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ABSTRACT 
Municipal Solid Waste (MSW) management is the field of science which explores and evolves 
strategies minimizing the final amount of wastes delivered to landfills and reducing the corresponding 
pollution related to all stages of treatment and collection. In the best practices of MSW the inherent 
energy of wastes is being recovered. In this study, the most appropriate energy recovery methods 
utilizing MSW for Greece (i.e. Sorting plant at landfill site with biogas recovery and RDF production, 
Incineration of MSW with small pre-treatment and Controlled landfill site with biogas recovery) are 
investigated based on the composition of wastes, the compatibility of the methods with the EU 
legislation, their technical availability, energy recovery capacity and contribution to the national 
energy balance, as well as economic issues, the maturity of the technologies involved and the land 
occupation requirements. A detailed multi-criteria analysis is applied considering the expected MSW 
production of Greece until 2020 along with different scenarios of waste utilization. Based on the 
results obtained, as well as on the elaboration of a sensitivity analysis, the “Controlled landfill” 
method is designated as the most prevalent energy recovery method for Greece, although under 
specific prioritization of the main parameters involved, the “Incineration” may be equally appropriate 
as well. 

KEYWORDS: energy recovery from MSW, Waste-to-Energy plants, incineration of MSW, sorting 
plant at landfill site, controlled landfill sites. 
 
 
INTRODUCTION 
The increment of Municipal Solid Wastes (MSW) production worldwide in association with the 
continuously growing concentration of chemical components in the wastes (Mahar et al., 2009) and 
the storage problems involved, have indicated the need for the implementation of more effective 
MSW treatment strategies (Sakkas et al., 2005; Konstantinidis et al., 2000). Furthermore, in the best 
MSW management practice, a considerable percentage of the energy consumed during the 
manufacturing process of the products (Cherubini et al., 2008) may be retrieved and exploited. The 
energy output of such installations is considered as a Renewable Energy Source (RES) and 
contributes to the conservation of natural resources, reduces the needs for new conventional power 
stations and provides security of energy supply (Cheng and Hu, 2010), while a new market is being 
created amid an international economic crisis. Furthermore, the final amount of wastes delivered to 
landfills is minimized and the corresponding pollution related to all stages of treatment is significantly 
reduced (Dolgen et al., 2005; Haley, 1990). In this context, the selection of the appropriate strategy 
for energy recovery by the utilization of MSW depends mostly on the quantity and composition of 
wastes, the moisture content, the current legislation, geopolitical and climate conditions, the ease of 
MSW transportation, the exploitation of the products downstream the processes, the initial and 
operational cost of the plants, the energy balance of each country and the mass and energy balance 
of the methods adopted (Cherubini et al., 2008; Cherubini et al., 2009; Consogni et al., 2005). 
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In Greece, between 1990 and 2007, solid waste generation presented a continuous annual increase, i.e. 
from 3 Mt to 5 Mt, while the per capita solid waste generated quantities grew from 0.82 kg cap-1 day-1 to 
1.21 kg cap-1 day-1 during the same period (MINENV, 2010). At that period however, no energy 
recovery activities have been implemented so far for one of the three main options of MSW 
management, i.e. recycling, mechanical and biological treatment (MBT) (Konstantinidis et al., 2001; 
2003), with almost 90 % of the wastes being directed to landfills (HSWMA, 2010). In fact, there are 
still 200-300 unmanaged illegal landfills operating in Greece each one facing a penalty of 34,000 € day-1, 
which is imposed to the State due to infringement of the EU Landfill Directive. However, among the 
national policies and fundamental objectives for the waste sector the next few years is the 
elimination of unmanaged solid waste disposal sites as well as the application of “material recovery 
at the source”. According to the Joint Ministerial Decision 29407/3508 in accordance to EU Directive 
99/31, the quantities of MSW which may need additional treatment will significantly increase after 
2013. In this context, Figure 1 illustrates data regarding the required treatment of all MSW produced 
in the mainland of Greece and the island of Crete (i.e. the biggest island of Greece) until 2020. More 
specifically, one may obtain the MSW quantities that are required to be landfilled, recycled and 
treated as well as the urgent need for the creation of additional MSW treatment facilities. At this 
point, one should keep in mind that the energy dependency (i.e. imports divided by gross national 
energy consumption) of Greece is rather high (Chalvatzis and Hooper, 2009), reaching about 70 % 
at the moment. Therefore, investments in MSW treatment should be associated with the recovery of 
the embedded energy of wastes (Europe’s Energy Portal, 2010). 
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Figure1. Treatment of MSW in the mainland of Greece and the island of Crete until 2020 (based on 

data from (Economopoulos, 2009)) 
 
Considering the above and taking into account the related stipulations of the EU legislation 
(Directives 1999/31, 2004/12 and 2008/98) as well as the effective absorbance of the potential 
installations by-products by the local market, the most appropriate energy recovery methods utilizing 
MSW for Greece are considered to be the following: 
• Sorting plant at landfill site for the recovery of useful material, the production of Refused Derived 

Fuel (RDF) by the rest inorganic fraction and the biogas recovery by the anaerobic digestion of 
the organic fraction. The energy recovery of this method is considered as the sum of electricity 
production by the provision of biogas in gas turbines and the incineration of RDF on site. 

• Incineration of MSW with small pre-treatment in order to partially remove the useful materials and 
moisture and the co-combustion of MSW with fossil fuels in excess of oxygen. Steam turbines 
produce electricity on site. 

• Controlled landfill site with biogas recovery which is actually a bottom isolated area with a 
horizontal and a vertical piping system for the collection of the liquid sludge and the biogas 
production respectively. The biogas is directed to the on site electricity producing gas turbines. 

It should be mentioned that the electrical/thermal energy production of WTE (Waste-to-Energy) 
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plants and the biogas deriving by the digestion of wastes can be easily provided to the consumers, 
while on the contrary, the production of RDF and SRF (Solid Recovered Fuel) usually meets the 
needs of the local cement industry which uses these by-products to feed its furnaces (Consogni et 
al., 2005). More specifically, the utilization of RDF for electricity generation comprises a questionable 
issue due to the possibility of operational malfunctions in the incinerators by the presence of fusible 
material. Therefore, the most popular destination of RDF is the cement-industry furnaces which, in 
the case of Greece, may theoretically reach a total capacity of 250,000t of RDF per year 
(Economopoulos, 2009). 
 
POSITION OF THE PROBLEM 
The basic idea currently examined is the utilization of the MSW leftovers after the implementation of 
EU directives regarding material recovery, recycling and hierarchy of the MSW treatment, by taking 
advantage of the central road and railroad network in the Greek mainland and the island of Crete, in 
order to achieve economies of scale, cost effective facilities and convenient distribution of the by-
products. Note that the MSW production by the numerous Greek islands is exempted due to the 
individual small quantities and the complexity of the existing naval transportation system which 
discourage the delivery of wastes to central treatment sites. 
In this context, a detailed multi-criteria analysis is applied for the three selected energy recovery 
methods utilizing MSW, considering five different scenarios of waste utilization (between 20 % and 
100 %) within a waste production safety margin of ±10 %. 
As already mentioned, the three methods under evaluation are: 

• Sorting plant at landfill site 
• Incineration of MSW 
• Controlled landfill site 

It should be noted that the expected evolution of MSW production corresponds to the “Business-as-
Usual” scenario (BAU), the -10 % to the “Minimum” scenario while the +10 % to the “Maximum” 
MSW evolution scenario. Table 1 includes the resulted variable parameters from the multi-criteria 
analysis for the three energy recovery methods within a range of the lowest MSW utilization scenario 
of 20 % with a -10 % variation, to the highest MSW utilization scenario of 100 % with +10 % variation 
estimated for the time series 2008-2020. The assessment of these estimations is based on some 
fundamental assumptions/projections regarding the following main points: 
• After the implementation of EU Directive 2004/12, which stipulates the partial recycling of the 

inorganic fraction of wastes, the ingredient and final quantities of MSW in Greece are expected to 
be as illustrated in Figure 2. The presented final quantities are considered as the input of the 
potential energy recovery installations where an additional partial removal/separation of inorganic 
fraction is taking place. It should be mentioned that, according to EU Directive 1999/31, for the 
case of controlled landfill sites, the bio-degradable fraction of the MSW delivered must be 
reduced by 2013 to 50 % of these that were landfilled during 1995. To this end, the final 
quantities delivered to controlled landfill sites after 2013 are reduced by almost 70 kg/cap/year of 
bio-degradable material, while the biogas production per tonne of MSW treated is assumed to be 
the half of the initial for the years 2013-2020. 

• The Greek energy balance forecasts until 2020 which affect the “Fossil fuel substitution” and the 
“RES contribution” values are assessed under the assumption that the augmentative rates of the 
final energy consumption of electricity (approx. 4 %) and the electricity generation based on fossil 
fuels (approx. 3 %) in Greece for the period 1997-2008 (Eurostat, 2009) shall remain stable until 
2020. The electricity imports/exports of the country (Kaldellis et al., 2009; 2011) as well as the 
distribution losses are taken into account, while the RES target of Greece in electricity production 
by 2020 is set at 20.1 % as a benchmark in an attempt to give the order of magnitude of the 
contribution of these energy recovery methods in the national fuel mix in terms of 2010. 

• All economic indicators related to every individual energy recovery method are determined based 
on public documents and scientific studies (see for example Defra, 2007; PPC, 2010; 
Economopoulos, 2007; The World Bank, 2005; Couth et al., 2003). 
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Table 1. Variables of the multi-criteria analysis for the three energy recovery methods 
(Economopoulos, 2007; EC, 2008; World Bank, 2005; Cherubini et al., 2009) 
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Figure 2. The expected ingredient and final quantities of MSW in Greece after the imposition of the 

EU Directives (based on data from EU Directive 2004/12 and Economopoulos, 2009) 
 

• The land occupation requirements are based on international literature estimations (CEWEP, 
2009; HSWMA, 2010), while other parameters such as the MSW utilization scenarios assessed 
and the leftovers downstream each individual energy recovery method (i.e. parameters that affect 
the determination of land occupation) are also taken into account for the purpose of the current 
study. 

• According to the 2008/98 EU Directive the energy production by the incineration of MSW is 
considered as “recovery” in the hierarchy of the MSW treatment methods under the condition that 
the thermal energy production of the plant is used in external purposes other than the pre-
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treatment of wastes and internal consumption of the facilities. This aims to the overall 
enhancement of the plant’s efficiency over 65 % for the facilities permitted after 31 December 
2008 (2008/98 EU Directive, Annex II). In MSW incineration  plants with annual capacity 450,000 t 
per year and using oil as a supplementary fuel for the combustion, the overall efficiency reaches      
68 %, while even the oldest waste incinerators have the ability to recover electricity to thermal 
energy with a proportion 1:2 (CEWEP, 2009). 

Following, based on the variable parameters of the multi-criteria analysis, a quantitative evaluation 
method of the three energy recovery technologies is carried out. The main parameters involved are 
normalized, while realistic weight factors are introduced for extracting evaluation grades for each 
energy recovery method examined. Accordingly, the prospects of the specific quantitative evaluation 
method are thoroughly investigated by carrying out a sensitivity analysis based on the variance of 
the incorporated parameter values. 
 
METHODOLOGY 
The method being used in the work is the classical weighted sum Multicriteria Analysis. In this 
simple multi-objective optimisation method, a set of criteria is escalated into a single objective by 
multiplying each criterion with a user supplied weight being determined by its relative importance. 
The steps of the methodology followed are analyzed below: 
Step 1: MSW potential quantities in the Greek mainland and the island of Crete until 2020 are 
designated within a safety production margin of ±10 % and five different waste utilization scenarios 
are assessed (from 20 % to 100 %). 
Step 2: A multi-criteria analysis is performed for every energy recovery method and MSW utilization 
scenario (see for example Table 1). 
Step 3: The value of the following parameters is determined. 

- Initial capital investment, i.e. the capital required for the construction of the facilities. 
- Net gains per tonne of MSW treated, i.e. the economic gains minus the operational cost per 

tonne of waste treated. 
- Fossil fuel substitution, i.e. the fossil fuel percentage intended to be substituted by the examined 

technologies in the electricity sector (environmental impacts reduction). 
- RES contribution, i.e. the contribution percentage of the energy recovery methods to the national 

20.1 % RES target of Greece (energy supply security improvement). 
- Land occupation, i.e. the land requirements for the deposition of the residues downstream the 

energy recovery processes. 
Step 4: The gap between the lowest and the highest value of the parameters illustrated in Table 1 is 
divided in a scale of 1000 points. The least wanted values take zero (0) grades while the most 
wanted ones take 1000 grades. For example, in the “land occupation” parameter the more land is 
required the less grades are attributed. For conformity reasons the lowest values of the parameters 
are assumed to be zero (0) while the highest values are selected to be slightly over the real higher 
values in case any other energy recovery method performs wider limits in the future. The 
normalization process is illustrated in Table 2. Following, Table 3 shows the normalized grades of 
the parameters for the three energy recovery methods for two different MSW utilization scenarios 
(i.e. 20 % and 100 %) estimated for a representative year (i.e. 2015). Note that, the “Sorting plant at 
landfill site” energy recovery method is not recommended for a scenario of more than 20 % MSW 
utilization due to the resulting repletion of the local market by RDF (Economopoulos, 2009) which is 
the main by-product of the specific technology. According to Table 2, the “Fossil fuel substitution” 
parameter values are limited between 0 (zero marks) and 2.5 (1000 marks). Therefore, in the 20 % 
utilization scenario the fossil fuel percentages of 0.344, 0.408 and 0.025 stand for 138, 162 and 10 
marks respectively (Table 3). Accordingly, the “Land occupation” parameter values are limited 
between 0 (1000 marks) and 5000 (zero marks). Therefore, in the same utilization scenario the 134 
decares (i.e. 134,000 m2) take 973 marks, the 206 decares take 959 marks and the 1030 decares 
take 794 marks. 
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Table 2. Normalization and marking range of the parameters 
 
 
 
 

Minimum 
value 

Grade of 
minimum 

values 

Maximum 
Value 

Grade of 
maximum 

values 
Scale Step 

1. Initial capital investment  
(million €)  0 1000 2500 

 
0 1000 2.5 

2. Net gains € t-1 of MSW 0 0 25 
 

1000 1000 0.025 

3. Fossil fuel substitution (%) 0 0 2.5 
 

1000 1000 0.0025 

4. RES contribution (%) 0 0 20 
 

1000 1000 0.02 

5. Land occupation  (decares ) 0 1000 5000 
 

0 1000 5 
 

Table 3. Normalized grades for the Business-as-Usual (BAU) evolution of MSW quantities for the 20 % 
and 100 % MSW utilization scenario (for 2015) 
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1 
Initial capital 
investment    
(million €)  

151.1 940 395.1 842 2.825 999 

2 
Net gains of 
MSW (€ t-1) 

7.18 287 11 456 19.9 795 

3 
Fossil fuel 
substitution 
(%) 

0.344 138 0.408 162 0.025 10 

4 
RES 
contribution 
(%) 

1.465 73 1.728 86 0.105 5 

20 % 

5 

Land 
occupation  
(decares= 
1000m2) 

134 973 206 959 1030 794 

1 
Initial capital 
investment   
(million €)  

Not 
applicable 

- 1975.7 210 15.7 994 

2 
Net gains of 
MSW (€ t-1) 

Not 
applicable 

- 11 456 19.9 795 

3 
Fossil fuel 
substitution 
(%) 

Not 
applicable 

- 2.03 812 0.138 55 

4 
RES 
contribution 
(%) 

Not 
applicable 

- 8.641 432 0.586 29 

100 % 

5 

Land 
occupation         
(decares= 
1000m2) 

Not 
applicable 

- 1030 794 5000 0 
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Step 5: Finally, the evaluation grades of the three energy recovery methods are estimated as 
follows: 

Evaluation grade = Σqiwi        
where “qi” is the normalized grade of an energy recovery method (see Table 3) for a specific MSW 
utilization scenario and “wi” is the corresponding weight factor within a range of 0-1. 
 
RESULTS 
Reference case 
After the implementation of the aforementioned steps the effectiveness of the three energy recovery 
methods utilizing MSW (i.e. “Sorting plant at landfill site with biogas recovery and RDF production”, 
“Incineration of MSW with small pre-treatment” and “Controlled landfill site with biogas recovery”) is 
evaluated, considering the expected MSW production in the Greek mainland and the island of Crete 
until 2020 along with different scenarios of waste utilization. In this context, Figure 3 shows the 
ranking of the three energy recovery methods for the representative year of 2015. The weight factor 
values used and the selection criteria considered in that case are given in Table 4. Based on the 
results obtained, it becomes obvious that the prevalent energy recovery method utilizing MSW in the 
concerned Greek regions is the “Controlled landfill site” mainly due to the “Initial cost” parameter 
which performs very high normalized grades in this case (see also Table 3), having at the same time 
the higher weight factor value (i.e. 40 %). 
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Figure 3. Evaluation of the three energy recovery methods (for 2015 and BAU case) 

 
Table 4. Selection criteria of the reference weight factor values 

Weight 
factor 
value 

Criterion of selection 

w1=0.40 due to the importance of the “initial capital” parameter under the present 
economic crisis 

w2=0.25 due to our interest for a relatively lucrative investment 

w3=0.15 due to the importance of the energy independency of the country and 
geopolitical and environmental reasons 

w4=0.10 because of the great wind and solar potential of the country which is expected 
to attract a large share of the domestic investments in RES 

w5=0.10 because the complex terrain of Greece could easily accommodate Waste-to-
Energy (WTE) plants without much aesthetic and social cost 

 
The ability of an alternative planning in energy recovery by MSW 
As mentioned above, the quantitative evaluation method presented provides the ability of different 
planning in energy recovery by MSW, thus making the selection of the weight factor values critical. 
In this context, Figure 4 shows an alternative scenario which is focused on the “Fossil fuel 
substitution” parameter by the energy recovered from the MSW utilization. This is achieved through 
the diversification of the corresponding weight factor by doubling its value (i.e. from 15 % to 30 %), 
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while the hierarchy of the other parameters has also been changed as well. Thus, the dominant 
parameter is now considered the “Fossil fuel substitution”, while the “Initial cost” and “Land 
occupation” come second (with w1,w5 being equal to 25 %), the “Net gains” follow (with w2 being 
equal to 15 %) and the “RES contribution” is almost out of interest (with w4 being equal to 5 %).  
Proceeding to the results obtained, one may realize from Figure 4 that for the depicted weight 
factors, the dominant energy recovery method to be applied in the concerned Greek regions is the 
“Incineration” for MSW utilization scenarios ranging from 40 % to 100 %, while in case of 20 % waste 
utilization there are not any considerable differences between the three methods under examination. 
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Figure 4. An alternative plan of energy recovery by MSW (for 2015 and BAU case) 
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Figure 5. Effect of parameter values variation (%) on the energy recovery methods’ evaluation 
grades (for 2015 and BAU case) 

 
Sensitivity analysis based on the impact of the parameter values 
As indicated above, the results of the evaluation method followed in the present study are quite 
sensitive to any differentiation of the weight factor values and accordingly to the hierarchy of the 
main parameters involved. Nevertheless, at this point, it is worth mentioning that by varying the 
selected parameters values (see Table 1) by only 10-15 %, significant fluctuations on the evaluation 
grades of each energy recovery method may arise as well, within an approximate range 
between -5 % and +15 % (Figure 5). For instance, a possible increment of the energy recovery of 
installations (i.e. a parameter which affects directly the assumed fossil fuel substitution and RES 
contribution percentages owed to the introduction of the energy recovery methods examined) in the 
examined regions in the order of 15 % would increase the suitability (i.e. evaluation grades) of the 
“Incineration” method by almost 15 % (using the reference weight factor values and the BAU case 
for 2015) at a waste utilization scenario of 80 %. Thus, that change would make the “Incineration” 
and the “Controlled landfill” almost equally competitive at lower MSW utilization scenarios regardless 
of the considerable difference in the initial cost between these two methods (Figure 6). Moreover, 
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one could realize that the augmentative rate of installation’s efficiency through the standardization of 
technologies applied would allow the partial replacement of urban landfills by small or medium size 
WTE plants. 
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Figure 6. Evaluation of the three methods after varying the energy recovery parameter by +15 %  

(for 2015 and BAU case) 
 
 

CONCLUSIONS 
A detailed multi-criteria analysis was presented and applied for the evaluation of three energy 
recovery methods utilizing MSW in the Greek mainland and the island of Crete. The five waste 
utilization scenarios which were examined (between 20 % and 100 %) revealed that the “Controlled 
landfill” is the most prevalent technology, while under certain circumstances (depending on the 
hierarchy of the criteria selected), the “Incineration” may be equally appropriate as well. 
Nevertheless, the presented quantitative evaluation method provides the ability for any alternative 
scenario to be performed through the diversification of its parameters hierarchy (i.e. initial capital 
investment, net gains per tonne of MSW treated, fossil fuel substitution in the national energy mix, 
contribution to the national RES target and land requirements) with respect to the local social needs. 
It should be mentioned that parameters which are not included in the present work such as 
“externalities” (i.e. any environmental, social, health, aesthetic, land cost, related to any activity 
relevant to the installation of the specific energy recovery plant as a direct or indirect effect) and 
“social approval” (i.e. the “Willing to Pay” or “Willing to Receive” costs for the acceptance or not of 
the energy recovery facilities by the local communities) give space for expanding the current work in 
the near future and thus enhancing the reliability of the findings. 
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