Ot dev Eyel
TPOYUATOTOMOEL piot OAOKANPOUEVT] LEAETT ETIKALPOTOINGNG TOV ATOTELECUATOV.

AIIOTEAEXMATA KAI XYZHTHXH
H PeAtwotomomon TV TEQVIKOV KOl AEITOVPYIKOV  YOPUKTNPICTIKOV
TpoypatoTomOnke pe tn fondela Tov HOVIEAOL HOONUATIKOD TPOYPALLUATIOUOD:
= Yevapto 1: pévo mpog To 1M TIKO-01KOVOUKO KOGTOG Kot TiG EKToUnég ADO
= Xevaplo 2: Tpog T0 GLVOAMKO (IO1WTIKO-0TKOVOIKO Kot EMTEPIKO) KOGTOG Kol
T1G ekmounég ADO
On pareto BéAtioteg AOGELS Yo TaL dVO Zevapia mapovsidlovtol oto Zynpa 3. Onwg
@oiveTol Kot 6To Zynua, o€ Kae KoumOAn pareto amroTundvVovToL ot AVGES EAAYIGTOV
KOGTOVG, eAdYIoTOV ekmoummv AD® Kot ot evoldpeses AGeES. ZTo onpeio 6mov ot
KOUmoAeg pareto speavifovv peydin kAiorn eivor ta onueioc ota omoio pe piKpy
ahENOoN TOV KOGTOVG EMITLYYAVETAL OMUOVTIKY Helwon Tov ekmopuntov ADGO kot
AVTIGTOLYOVV OTIG «KAAVTEPEG CVUPPACTIKEG AVGELDY.
Ta mocotkd yapokTNPoTIKd (1IOWTIKO-0IKOVOHIKO KOGTOG KOl EKTOUTEG OEpimV
POTOV) TOV TPIOV AVCEDV (EAAYIGTOV KOGTOVE, EAGYIOTOV EKTOUTMV Kol KAADTEPNC
cuupipactiknc) mapovsialovrtal otov [ivaka 2.
Kot ota 900 cevdpia OAeg 01 AVGELS EMTVYYAVOLV TOVG GTOYOVG:
= g odnyiog mraioto 2008/98/EK ywa ta amdPAnta (50% avoakdkiwon xaptiov,
YVOAL00, TAOGTIKOV Kol HeTdAA®V o 2020)
= g odnyiag 1999/31/EK mepi vyetiovouikng tagng tov amofAntov (Méypt to
2020 1o Proomodopnoio aotikd ardPfAnto mov mpoopilovral Yo YDdPOvg
VYELOVOUIKNG TOPNG TTPEMEL Vo PelwBovv 610 35% TG GLVOAMKNG TOGOTNTOG
TV Bloanodo GOV AGTIKGOV amoANTmV mov giyav mapaydei to 1995)
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Yymqpo 3. Pareto Béltioteg Aoelg. Behtiotonomon pe 101 TiKO-01KOVO KO Kot
oLVOMKO (1OMTIKO-01KOVOIKS Kot EEMTEPIKO KOGTOC)

1 Aon eloyioTov KOGTOVS KOl GTO OO GEVAPLN TPOKPIVETOL 1) KOTOGKEVT] LOVAS®V
KOUTOGTOMOMONG Y. TNV €NeEEPYOsion TOV TPOSOAEYUEVOD OPYAVIKOD GE OVOLYTA
oelpdd.  oLVOAKNG Svvapkdtntog 160.000 tn/étog, M KOTOOKELY] HOVAS®V
OEUATOTOMONG / TPOCMOPIVIG OTOONKEVONG Y. TO OVOKVKADGIUO VAIKE 7OV
OLAAEYOVTOL GE KASOLG YWPIOTNG GLAAOYNG  GLVOAIKNG dvvapkotntag 490.000
tn/étog mepimov, kabdc ko Kévipov Awroyng AvaxkukA®oyov YAIK®OV vWnANg
unyovikng  évtaong ovvoaukdtrag mepimov 70.000 tpa mov Ba  Asttovpyovv
cOUTANPOUATIKE ©G TPpog o veloTapevae KAAY. T ta ovppewkta AXA oty
nePITTOON TG PEATIOTOTOMONG HE TO 1OIWTIKO-OIKOVOUIKO KOGTOG TPOKpiveTan 1
KOTAOKELN HovAdmv Beppikng emefepyasiog cvvolkng dvvopkottag 1.200.000
tn/étog 6mov Ba odnyovvion amevbeiog T AXA and Tov KAGO COUUEIKTOV Kol TO
napaydpevo devtepoyevég kawoo amd to EMAK A. Awociov. Ztv nepintwon g
BeAticTomOM|ONG HE TO GULVOAMKO KOGTOC TPOKPIVETOL 1) KOTOOKEVLT HOVAOWV
punyovikns-Proroyikng eneéepyaciog cvvolkng dvvoptkdtrag 1.300.000 tn/étog pe
LOYVITEG KOL OLO(WPIOTEG EMAYOYIKOV PEVUATMV Yol TNV OVOKTNOT UETAAA®V Kot
YEPOIOAOYT Y10l TO AOUTE OVOKVKAMGLO 6€ GLVOVACUO pe Enpn avaepdPia ydvevon
LE UETAKOUTOGTOTOWGN Y10 TNV TTAPUY®YN TPOIOVTOS TOTOV KOUTOGT amd OpYaviKo
KMo tov AXA.

2y KaAvtepn cvuPifactikn Avon kot yio to Zevdpro 1 n pdvn dapopomoion ce
oxéon e T Ao YOUNADV EKTOUTAOV EIVal N KATOOKELT] LOVAS®V ENpNg avaepoPiog
YOVELONG OavTi TOV  HOVAO®MV KOUTOOTOTOMWoNG Y. TNV  emefepyacio  TOv
TPodAeYUEVOLD opyavikoD. AvtiBeto oto Xevdpro 2 mépa amd TV KOTOOKELT
HOVAd®V ENPNS avaepdPilog yOVEVONG TPOTEIVETUL 1] KATOOKEVT] LOVAS®OV UNYOVIKNG-
Broroyume emefepyociag ocvvoikng dvvapkomrog 1.100.000 tn/étog O6mov 6O
OVOKTOVTOL AVOKVKADGLO VAIKA Kot Oo Topdyetat tpoiov tomov kopmoot (CLO) kot
devtepoyevég kavoyo. To mapaydpevo devtepoyevEG KAOGIHO amd TIG VEES LOVADES
pali pe to devtepoyevég kavoo tov EMAK A. Awoociov Ba odnyodvtar o€ povada
Oeppknc eneepyaciag yio evepyelakn a&lomomon dvvapikotntag 300.000 tn/étoc.

O1 Moeg eloyiotov ekmoundv tavtilovior kot ota dvo cevapln. Me Pdon ta
AMOTEAEGLLOTO TOV HOVTEAOD TPOKPIVETOL 1 KOTOGKELT] HOVAd®V ENPNg avaepOPiog
yovevong yw v enfepyocioc. TOL  TPOSIOAEYUEVOD  OPYOVIKOD  GUVOAIKNG
duvapkottag 160.000 tn/étog, N KATOOKELY] LOVAS®OV SEUATOTOMGONGS / TPOGMOPIVIG
AmOONKEVONG Y10 TO OVOKVKADGULO VAMKGE OV GUAAEYOVTIOL GE KAOOVS YWPIOTNG
ovAloynG  ouvvolkng ovvapkodtntag 490.000 tn/étog mepimov, kobmG Kol VEWV
Kévtpov AtoAoyng AvakokAOCIUOV YAIKOV DVYNANG UNYOVIKNG EVTAONG GUVOAIKNG
dvvapkomrtag mepimov 110.000 tn/étog yw T oTOOWKY VITOKATAGTOCT TOV
vowotdpevov KAAY. To ta ooppeikto AXA TPpokpiveTol 1 KOTOOKELT LOVAS®V



Oepukng emeEepyaciog ocvvoAkng ovvoukdtrag 1.360.000 tn/étog O6mov Oa
odnyovvtot anevbeiog ta AXA and ToV KAOO GUUUEIKTMV.

Mivaxag 2. KaBapr [Tapovoa A&io 101mTIKO-01KOVOUIKOD KOGTOVS Kol E£MTEPTKOV
k6otovg, exkmopunég 20etiog AD® Kot AomdV pOTOV, ADGEDV ELIYIGTOV KOGTOVG,
EAMBYIOTOV EKTOUTMV KOl KOADTEP®OV GUUPBIPOCTIK®V.

Avogig ELaIoTOL KOGTOVG Xevapro 1 Xevapro 2
KITA Wwwtikd-okovopkov k6otovs 20etiog, ex € 1.554 2.073
KITA g&mtepucod kdotovg 20etiog, ex € 3.242 592
Exmounéc AD® 20¢etiog, kin CO2eq 5.446 7.885
Exmounéc PM10 20¢tiag, tn 4.110 1.925
Exnounég SOy 20¢tiog, tn 24.885 16.545
Exnounég NOy 20gtiag, tn 30.925 16.420
Exmounéc Aw&wvarv 20etiog,gr 1.126 0
Kolvtepes Xopprpactikéc Avoerg Xevapro 1 Xevapro 2
KITA wiwtiké-owovopkoy kd6ctovg 20etiog, ex € 1.581 1.895
KITA g&mtepikod kdotovg 20eTiog, cx € 3.241 1.707
Exmounéc AD® 20¢etiog, kin CO2eq 5.233 2.477
Exmounéc PM10 20¢tiog, tn 4.140 2.425
Exmounéc SOy 20etiag, tn 25.185 16.415
Exmounég NOy 20¢gtiag, tn 31.045 21.325
Exmounéc Avo&varv 20etiog, gr 1.126 427
AVGELS EAANOTOV EKTOUTOV ADO Xevapro 1 Xevapuo 2
KITA wiwtiké-owovopkoy k6ctovg 20etiog, ex € 1.659 1.659
KITA g&mtepikod kdotovg 20eTiog, cx € 3.441 3.441
Exmounéc AD® 20¢etiog, kin CO2eq 5.209 5.209
Exnounég PM10 20gtiag, tn 4.330 4.330
Exnmounég SOy 20¢tiog, th 32.095 32.095
Exmounég NOy 20gtiag, tn 26.130 26.130
Exmounéc Avo&varv 20etiog, gr 1.203 1.203

Me Bdon 1o mopondve amoteAéopato Kobiotator caeés 6Tl otV TEPITTOOT TOL
MeBoHV vITOYN otV avaALon o1 eEMTEPIKEG OtKovopies, | Bepukn eneEepyacio Twv
AXA dev mpokpiveTal mg AVoT), TOLAAYIGTOV OTIC AVGELS YOUNAOD KOGTOVG, AOY® TV
VYNADV PLTTAVTIKOV QOPTIOV TOV GLVOLOVTAL [E TN AETOLPYIL TOV HOVAS®V QVTOV
KOl TOV GULVEMAKOAOLOOL VYNAOD eE@TEPKOL  KOGTOVG. To  yeyovodg avtod
emPePfordveror Kot omd T1g VYMAOTEPEG ekToundv aepiov pvnwv (PM10, SOx, NOy
kot Awoéiveg) otig Avoelg tov Zevapiov 1 6mwg paivetar otov [Tivaka 2.
Y1ig Aboelg tov Zevapiov 2 dpmg moapatnpovvtal VYNAotepeg ekmounég ADO, ce
oxéon ue Tig ADGEG oV TEPEYOVV TNV TEXVOAOYin Bepikng enelepyaciog, YEYovog
nov opeiheton oTa EENG:
= 01 povdoeg punyovikng-proroyikng enefepyaciog mapdyovv TEPIGCOTEPO KoL
Myotepo  Proctabepomompévo  VTOAEWPO KO ETOUEVMOG  OOMNYOUV  OF
VYNAOTEPES EKTOUTEG Katd T 01d0eom otoug XYTY
" ol To EMPEPOVG GLOTATIKA TV AXA Kol TOV dELTEPOYEVOVS KAVGILOV uévo
Y. TO TAOGTIKO TO GUVOAO TOL TEPLEYOUEVOL owepom(x Bewpeitar opuKTAg
nopérevong (yo to X(xpu 0 avtiotolyog cvvieleotng sivor 1%, yuo Aépua,
Yoacpa, Adotyo sivor 20% wxor yioo ta opyavikd 0%) pe Pdon Tig
KatevBovripieg Odnyieg tov IPCC «ou [14].



YXYMIIEPAXMATA

O TMoivkpumplokdg Mabnuoticog Tlpoypoppatiopnds amotehel €vo €VEAMKTO Kot
a&0moto epyoleio Yo povieAomoinon kot BeEATIGTOTOINGN GTO YDPO TNG dtoyeipiong
tov AZA. H evoopdtoon tov e£mtepikon KOGTOVG HUmopel va yivel Kot vo odnynoet
LAAIGTO 0 AmMOTEAECUATO SLOPOPETIKA OO ovTé OOV Bempeitar HOVO TO WOIOTIKO-
01KOVO KO KOOTOG (Owg .Y M Asrtovpyio TV HoVAd®V Bepukng eneéepyaciog otV
nepintmon g ATTIKNG).
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Gases Emissions Control” (LIFEO9/ENV/GR/294), pe v coppoin xpnuotoddtnong
LIFE tg Evponaiknc Evoong
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Abstract: Mathematical Programming models are often used for structural, design and operational optimization
of various systems (energy, supply chain, processes etc.) The last 20 years they are used all the more often in
Municipal Solid Waste (MSW) management in order to provide optimal solutions. While the cost objective
usually drives the optimization, in the present work the minimization of green house gas (GHG) emissions is
also considered as objective function leading to a multi-objective approach providing the Pareto optimal
solutions. This information is essential for the Decision Maker because he can assess the trade-offs among the
Pareto optimal solutions and select the most preferable one. Accurate estimation of the GHG emissions is of
crucial importance in the modeling. In this work the focus is on the landfill emissions, which is the most intricate
and least examined factor in similar models. An innovative formulation is proposed that adopts the
Intergovernmental Panel on Climate Change (IPCC) 2006 guidelines for the CH4 generated in the landfills i.e.

the first order decay model. In this way, the “landfill memory effect” is captured (the emissions of CH, do not
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occur only in the disposal period, but continue to affect the subsequent periods of the study horizon). The
traditional formulation that attributes the landfill emissions only to the specific period’s disposals and the

proposed formulation are compared in a case study revealing significant differences.

keywords: MSW, optimization, mathematical programming, multi-objective, landfill, GHG emissions, IPCC

1. Introduction

Municipal Solid Waste (MSW) management is one of the most challenging technical problems of our era.
Several technologies are now available and various policy goals are imposed for recycling of materials and
amounts to be disposed. The suitability of each technology depends on the collection scheme, the composition of
weight and the imposed policy goals. There is no a dominating technology scheme appropriate for every case so
different combinations of technologies should be examined. Due to the complexity of the problem, a systematic
approach is required in order to select the “most appropriate” solution. One of the most popular tools for
optimizing a complex system with many variables and constraints, such as the MSW management system, is

Mathematical Programming (MP).

Mathematical Programming and especially Linear Programming (LP) and Mixed Integer LP (MILP) are among
the most popular tools of Operational Research. MP models describe the system at hand using decision variables
(the unknowns of the problem), parameters (the known data) and constraints (the equations that describe the
system). The optimization criterion is expressed as the objective function that involves one or more decision
variables. The optimal solution provides the values of the decision variables that optimize the objective function,

satisfying at the same time the imposed constraints.

In the present case the MSW management system is expressed as a MILP model. All the available MSW options
and their interdependencies can be considered in the superstructure of the system (Iyer and Grossmann, 1998)
according to the process synthesis principals. The optimization of the formulated MILP model will result in the

best solution. A simultaneous, structural, design and operational optimization of the MSW system is achieved,
2
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i.e. the optimal solution comprises the suggested technology units together with their interconnections and the
timing of initiation in the MSW system (structure), their capacity (design) and the flows of the MSW quantities
and the operating loads to and from the units (operational optimization). MP has already been used for the
optimization of MSW systems in various cases (see e.g. Pires, 2011; Gottinger, 1988; Abou Najm and El-Fadel,
2004; Louis and Shih, 2007; Bonomo et al. 2012). A lot of work in the literature deals with the uncertainty in the
problem’s parameters, especially in the waste generation using fuzzy, stochastic and interval parameters (see e.g.

Huang et al., 1995; Cheng et al., 2003; Li et al., 2012).

In our days, environmental concern is growing more and more, questioning the “dictatorship” of the economic
criterion as the unique criterion in various decision making contexts. As the environmental benefits cannot be
casily monetized in order to be embedded in one economic objective function, the integrated MSW planning
requires the use of multi-objective optimization. During the last two decades, relevant multi-objective models
have been applied for optimization in fields such as energy systems, process synthesis, project selection,
environmental management, water management etc. (Steuer, 1986; Belton and Stewart, 2002; Figueira et al.
2005). Today, integrated planning becomes mandatory in MSW management too. The term “integrated” is used
to emphasize a broader view of the system, where beyond the economic objectives (the investor’s point of view)
also the environmental objectives (the sustainability’s point of view) and societal objectives (the society’s point

of view) are pursued.

As the name suggests, multi-objective optimization (or multi-criteria optimization) involves optimization in the
presence of more than one objective functions (criteria). The main difference between single and multi-objective
optimization is that in the case of latter, there optimal solution is not unique, but rather a set of equally good
alternatives with different trade-offs, which are known as Pareto-optimal (or non-dominated or efficient)
solutions. The Pareto optimal solutions define the feasible solutions that cannot be improved in one objective
function without deteriorating their performance in at least one of the rest. Usually a decision maker is needed to
provide additional preference information and to identify the “most preferred” solution (“optimal” according to

his/her subjective preferences). Therefore, multi-objective optimization has to combine two aspects, namely,

3
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optimization and decision support. In the context of MP, the multi-objective optimization is performed through
Multi-Objective Mathematical Programming (MOMP). Works in MSW management that apply multi-objective
optimization can be found in Perlack and Willis (1985), Su et al. (2008), Minciardi et al. (2008) and Galante et

al. (2010), Lu et al. (2009) and He et al. (2011) among others.

In the present study one of the objective functions is the GHG emissions (expressed as tons of CO,-equivalents).
Therefore an accurate formulation for the emissions of CO,, CH, and N,O caused by the MSW activities should
be provided. In MSW management CH, is one of the dominant factors due to its massive release from the
landfills and its GHG potential which is 21 times higher than CO,’s. CH, produced in landfills contributes
approximately 3%-4% to the annual global anthropogenic GHG emissions (IPCC, 2006). Therefore, precise
modeling of this process is of crucial importance for an accurate calculation of GHG emissions from the MSW
system (see also Gentil et al. 2009; Manfredi et al. 2009). In 2006, IPCC provided guidelines for a realistic
estimation of CH, from the landfill (IPCC, 2006). Moreover, in these guidelines, it is stated that “...In this
Volume, the use of the mass balance method [Tier 1 method in the previous report (IPCC, 1996)] is strongly
discouraged as it produces results that are not comparable with the FOD [=First Order Decay] method which
produces more accurate estimates of annual emissions” (p. 3.6, IPCC, 2006). The incorporation of the suggested
FOD model in mathematical programming models is not a trivial task as it contains first order kinetics for the
generation of the CH, in the landfill. In addition, for the accurate estimation of CH4 emissions, the composition
of disposed waste in the landfill is required . This composition is not considered as a fixed parameter (as e.g. in
IPCC, 1997; Papageorgiou et al. 2009), but it depends on the previous treatment processes before the disposal to
the landfill and it is expressed by the FOD model based on Tier 3 accounting method (IPPC, 2006; Bogner et al.
2011). According to our knowledge, it is the first time that the FOD model based on Tier 3 is incorporated in a

MP framework for MSW systems.

The remaining of the paper has the following structure. In Section 2 the general model of the MSW system and

the basic components of its MP formulation are described along with the landfill modeling regarding the CH,4
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emissions. In Section 4 the proposed and the conventional formulation are used in a case study and the results

are compared. Finally, Section 5 summarizes the basic conclusions of the study.

2. Model building

2.1 The general model

In the present case the mathematical model that describes the MSW management system is developed using the
principles of MP. The superstructure of the MSW management system is depicted as a directed graph in Figure
1. It must be noted that for each generic technology there can be more than one specific type (versions). For
example, Composting (CMP) may have up to five types of units while for Mechanical and Biological Treatment
(MBT) up to 18 types of units with different characteristics may be considered. All the available technologies
and paths of the MSW system are expressed in the model with proper relationships (equalities and inequalities).
The model consists of the decision variables (the unknowns of the problem), the parameters (the known data),
the constraints (the relationships that describe the system) and one or more objective functions (the drivers of the

optimization).

Objective functions: The two-objective functions of the problem are: (1) the minimization of the Net Present
Value (NPV) of the MSW system over a period of 20 years, which represents the economic objective and (2) the
minimization of total CO,-eq emissions of the MSW system, which represents the environmental objective. The
NPV takes into account the investment and operational costs for technologies, transportation, etc. as well as

income from recyclables, electricity and other products over a 20-year period.

Decision variables: The decision variables of the model are actually the unknowns of the optimization problem,
i.e. those variables for which we are trying to find their optimal values. The decision variables are discrete
(binary or integer) and continuous. The discrete variables are mainly associated with the structural characteristics
(e.g. is the i-th technology present in period t for the optimized MSW system? How many units will be needed?).
The continuous variables are typically associated with the design and operational characteristics (What is the

capacity of i-th unit in period ¢? Which is the amount of waste to be transported from i-th unit to j-th unit?).
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35 Figure 1: Graphical representation of the superstructure of the MSW system .

37 Acronyms for Processes: TSR: Temporary Storage for Metals, Plastic and Paper, TSG: Temporary Storage for

39 Glass, CMP: Composting, AD: Anaerobic Digestion, MRF: Material Recycle Facility, WtE: Waste to Energy, BD:
41 Biodrying, MBT: Mechanical and Biological Treatment, TS: Transfer Station, LDF1: Landfill, LDF2: Landfill for
43 Hazardous Waste.

45 Acronyms for Products: ME: Metals, PL: Plastic, PA: paper, GL: Glass, CMP: Compost, BIOG: Biogas, DF:

47 Derived Fuel, SO: Stabilized Organic, EN: Energy

52 Constraints: The main constraints of the model are the mass balances that have to be satisfied between nodes

54 (equality constraints) and the capacity constraints that have to be satisfied (inequality constraints). In addition,
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one may define policy constraints (e.g. the recycling rate or the amount of waste sent to landfill), logical
constraints in order to apply conditions for mutually exclusive alternatives or auxiliary constraints (e.g.
linearization of non-linear terms). Special reference should be made to the modeling of the landfill and the
associated CH, emissions as it will be shown in the next section. In order to calculate the emissions from WTE
and the landfill in a realistic way, the waste streams as well as their composition must be taken into account. The
composition of each stream is not considered fixed but it depends on the previous treatment. That’s why the

specific modeling requires detailed description of the material balances in each process.

Parameters:The parameters of the model are the known data. These data are the economic and technological
characteristics of the processes, the prices of the recycled materials and produced energy, the conversion factor
of every ingredient in each one of the candidate technologies, the emission factors etc. The scheme of the bin
configuration is also considered as given in the model (which types of bins are used) as well as their
composition. The different bin schemes can be examined as different scenarios. In addition, transportation

parameters related to the transport of MSW between processes are taking into account.

In the present study, the generation of the Pareto optimal solutions is performed using a version of the e-
constraint method, namely the AUGMECON method (Mavrotas, 2009). The optimization of the multi-objective
model provides a representative set of the Pareto optimal solutions for the MSW management problem. With the
term “solution” we mean the structural characteristics (which units will be constructed in each period), the
design characteristics (the capacity of the units, what capacity expansions will be required) and the operational
characteristics (annual waste flows between the units). All these quantities are expressed with appropriate
decision variables and their values will be the main output of the system along with the respective value of the
objective function(s). More information about the specific multi-objective multi-period mathematical

programming model can be found in http://www.epem.gr/waste-c-control/actions.html in Actions 1-3.
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2.2 The model for landfill emissions according to IPCC 2006 FOD model

As it was mentioned, the focus of the paper is on the modeling of the landfill emissions. The landfill is the most
challenging module regarding the emission calculation since a cumulative effect should be modeled. In
particular, the waste disposed in period ¢ affects the CH, emissions of all the subsequent periods r+1, t+2,...,
according to its methane generation rate (“landfill memory effect”) that follows a first order decay model. In all
other MSW activities (transportation and processes) the emissions are related only to the specific period. For
example, this means that for the calculation of the CH, emissions for the third period, the amount of waste
disposed in the first and the second period, must be also taken into account as they continue to emit CH,. The
CH, emissions from the landfill occur during the whole life-span of the landfill and not just in the disposal
period. In addition, they last even after the end of the study period and we need to incorporate these “post - study
horizon” emissions in our calculations for more reliable results. The modeling of this mechanism for a
mathematical programming model is a rather challenging task and to the best of our knowledge something
similar has not been reported before in the literature. It must be noted that in the literature, the attempts to
incorporate the landfill emissions in a multi-period, multi-objective model, make the assumption that the GHG
emissions are linearly related to the disposed amount (see e.g. Lu et al., 2009, p. 401, assumption 2; and He et
al., 2011, p. 114). Moreover, the reliable modeling of CH, emissions from the landfill is one of the crucial issues
in our work, as these emissions dominate in the waste management systems. Bear in mind that in quantitative

terms CHj, is 21 times more effective than CO, in the creation of the greenhouse effect (GHG potential).

According to the IPCC guidelines, the user defines the required parameters for each type of waste. In the current
case ten types of waste are disposed to the landfill, namely, “Food”, “Garden”, “Paper”, “Wood” and “Textile”
and each one of them is categorized into “treated” or “untreated”; thus, in total 10 types of waste are considered.
The required parameters according to the IPCC guidelines for each one of these materials as well as the landfill

characteristics are (IPCC, 2006):
1. Degradable Organic Carbon under aerobic conditions (DOC)

2. Fraction of DOC decomposing under anaerobic conditions (DOCY)
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3. Methane Correction Fraction (MCF)
4. Fraction of Methane in developed Landfill Gas (f)
5. Rate of reaction constant for methane generation (k)

According to the IPCC guidelines from the amount of waste W, that goes to the landfill in year £, the “active”

part that participates in the calculation of CH4 emissions (i.e. the decomposable mass) is:
WA, = DOC x DOCf x MCF x W, (1)
The methane produced from this quantity is:
MTH, = WA, x (1-¢*) xExf
12

)
=W, x[DOC x DOCf x MCF x (l—e’k) x%xf]

In the above equation the produced CH, in the landfill (MTH;) is expressed as a function of the waste stream

(W):
MTH= W, xd (3)

where:
16
d = DOC x DOCS x MCF x(1—e )xaxf @)

Assume that the annual amount for the first period of food — untreated waste going to the landfill is ¥, for the
second period W, and so on. It must be noted that in the present model each period consists of 5 years and is
characterized by a constant annual amount of waste that may be varied from period to period. Therefore, in the
first year of the first period, the amount of one category of waste (e.g. food — untreated) that is going to the
landfill is W;. In the second year the same amount is added to the landfill. However, the landfill has in place also
the remaining part of the first year disposals which is I, xe™. In the subsequent table, the amount that exists in

the landfill in year k of the first period is denoted as W ;.
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Table 1: The annual disposal in the landfill and the generated CH, emissions

Quantity added | Quantity existent in CH, generated
in landfill landfill
Period 1 | Year 1 W, W, =W, dx W,
Year 2 w, W, =W+ W, xe* dx W,
Year 3 W, W, 3s=W, + W, ,xe* dxWi;
Year 4 W, W, =W, +W,;xe* dxWw,,
Year 5 4 Wi s=W; +W; xe* dx Wis
Period2 | Year 6 W, Wo = Wot W, sxe™ dx W,
Year 7 w, W =Wyt W, xe™ dx W,
Period 4 | Year 19 W, W, =WAW, ;xe* dx Wy,
Year 20 W, W, s=W+W,xe* dx Wy

Over the 20 year time horizon, this recursive formulation can be expressed as a function of the quantities W;, W,

W3 and W, going to the landfill in each of the four 5-year periods. For each year of the first period it is:

YearO1

Year02

Year03

Year04

Year05

W],]: W,

Wi =Wt Wyixe* = Wyx(1+e")

W, =W+ Wyx(I1+e*)xe® = W, x(1+e*+e%)

Wi =W+ W;x(1 +e'k+e'2k) xe* =W, x (1 +e‘k+e‘2k+e'3k)

W1‘5:W1+ W] X(1+e—k+e—2k+e—3k) Xe—k — WI X(1+e—k+e—2k+e—3k+e—4k)

http://mc.manuscriptcentral.com/wmr
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Therefore the aggregate CH, emissions for period 1 will be:
MTH, = (W, Wit W s+ W AW, 5)x d = Wix(5+dxe*+3xe?+2xe+1xe™)x d (5)

In the second period, in addition to the new amount W, that is annually added in the landfill, it is also the

remaining from 1% period that will decay during the 2™ period as follows:

Year06 R, = Wix(1+e*+e ™ +e +e*) xe* = W, x(e*+e +e +e*+e7F)
Year07 Ry = Wyx(e* +e P+ 1o 1o xo* = W x @+ +e e et
Year08 Ry 5= Wyx (e +e 4o+ 1) xe* = W x (@ +e 4o+ re T
Year09 Ry o= W@ +e¥ 4o+ o4 07) xok = W x (¢ ¥ +e +e e T e h)
Yearl0 Ry o= Wix(@ ¥+ te e o) xe® = Wy x (e +e P te et ™)

Therefore, in the 2™ period the following amounts of waste are disposed in the landfill:

Year06 Woi= Wyt Wx(e*+e +e ¥ +e +e™)

Year07 W,,= Wox(1+e*)+ W, x(e*+eF+e ™ +e +e%)

Year08 Wss=Wox(1+e*+e®)+ W, x (e +e ™ +e 7 +e % +e )

Year09 Wy = Wox(1+e*+e*+e™)+ W x (e +e* +e ¥ +e " +e™)
Yearl0 W, s= Wyx(I+e*+e ™ +e* +e ™)+ W x (e *+e*+e ™ +e ¥ +e %)

Consequently, the methane emissions will be:
MTH, = Wy +Wyt Wos+WotWos)x d
= [Wx(e*+2xe ™ +3xeH+gxe ™ +5e 7 +4e "+ 37+ 2 +e ") + (6)
Wox(5+4xe*+3xe ™ +2xe*+ 1 xe™)|x d

The same procedure is repeated for years 11 to 20, i.e. for the 3 and 4™ periods. Following the same scheme the
CH, emissions for the 3™ and 4™ periods are calculated as follows:

11
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MTH3 — [W] X(e_6k+2><e_7k+3 ><e_8k+4 Xe—9k+5e—10k+4e—11k+3e—12k+2e—13k+e—14k)+
Wyx(e*+2xe™ +3xe M +4xe*+5¢7 +4e "+ 3¢+ 2 M+ )+ (7)

Wix(5+4xe*+3xe ™ +2xe +1xe ™) x d

©CoO~NOUTA,WNPE

10 MTH, =W, X(e-11k+2 xe %43 Xe—13k+4Xe-14k+5e-15k+4e-16k+3e-]7k+26-]8k+e-]9k)
13 Wyx (e +2xe 7" +3xe+ 4 xe ¥+ 5¢ 1%+ 4o K+ 3671 4 271471 )+

Wix(e+2xe ™ +3xe ™ +4xe ™+ 3¢ +4e %+ 3¢ ™+ 20+ )+ (8)
18 W, x(5+4xe*+3xe™+2xe* +1xe™)]x d

21 There is a good practice mentioned in IPCC guidelines (2006, p. 3.6) that also takes into account the landfill
23 emissions from year 20 to year 40, as landfills keeps on emitting CH,4 even after their shut down. This practice is

25 also followed here. These emissions are given by the following equation:
28 MTH20 40 = [W,;x(e'%+2xe !+ 3 xe ¥+ 4 xe !+ 5 xe?+ 5 xe?F 4+ +5xe7 %+

30 36k

37k
4xe

+2x e-38k

+3xe +e?%) +

33 W2X(e—11k+2><e—12k+3 Xe—13k+4 Xe—14k+5 Xe—15k+5 ><e_16k+”‘+5 Xe—30k+

36 4xe 343 xe 34 2 x g +e-34k) 9)
W3X(€_6k+2><€_7k+3X€_8k+4X€_9k+5><€_10k+5X€_11k+...+5><€_25k+

41 4 Xe-26k+3 Xe-27k+2 Xe-88k+e-29k)

44 W,x(e*+2xe ™+ 3xe*+4xe+5xe*+5xe ™+ | +5xe?%+

4Xe—21k+3 Xe—22k+2><e—23k+e—24k)] x d

Eventually, all the amounts of emitted CH4 from the landfill are expressed as a linear function of the quantities
disposed. In other words, there is no need for non-linear models in order to capture the first order decay model

54 that describes CH, generation in landfills.

57 12
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The above modeling procedure can be incorporated in most MSW management models that implement MP. If
the amounts of decomposable materials that are disposed in the landfill are expressed by appropriate decision
variables, a reliable estimation of the relevant CH, emissions over the study period can be obtained. The material
balances from the collection up to the disposal stage are needed in order to express these decision variables as a

function of the original quantities in the collection.

The decomposable materials in the waste streams are classified to “Food”, “Garden”, “Paper”, “Wood” and
“Textile”. The decision variables that express the quantity of the i-th material that goes to the landfill in period ¢

is denoted as RSDLDF;,. Then the methane emissions for period t are given by:
5 t
MTHLDF, = Y’ Y mthcoef,,_, , x RSDLDF;, t=1.4 (10)
i=l =1

The parameters mthcoef;, are actually the multipliers of W,, W,, W; and W, in the equations (5)-(8) that calculate
MTH,, MTH, MTH; and MTH, (see above) that depend on the kind of material (food, garden, paper, wood,

textile) and the timing of the disposal (1%, 2", 3™ or 4™ period).

In addition, the cases of “treated” and ‘“‘untreated” material are also considered in the current model. The
“treated” material is obtained as residual from the anaerobic digestion, composting and MBT and the “untreated”
from the other processes. The reason for this distinction is due to the different behavior regarding the generation
of CH, (different rate of reaction k). Let TRSDLDF';, be the decision variables that express the quantity of the i-th
“treated” material that goes to the landfill in period t and RSDLDF;, the corresponding “untreated” material.

Then the landfill methane emissions for period t are given by:

!

> mthcoef,,.,_,, x RSDLDF,  +

- (11)
> imthcoef,, ., <xTRSDLDF,,  t=1.4

tt=1

MTHLDEF, =

t

M- 109

1

I
—_

where tmthcoef;, are the multipliers of W,, W, W; and W, in the equations (5)-(8) that calculate MTH,;, MTH,,

MTHj; and MTH, for the treated material (they differ in k£ with the corresponding mthcoef;,; parameters).
13
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A similar equation holds for the methane emissions from the landfill for the years 21 to 40 (a period of 20 years

after the study horizon).

5 4
=1

MTH20_40LDF = ) > mth20_40coef,, x RSDLDF, , +
=l t
(12)

5 4
> > tmth20_40coef,, x TRSDLDF,,

i=l t=1

where mth20 _40coef;, and tmth20 40coef;, are actually the multipliers of of W;,, W, Wj; and W, in the equation

(9) that calculate MTH20 40 (see above) for the treated and the untreated material respectively.

In this way the CH4 emissions are expressed as linear functions of the disposed amounts of materials in each
period. However, the coefficients of these expressions (the “emission factors™) are not the same for each period
but they reflect the timing of the disposal. The equations (5)-(12) can be flexible according to the granulation of
the examined materials. The IPCC software tool for the calculation of landfill emissions (available through page
3.7 of IPCC, 2006) has seven types of waste material, namely, food, garden, paper, wood, textile, nappies and
sludge and two more general types for MSW and industry waste. The required specific parameters for these
materials (DOC, DOCY, MCF, f, k) have some default values in this software tool but they may be altered by the
user. Depending on the material granulation that a MSW model may have, it may use the individual material
amounts or the average values of MSW. In case that the corresponding amounts of the individual materials that
go to the landfill can be reliably estimated from the material balances of the processes, the material-wise

approach is more accurate than using an average MSW stream.

3. Case study

The data for the case study is drawn from the prefecture of Chania, the westernmost prefecture of the Crete
island, in Greece. The population is 156,220 inhabitants, which corresponds to approximately 25% of the total
population of Crete (temporary data of 2011 census). The MSW superstructure for the case study is shown in

Figure 2. The multi-objective, multi-period model described in the Waste-C-Control web page

14
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http://www.epem.gr/waste-c-control.(mostly in the “Action 2” and “Action 3”) is used. The model has been

implemented and solved using GAMS / General Algebraic Modeling System (Brooke et al. 1998).
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Figure 2: The MSW superstructure of the case study

For the superstructure of the model two types of bins and four processes (MRF with 3 types, Bio-drying with 2
types, MBT with 18 types and Waste to Energy with 4 types) are considered. Two versions of the multi-

objective optimization model are developed and solved:

e Model 1: With FOD model (based on Tier 3 accounting method) for the landfill emissions. The landfill
emissions are treated as suggested by the IPCC 2006 guidelines and described above (taking into account for

period ¢ the CH,4 emissions of periods #-1, -2 etc.)

e Model 2: Assuming linear relationship between emissions and disposed quantities in period ¢ (based on Tier

1 accounting method — IPCC 1996). We treat the landfill emissions as there is no emissions from previous

15
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disposals (the CH, emissions for period ¢ depend only on period’s ¢ disposal) as it is suggested by Lu et al.

(2009, p. 401, assumption 2) and He et al. (2011, p. 114).

The two versions differ in the way they handle the CH, emissions from the landfill. We apply the two models

©CoO~NOUTA,WNPE

and we obtain the Pareto curves shown in Figure 3. The Pareto curves (or efficient frontiers) are shaped by 11
11 Pareto optimal solutions generated with the augmented e-constraint method (Mavrotas, 2009). Some solutions
are very close to each other and cannot be discriminated in the chart. As it was expected, model 2 constantly
16 underestimates the GHG emissions of the 20-year period although the optimal cost obtained from the two
18 models is the same. Examining the curves it is obvious that a rational choice for a decision maker is to select the
20 solution with the greatest slope. For both models this is the third solution from the left (the third less expensive
22 solution), because with a little sacrifice in the Net Present Cost we obtain significant reduction in the GHG

24 emissions.
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53 Figure 3: Pareto curves from the implementation of the two models
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Regarding the structure of the respective optimal solutions, we isolate solutions 1 (minimum cost solution), 6
(equally balanced solution) and 11 (minimum GHG emissions). The required processes along with their timing

of initiation and capacities are shown in Table 2.

The capacity of the landfill refers to the whole 5-year period while the capacity of the other technologies is in
tones/year. A first observation is that going from the least cost solution to the least GHG emissions the structure
of the solutions change. Namely, while the system starts with the most cheap MBT type, i.e. MBT18 is a
combination of hand picking and mechanical sorting to recover recyclables along with composting of organic
fraction, it turns to MBT13 which is conventional mechanical sorting for the recovery of metals and production
of RDF & Anaerobic Digestion of the organic fraction and maturation (composting) in covered windrows and
then turns to MBT4 which is advanced mechanical sorting for the recovery of recyclables & the production of
RDF followed by a contained system for the composting of the organic fraction. MBT4 is the most expensive
but produces the least residue for the landfill. Another remark is that according to Model 1 the Waste to Energy
technology is inserted already from Solution 6 (last period). In Solution 11 the Waste to Energy technology is
inserted in period 1 for Model 1 and in period 2 for Model 2 accompanied by the hazardous landfill (the

hazardous landfill receives input only from the WTE facility).

The biggest difference in the structural characteristics between Model 1 and Model 2 is in the least GHG
emissions solution (solution 11) as it was expected. Because according to Model 1 the first period’s disposal to
landfill affects all the periods’ emissions the Model 1 tries to minimize the landfill input already from the first
period. This is not the case in Model 2 where it seems that the GHG emissions from the landfill in the first year
are less than the respective emissions of MBT and WTE, exactly because they refer only to the first period and
do not count for the later periods. In the current study we assume that 70% of the landfill’s methane is captured

or flared. The above observations will be magnified if the flaring share is even lower, which is not unusual.

In addition, if we use Model 2 ignoring the CH, emissions after the study period (i.e. exclude the variable
MTH20 40LDF from the expression of the GHG objective function), the underestimation of CO,-eq emissions

is even bigger. The CO,-eq emissions in this case vary from 143 kt to 238 kt in the Pareto front and the structure
17
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of the system for the least GHG emissions is significantly different, allowing even greater amounts to be

disposed in the landfill.

Table 2. Comparison of the installed capacities in the three solutions

Solution 1 (minimum Net Present Cost solution)

Model 1 Model 2
NPC (k€) 52531 NPC (k€) 52531
CO2-¢eq (kt) 408 CO2-¢eq (kt) 345
Period 1  Period2 Period3 Period 4 Period 1  Period2 Period3 Period 4
MRF1 16100 0 0 0 | MRF1 16100 0 0 0
MBTI18 75000 0 0 0 | MBTI8 75000 0 0 0
LDF 242600 275600 311200 344700 | LDF 242600 275600 311200 344700
Solution 6 (balanced solution between cost and GHG emissions)
Model 1 Model 2
NPC (k€) 75322 NPC (k€) 60061
CO2-¢eq (kt) 344 CO2-¢eq (kt) 293
Period 1  Period2 Period3 Period 4 Period 1  Period2 Period3 Period 4
MRF1 16100 0 0 0 | MRF1 16100 0 0 0
WTE3 0 0 0 44500 | MBT13 87200 0 0 0
MBT13 86600 0 0 0 | LDF 238000 256400 292000 325500
LDF 238000 257800 293400 193200
HZLDF 0 0 0 16700
Solution 11 (minimum CO;-eq solution)
Model 1 Model 2
NPC (k€) 273257 NPC (k€) 216583
CO2-¢eq (kt) 279 CO2-¢eq (kt) 255
Period 1  Period2 Period3 Period 4 Period 1  Period2 Period3 Period 4
MRF1 16100 0 0 0 | MRF1 16100 0 0 0
WTEI 44500 0 0 0| WTEI 0 44500 0 0
MBT4 100200 0 0 0 | MBT4 0 100200 0 0
LDF 144900 156000 168100 180000 [ LDF 427500 156000 168100 180000
HZLDF 5000 5000 5000 5000 | HZLDF 0 5000 5000 5000

Conclusively, except from the underestimation of the GHG emissions Model 2 may result in misleading

conclusions regarding the timing of the unit commissioning, especially when we move towards environmentally

friendly solutions in the Pareto front. Model 1 estimates more realistically the impact of the first periods’

behavior and advises for less input in the landfills from the first periods.

http://mc.manuscriptcentral.com/wmr
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4. Conclusive remarks

In the present paper a brief outline of a multi-period multi-objective programming model for integrated MSW
management that incorporates economic cost and GHG emissions is presented. The focus of the paper is on the
detailed modeling of the landfill CH; emissions following the IPCC 2006 guidelines (FOD model). The
incorporation of IPCC guidelines in the modeling offers a more realistic view to the MSW emission estimation.
The landfill emissions is usually the greatest component in the MSW system’s emission (among e.g.
transportation, other processes etc.) Actually, the basic environmental objective of the whole MSW management
aims at reducing the amounts going to landfill because of these long standing emissions. Therefore, a reliable

modeling for the calculation of these emissions is of paramount importance.

The comparison of this formulation with the conventional formulation used in the literature (the GHG emissions
are linearly related to the disposed amount) reveals: (i) the underestimation of the GHG emissions with the
obtained solutions and (ii) the different structural characteristics of the respective Pareto optimal solutions

especially when we move towards the least GHG emissions edge of the Pareto front.
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