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1. Introduction
This Deliverable is a technical report which includes analytical information related to:

i. the multicriteria analysis method that was used for the design and developemnt of the appropriate software tool for landfill site allocation

ii. the criteria used for the needs of the software tool
iii. the GIS supporting the developed software tool 
iv. the methodology for the optimisation of the routings for the collection of the domestic solid waste

2. Multicriteria analysis 
2.1 Multicriteria analysis and environmental management

In general, decision making concerning environmental issues, is a multidimensional and tedious process. Decision making is a very complicated and difficult procedure which involves a series of alternative sites/scenarios that have to be assessed, taking into consideration a significant number of restricting factors and prerequisites. The development of alternative scenarios as well as the determination of the objectively best option cannot be determined by only one parameter/criterion. The scenarios must be assessed and examined based on a series of criteria.

The chosen criteria must be common for every alternative site/scenario that is examined and the importance of each criterion must be characterized by a weight factor. The selection of the appropriate criteria is rather vital in the decision making process. The criteria are being determined either (1) directly, depending on the nature and characteristics of the environmental problem that is being examined, or (2) indirectly, depending on whether the problem is to influence or be influenced by the attitude of the interested groups. The analysis of each characteristic of all the alternative scenarios, as well as the selection and examination of different criteria are aiming to define the optimum solution to the examined environmental problem. 

As has been mentioned earlier on, each of the selected criteria is designated by a weight factor. This factor is determined according to the level of significance of the criterion to the examined problem. For instance, if a criterion is important and it has a high level of influence to the examined problem than the criterion is attributed a high weight factor. Depending on the studying situation, the attributed weight factors can be classified into two categories:
· The Direct weight factors which are used in cases where the criteria number is small and the selection of the weight factors is feasible.
· The Indirect weight factors which are defined by the importance classification of criteria, the performance of an overall weight factor, or of the maximum weight factor and then, with the identification of the weight factors in relation to the summation of all weight factors, or in relation to the highest weight factor. Additionally, the use of criteria is possible, which happen not to have any weight factor.

The identification of the importance of each criterion is based on the level of significance that each of the involved working group gives. In other words the process could be characterized as a subjective one and consequently the involved parties might give higher significance in the environmental criteria compared to e.g. economical ones, and the other way round. 
2.2 Multicriteria Decision Analysis procedure
2.2.1 General 

Multicriteria Decision Analysis (MCDA) is a set of systematic procedures for analyzing complex decision problems. These procedures include dividing the decision problems into smaller more understandable parts; analyzing each part; and integrating the parts in a logical manner to produce a meaningful solution. In general, MCDA problems involve six components:

· A goal or a set of goals that the decision maker has to achieve,

· The decision maker or a group of decision makers involved in the decision making process with their preferences with respect to the evaluation criteria,

· A set of evaluation criteria (objectives and/or physical attributes),
· The set of decision alternatives,
· The set of uncontrollable (independent) variables or states of nature (decision environment),
· The set of outcomes or consequences associated with each alternative attribute pair.
MCDA techniques can be used to identify a single most preferred option, to rank options, to list a limited number of options for subsequent detailed evaluation, or to distinguish acceptable from unacceptable possibilities.
The multicriteria analysis for landfill allocation can be divided into three major phases: the intelligence phase which examines the existence of a problem or the opportunity for change, the design phase which determines the alternatives and the choice phase which decides the best alternative. The framework of the multicriteria analysis for landfill sitting is presented in Figure 1. The major elements involved in the decision making process are discussed below. 
[image: image1.emf]Intelligence 

Phase

Design Phase

Choice Phase


Figure 1: Framework of multicriteria analysis for the landfill sitting
2.2.2 Problem Definition
A decision problem is the difference between the desired and existing state of the real world. It is a gap which is recognized by a decision maker. Any decision making process begins with the recognition and the definition of the problem. This stage is in the intelligence phase of decision making and it involves searching the decision environment for conditions, obtaining, processing and examining the raw data to identify the problems.
2.2.3 Evaluation Criteria
After the determination of the problem, the set of evaluation criteria which includes attributes and objectives should be designated. This stage involves specifying a comprehensive set of objectives that reflects all concerns relevant to the decision problem and measures for achieving those objectives which are defined as attributes. 

2.2.4 Criterion Weights
A weight can be defined as a value assigned to an evaluation criterion which indicates its importance relative to other criteria under consideration. Assigning weights of importance to evaluation criteria accounts for 
· the changes in the range of variation for each evaluation criterion, and 
· the different degrees of importance being attached to these ranges of variation. 
There are four different techniques when assigning the weights: Ranking, Rating, Pairwise Comparison and Trade of Analysis Methods.
2.2.4.1 Ranking Methods
This is the simplest method for evaluating the importance of weights which includes that every criterion under consideration is ranked in the order of decision maker’s preferences. Due to its simplicity, the method is very attractive. However, the larger the number of criteria used, the less appropriate is the method. Another disadvantage is the lack of theoretical foundation.
2.2.4.2 Rating methods
The rating method requires the decision maker to estimate weights on the basis of a predetermined scale. One of the simplest rating methods is the point allocation approach. It is based on allocating points ranging from 0 to 100, where 0 indicates that the criterion can be ignored, and 100 represents the situation where only one criterion need to be considered. Another method is ratio estimation procedure which is a modification of the point allocation method. A score of 100 is assigned to the most important criterion and proportionally smaller weights are given to criteria lower in the order. The score assigned for the least important attribute is used to calculate the ratios. Again the disadvantage of this method like ranking method is the lack of theoretical foundation. And also the assigned weights might be difficult to justify.
2.2.4.3 Pairwise Comparison Method
The method involves pairwise comparisons to create a ratio matrix. It takes pairwise comparisons as input and produces relative weights as output. The most important advantages of this method are that only two criteria have to be considered at a time and that it can be implemented in a spreadsheet environment. On the other hand, the relative importance of evaluation criteria is determined without considering the scales on which the criteria are measured. Another disadvantage is that the amount of pairwise comparisons will be very large if too many criteria are examined. 
2.2.4.4 Trade-off Analysis Method
In this method, decision maker is required to compare two alternatives with respect to two criteria at a time and assess which alternative is preferred. Trade-offs define unique set of weights that will allow all of the equally preferred alternatives in the trade-offs to get the same overall value/utility. There is an assumption in this method that the trade-offs the decision maker is willing to make between any two criteria do not depend on the levels of other criteria.
The weakness of this method is the decision maker is presumed to obey the axioms and can make fine grained in difference judgements. On the other hand, the method can be implemented within the spreadsheet environment.
2.5 Decision Rules
The aforementioned weightings must be integrated to provide an overall assessment. This is accomplished by an appropriate decision rule or aggregation function. Since a decision rule provides an ordering of all alternatives according to their performance with respect to the set of evaluation criteria, the decision problem depends on the selection of best outcome. Decision rules should be evaluated for each criterion.   
2.5.1 Simple Additive Weighting (SAW)
Simple additive weighting which is also known as weighted linear combination or scoring methods is a simple and most often used multiattribute decision technique. The method is based on the weighted average. An evaluation score is calculated for each alternative by multiplying the scaled value given to the alternative of that attribute with the weights of relative importance directly assigned by decision maker followed by summing of the products for all criteria. The simple additive weighting method evaluates each alternative, Ai, by the following formula:
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Where: xij is the score of the ith alternative with respect to the jth attribute, wj is the normalized weight.

If the scores for the criteria are measured on different measurement scales, they must be standardized to a common dimensionless unit before the SAW method. The simplest procedure for standardizing the raw data is to divide each raw score by the maximum value for a given criterion.
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The advantage of this method is that it is a proportional linear transformation of the raw data which means that the relative order of magnitude of the standardized scores remains equal. One disadvantage is that the lowest standardized value does not necessarily equal to zero which makes the interpretation of the least attractive criterion score difficult. 

The SAW method is quite widely used in real world due to its easiness. However, the ignorance of the definition of the units of measurement and little theoretical foundation are the disadvantages of this method.

2.5.2 Analytical Hierarchy Process (AHP)
The AHP developed by Saaty (1980) is a technique for analyzing and supporting decisions in which multiple and competing objectives are involved and multiple alternatives are available. The method is based on three principles: decomposition, comparative judgment and synthesis of priorities.

In the AHP, the first step is that a complex decision problem is decomposed into simpler decision problems to form a decision hierarchy. When developing a hierarchy, the top level is the ultimate goal of the decision. The hierarchy decreases from the general to more specific until a level of attributes are reached. Each level must be linked to the next higher level. Typically a hierarchical structure includes four levels: goal, objectives, attributes and alternatives.

Once decomposition is completed, cardinal rankings for objectives and alternatives are required. This is done by using pairwise comparisons which reduces the complexity of decision making since two components are considered at a time. It involves 3 steps: (1) development of a comparison matrix at each level of hierarchy (2) computation of weights for each element of the hierarchy and (3) estimation of consistency ratio. 

The final step is to combine the relative weights of the levels obtained in the above step to produce composite weights. This is done by means of a sequence of multiplications of the matrices of relative weights at each level of the hierarchy. First, the comparison matrix is squared and the row sums are calculated and normalized for each row in the comparison matrix. This process is continued when the difference between the normalized weights of the iterations become smaller than a prescribed value.
2.5.3 The value/utility function methods

The method is based on multiattribute utility theory. The value function approach is applicable in the decision situation under certainity (deterministic approach) which assumes that the attributes are known with certainity whereas the utility function approach is convenient for the uncertainity conditions (probabilistic in nature).

The value/utility function involves two elements: (1) the single attribute utility/value function to transform attribute levels into an interval utility/value scale, (2) the trade off analysis for defining the weights. By multiplying the utilities by the weights, the trade-offs among the attribute utilities are taken into account in the multiattribute utility function. The overall utility or value for any alternative is a weighted average of the single attribute utilities. This method is similar to SAW method except the score xij is replaced by a value or utility derived from the value/utility function.
There are two assumptions of preferential independence which refers that the relative preferences of attributes are not altered by changes in other attributes and utility independence which means that the utility function over single attribute does not depend on the other attribute. 

One of the most important advantages of this method is the above assumptions which enables decision maker to focus initially on deriving utility function for one attribute at a time. The method provides a better theoretical foundation for describing the utilities. However, the method is impractical and it is difficult to obtain a mathematical representation of decision maker’s preferences, because assessing utility functions with even a moderate number of criteria is very time consuming and tedious. In addition, the method neglects the existence of spatial relationships among spatial alternatives. 
2.5.4 Outranking Methods
These methods which are also known as concordance methods are based on a pairwise comparison of alternatives. They provide an ordinal ranking and sometimes only a partial ordering of the alternatives which means that it can only express which alternative is preferred but cannot indicate how much. The best known outranking methods are ELECTRE and PROMETHEE. 
The basic elements of this method is concordance measures which are the set of all criteria for which alternative ‹‹i›› is not worse than the competing alternative ‹‹i′›› and disconcordance measures which are the set of all criteria for which alternative ‹‹i›› is worse than the competing alternative ‹‹i′››. These indicators are calculated for all pairs of alternatives and then the alternatives with the highest concordance value and with the lowest disconcordance value are found. There are formulas suggesting to determine overall score for each alternative based on these indicators.
The outranking method for the landfill sitting involves several steps:
1. Determination of the set of feasible alternatives

2. Standardization of each attribute

3. Definition of the weights assigned to each attribute (0≤w≤1, Σw=1)

4. Generation of the concordance matrix by calculating the concordance indices for each pair of alternatives

5. Summation of the rows of the concordance matrix to obtain the overall score for each alternative

6. Ranking the alternatives according to the descending order of the sum of the concordance indices (Ci), the alternative with the highest value of Ci is the best alternative.
The advantages of this method include that least amount of information from decision maker is required and it can consider both objective and subjective criteria.

In this study, the PROMETHEE method was selected because of its simplicity and its capacity to approximate the way human mind expresses and synthesizes preferences in front of multiple contradictory decision perspectives. PROMETHEE method as already mentioned above belongs to the wider family of the outranking methods. Here, the most important of the underlying concepts are presented.
2.6 The PROMETHEE method

2.6.1 Principles

As all outranking methods, PROMETHEE method, which is the method that is developed and used through the project, proceeds to a pairwise comparison of alternatives in each single criterion in order to determine partial binary relations denoting the strength of preference of an alternative a over alternative b. The evaluation table is the starting point of the PROMETHEE method. In this table, the alternatives are evaluated on the different criteria. These evaluations involve essentially quantitative data.  

The implementation of PROMETHEE requires two additional types of information, namely:

· information on the relative importance (i.e. the weights) of the criteria considered;

· information on the decision-maker’s preference function, which he/she uses when comparing the contribution of the alternatives in terms of each separate criterion.

The weights of criteria can be determined according to various methods. In the present work, weight factors reflecting the DMs previous experience and their insights are adopted.   

2.6.2 The preference function

The preference function (Pj) translates the difference between the evaluations (i.e.,scores) obtained by two alternatives (a and b) in terms of a particular criterion, into a preference degree ranging from 0 to 1. Let

Pj(a,b)=Gj[fj(a)-fj(b)], (1)

0≤ Pj(a,b) ≤ 1, (2)

be the preference function associated to the criterion, fj(i) where Gj is a non decreasing function of the observed deviation (d) between fj(a) and  fj(b).

In order to facilitate the selection of a specific preference function, six basic types have been proposed, usual function, U-shape function, V-shape function, level function, linear function and Gaussian function (Table 1 ). 

Table 1: Preference functions of Promethee
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PROMETHEE allows the computation of the following quantities for each alternative a and b:

πr(a,b)= 
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For each alternative a, belonging to the set A of alternatives, π(a,b) is an overall preference index of a over b, taking into account all the criteria, φ+(α) and φ-(α). φ(α) represents a value function, whereby a higher value reflects a higher attractiveness of alternative a and is called net flow.

The two main PROMETHEE tools can be used to analyse the evaluation problem:

· the PROMETHEE I partial ranking,

· the PROMETHEE II complete ranking.

The PROMETHEE I partial ranking provides a ranking of alternatives. In some cases, this ranking may be incomplete. This means that some alternatives cannot be compared and, therefore, cannot be included in a complete ranking. This occurs when the first alternative obtains high scores on particular criteria for which the second alternative obtains low scores and the opposite occurs for other criteria. The use of PROMETHEE I then suggests that the decision-maker should engage in additional evaluation efforts. PROMETHEE II provides a complete ranking of the alternatives from the best to the worst one. Here, the net flow is used to rank the alternatives.

Additional tools such as the ‘walking weights’ can be used to further analyse the sensitivity of the results in function of weight changes.

2.6.3 Sensitivity Analysis
In many decision rules it is assumed that complete information is available so that the criterion outcomes of each alternative are precisely known. However, in real world situations, this is not the case and analysis should be made to investigate whether the preliminary conclusions are robust or not. Sensitivity analysis aims to identify the effects of changes in the inputs which are geographical data and the decision maker’s preferences on the outputs, in other words, on the ranking of alternatives. If the changes do not significantly affect the outputs, then the ranking is assumed as robust and satisfactory. If the result is unsatisfactory, it should be return to the problem formulation step.
2.6.4. Implementation of GIS or MCDA combined with a software for Landfill Site Selection
Different methods of site selection for waste disposal have been developed over the last decades to provide more efficient waste disposal allocation.
Conventional location models for solid waste management in the late 1960s focused on financial optimism which includes the operation costs of the facility, the costs of the transportation of waste to the facility and the revenues generated by the facility such as energy. During the 1980s and 1990s, people became aware of the potential of pollution due to waste disposal which led to more restrictive environmental regulations and to increase the emphasis given to the recycling and waste reduction. One of the preliminary researches on this approach is cited as Lane and McDonald (1983) and they had considered only environmental properties of the sites on a map layer based approach. Whereas DRASTIC and LeGrand methods evaluated the sites by focusing only on a single parameter e.g. groundwater potential.
As the landfill site selection process depends on a variety of laws, regulations and factors, large volume of spatial data should be evaluated and processed. To overcome this difficulty, GIS has been used to select suitable sites for landfill. Basic prerequisite is that geographical digital data exists. Layers should be stored for every critical parameter in the database and overlaid as analytically described above.   

Although GIS is a very useful tool in sitting experiences, it lacks the ability to locate an optimal site when compactness and other factors are considered at the same time.
In case when geographical digital data do not exist, Multicriteria Analysis combined with an appropriate software tool can determine suitable landfill sites. Multicriteria Decision Analysis (MCDA) approach is a commonly used method in solving landfill allocation problems since it provides decision makers with the most satisfactory and preferable alternatives. Furthermore MCDA can cope with the complexity and dependency of different decision groups and provides multiple alternative solutions and different criteria when planning solid waste management systems.
3. Exclusion Criteria for the examination of alternative potential landfill sites
The natural characteristics of a site determine partly whether an area is suitable for landfill sitting or not. When potential alternative landfill sites are examined, a first screening takes place in order to exclude/reject the sites which are considered as unsuitable for the construction and operation of a landfill. This screening is implemented by establishing and using a set of exclusion criteria, as presented in Table 2.

Table 2: Exclusion criteria for landfill site selection                 
	Distance of built-up areas/settlements
	≤ 1500 m 

	Distance from agricultural and stock-raising activity 
	≤ 1000 m

	Distance from mining activity
	≤ 1000 m 

	Distance from military areas
	≤ 1500 m

	Distance from historical, religious and archaeological sites
	≤ 3000 m

	Distance from forests and woody areas
	≤ 1000 m

	Distance from recreation areas
	≤ 1500 m

	Distance from touristic areas
	≤ 1500 m

	Distance from surface waters (rivers, streams, lakes)
	≤ 1000 m

	Distance from coasts
	≤ 1000 m

	Distance from airports
	≤ 6000 m

	Distance from protected areas and areas of ecological interest
	≤ 5000 m

	Distance from the main road network
	≤ 1000 m

	Distance from secondary road network
	≤ 1000 m

	Distance from faults/ crevices
	≤ 1000 m


4. Setting of Selection Criteria for the site allocation of a landfill

This section presents the criteria that must be taken into consideration when evaluating the suitability of alternative sites for landfill sitting. The criteria can be classified into five groups each one including a significant number of individual criteria, as given below.
4.1 Group of criteria A: Geological – Hydrological – Hydrogeological criteria

According to the operation principles of a landfill site, special attention must be given to the reduction of leachate that is generated in the site as well as on the efficient control of the produced leachate. The aim is to minimize the negative impact that leachate may cause to the surrounding environment.

This group of criteria refers to the level of protection of surface water and groundwater in case of failure to (i) the waterproofing of the site, or (ii) the leachate collection system. This group includes a number of individual criteria aiming  to optimize the evaluation/analysis of the examined areas with regard to their geological, hydrological and hydrogeological conditions to host a landfill site. These individual criteria are presented below.
A1: Type of catchment area
A catchment area is an extent of land where water from rain or snow melt drains downhill into a body of water, such as a river, lake, dam, estuary, wetland, sea or ocean. Limits of a given catchment area are the heights of land - often called drainage divides, or watersheds - separating it from neighboring drainage systems. The catchment area acts like a funnel - collecting all the water within the area covered by the basin and channeling it into a waterway. 

The volume of the surface water which flows in a catchment area is a function of several parameters such as the intensity, duration and distribution of rain, the permeability of soil, the flora type, the plantation coverage, the physiographic characteristics of the basin, the geometric attributes of hydrographic network and the aquifer’s depth. The flow-off is a circle which comprises of five phases: 
a. Phase 1: It refers to the end of the drainage period before rainfall begins. The flow in the different fields (branches) of hydrography is conserved either exclusively of run-off of the aquifers or from the sources of mountain areas. At the end of autumn different branches of hydrographic network coincide with drainage axis of aquifers when the hydrostatic surface is high.       
b. Phase 2: It refers to the starting of rainfall. Rain at this phase is apportioned above the drainage of the different branches of the hydrographic network, the vegetative retention, the ground subsidence, the impermanent concentration in morphological subsidence and evaporation.
c. Phase 3: It is connected with the period that rainfall is continued. At this phase, the potential water restrain is affected by the  plants and the accumulation  in morphological subsidence. The flow-off in lowland areas is significant  when the quantity  of water which falls in the soil is higher  than the water which  runs through the soil. This flow-off water passes through the different branches of the local hydrographic network and according to the intensity and the duration of rainfall, flood may occur. At this phase, the enrichment of the aquifers begins. 
d. Phase 4: It refers to the continuation of the rainfall period and the enrichment of the aquifer. There is an excess of surface water which is directed to the branches of hydrographic network, presenting increased flooding possibility.
e. Phase 5: It refers to the period when rainfall ends and the drain phase (Phase 1) starts again. The flow in the different branches of the local hydrographic network is conserved from the drainage of aquifers. 
The catchment areas can be categorized according to the topography and the anaglyph of the examined region. Areas that have a steep topographic gradient (unopen catchment areas) are more preferable than those that have a gradual gradient (open catchment areas) to be selected for landfill sitting. A catchment area that has a steep topographic gradient has the ability to constrain potential pollutants from spreading to a wide area. On the contrary, areas with a gradual topographic gradient may allow pollutants to run-off from the landfill area to surface water bodies. According to this classification the “type of catchment area” criterion can be measured on a 1 to 10 scale as presented below:

	Unopen  catchment area 
	10

	Unopen  catchment area at least at ¾
	8

	Unopen  catchment area at least at ½
	6

	Unopen  catchment area at least at 1/4 
	4

	Completely  open catchment area 
	1


A2: Extent of catchment area
The regional topography also has a direct impact on the flow of surface run-off, run-on and drainage from a waste disposal site. Run-off refers to rainwater or leachate that drains overland from the facility and run-on refers to the overland drainage on to any part of the facility. Sites with little need for control of run-on from upland and slow run-off are preferable. Run-on is controlled by berms and stream diversion. Run-off control is affected by the velocity of water traversing the site. To limit the potential spread of contaminated runoff, a landfill should not be located on the divides of major catchments areas. 
With respect to the size of a catchment area it is considered that areas smaller than 30 thousand hectares are ideal for landfill sitting while catchement areas larger than 80 thousand hectares should be regarded as unsuitable. The extent of a catchment area criterion is measured on a 1 to 10 scale and it is presented below:
	Catchment area smaller than 30 thousand hectares 
	10

	Catchment area between 30-50 thousand hectares
	7

	Catchment area between 50-70 thousand hectares
	5

	Catchment area bigger than 80 thousand hectares
	1


A3: Level of water restrained by the soil

Another crusial criterion for analysing the suitability of an area for landfill sitting is the level of water that is being restrained by the soil. Equations (1) and (2) give an estimation of the level of water restrained by the soil. 
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Where: Ic is the level of water that infiltrates through the soil ( in mm) 
P is the level of greater rainfall in the area that occured the last 30 years ( in mm)

The level of restrained water (Y) is calculated by abstracting the Ic value from P: 
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To obtain a more accurate estimation of the level of water restrained by the soil it is important to take into consideration the level and type of plantation coverage of the examined area. Thus the estimated value Y is multiplied by a specific factor  which represents the percentage and type of plantation coverage. Finally according to the percentage of water that is restrained by the soil the “restrained water” criterion is divided into five levels and measured on a 1 to 10 scale as presented below:
	 Water restraint at 75-100% (Extremely high)
	10

	Water restraint at 60-75% (High)
	8

	Water restraint at 45-60% (Moderate)
	6

	Water restraint at 25-45% (Low)
	4

	Water restraint lower than 25% (Very low)
	1


A4: Stability of slopes 
Slope failure is a phenomenon that a slope collapses abruptly due to weakened self-retainability of the earth and it is strongly related to the topography of the examined area. Slope failure in a landfill site, may result to extensive environmental damages. An area with a large land slope may be unstable, thereby making landfill construction too expensive and its maintenance too difficult. Areas that have a land slope of more than 40% are considered to be unsuitable for landfill sitting. A more conservative scenario suggests that land slopes greater than 15% should not be considered suitable for waste disposal. 
The “slope stability” criterion is measured on a 1 to 10 scale based on the most conservative scenario and it is presented below:
	Land with slopes smaller than 3%
	10

	Land with slopes between 3-5%
	7

	Land with slopes between 5-10%
	5

	Land with slopes between 10-15%
	3

	Land with slopes greater than 15% 
	1


A5: Composition and thickness of the soil
The geology of an area will directly control the soil types created from the parent material, loading bearing capacity of the landfill’s foundation soil, and the migration of leachate. Rock and its structure type will determine the nature of soils and the permeability of the bedrock. 
The evaluation of the characteristics of the soil is very important when it is to be used as the base material for the disposal of solid wastes. The characteristics of a soil can be determined from drillings performed manually or with drilling equipment. From these drillings it is possible to identify the different strata and soil types. The type of the soil is determined by its structure, thickness, texture, distribution, and the level of its porosity. These parameters characterise the soil’s capability to control leachate from landfill sites. The porosity of the soil specifies the percolation rate of water through soil. In high porosity soils the movement of water is more rapid than in compact soils. Table 3 presents the properties of different types of soil on a dry and wet basis. 
Table 3: Types and properties of mineral soils
	Soil Type
	Texture

	
	Dry soil
	Wet soil

	Sandy


	Breaks into single, rough-feeling grains. Under pressure, it breaks down 
	When squeezed, it forms a ball that breaks when touched. 

	Predominantly

Sandy
	Breaks easily. At first the texture appears soft, but when ground, a sandy texture predominates.
	Forms a mass that allows handling without breaking. 

	Loamy (soils

with characteristics

of sand, silt, and clay)
	Breaks under moderate pressure and the pellets preserve their shape. When pulverized, it has a smooth sandy texture and it can be subjected to molding.
	A ball of loamy soil can be handled easily, without breaking. The surface of the pulverised soil is rough.

	Predominantly

Silty
	The aggregates are concrete but can be broken under moderate pressure and the formed pellets are concrete as well. When the soil is pulverized, it has the same texture as powder.
	A mold of predominantly silty soil can be handled without breaking. During pulverising, the surface appears rough.

	Predominantly

Clayey
	Very concrete aggregates which are resistant in breaking. When pulverized, the soil’s surface appears rough.
	A mold of this soil can be easily handled, without breaking. The soil has a plastic and adhesive texture.

	Clayey
	Very concrete aggregates which are resistant in breaking. Its molds are very solid. When pulverized, the soil’s surface has a sandy texture.
	A mold or ball of this soil can be easily handled, without breaking. During pulverising, the surface of the soil has a sleek and soft texture.


Although the color of the soil is not an important characteristic, it can be considered as a microscopic indicator that shows the condition of the soil. For instance, yellowish and reddish shades indicate that a soil has undergone severe weathering, since those colors appear when iron oxides have been formed while dark brown or light brown colors often indicate the presence of organic matter. If during an excavation a change of color is found, this is frequently an indication that a different soil stratum with different properties has been reached. Table 4 is an indicative example of a drilling that shows the different soil layers and their depth. One can distinguish when a soil layer ends and when the next one begins by the difference in their colour.

Table 4: Texture and structure of the soil 
	Depth (m)
	Texture
	Structure
	Color

	0.0
	Predominantly silty


	Granular
	Brown 

	
	
	Laminar
	

	1.0
	Clayey-silty
	
	Brown, yellowish 

brown

	2.0
	Clayey
	Blocky
	

	3.0
	Clayey-sandy
	Laminar
	


Based on the soil’s composition that was described above and considering the thickness of the soil’s layer the “Composition and thickness of the soil” criterion can be measured on a 1 to 10 scale as set below:

Table 5: Calibration according to the soil type and thickness 
	
	
	Soil Thickness

	Soil   Type
	
	< 1m
	1-5 m
	5-9 m
	>10 m

	
	Sandy
	1
	1
	1
	3

	
	Predominantly sandy
	5
	8
	9
	10

	
	Loamy (soils with characteristics of sand, silt, and clay)
	4
	7
	9
	10

	
	Predominantly silty
	2
	3
	5
	7

	
	Predominantly clayey
	3
	6
	8
	9

	
	Clayey
	4
	7
	9
	10


A6: Rate of water passage through the soil (Permeability of the soil)
The hydraulic conductivity (permeability) of the soil beneath a landfill liner system determines to a large degree the potential of water migration that may have penetrated the landfill liner. Hydraulic conductivity is a measure of the permeability of the aquifer. Hydraulic conductivity is controlled by the amount and interconnection of void spaces within the aquifer which may occur as a result of intergranular porosity, fracturing, jointing, bedding planes, cooling and solution channels. Figure 2 depicts approximate ranges of hydraulic conductivity for a variety of unconsolidated and consolidated geologic materials. The best data indicative of hydraulic conductivity is the transmissivity which is measured by performing pumping tests. Figure 2 also establishes the following classification for suitability based upon hydraulic conductivity (K): Recommended, K≤ 1E-7 cm/sec; Marginal, 1E-5 > K > 1E-7 cm/sec; and Not Recommended, K≥ 1E-5 cm/sec.
[image: image11.emf]
Figure 2: Suitability classification based upon range of hydraulic conductivity values for a variety of unconsolidated and consolidated geologic materials.
Table 6 presents general figures and ranges of the permeability and percolation of different types of soil.
Table 6: Hydraulic characteristics of soil 
	Soil texture
	Permeability 

(cm/hour)
	Percolation
(min/2,5 cm)
	Observation

	Sand


	> 15


	< 10a

	Very permeable, unsuitable for constructing landfill

	Predominantly sandy

Predominantly  

    silty porous
Predominantly  

    clayey-silty
	0.5 to 15
	10 to 45
	Unsuitable for disposal of  solid wastes



	Clayey-compact

Predominantly silty

Predominantly  

    clayey-silty
	< 0.5
	> 60
	Impermeable, good for disposal of solid wastes




a Very permeable or permeable terrain is not suitable for the disposal of solid wastes.
Nearly impermeable materials, such as clay and shale, greatly restrict the zone that could be potentially affected by landfill leachate when compared to more permeable soils, such as gravel, sand and silt. Clay and shale units may contain discontinuities such as fissures, joints, fractures, and desiccation cracks that can increase the unit's bulk hydraulic conductivity. However, such discontinuities must be interconnected to significantly reduce the unit's effectiveness in restricting waste migration. Homogeneous, compact and nearly impermeable clay and shale beds that provide a large vertical separation between the base of the landfill and the uppermost aquifer are suitable locations for landfill sitting in terms of composition of the soil. Unfractured metamorphic and igneous rocks may also provide secure locations for municipal solid waste disposal. Therefore, landfill sites located in areas with the aforementioned soil characteristics present extremely low risk of contamination of surface water or groundwater through the migration of leachate that is generated in a landfill body. 
Clays also can be adversely affected by certain organic chemicals. Any clay that is utilized as a barrier to waste migration should be tested for compatibility with waste disposed in the landfill.

Municipal solid waste landfills should not be constructed so as to intercept or to directly overlay appreciable thicknesses of permeable soils, such as gravel, sand, or silt. Seams, lenses, or thin beds of sand or silt that extend for only a short distance and are surrounded by clay do not significantly increase the potential for waste migration. Sandy clay or clayey sand beds may exhibit a sufficiently low permeability that the rate of waste migration would be extremely slow. However, as the continuity, thickness, or permeability of a sand or silt unit increases, there is correspondingly less assurance that waste migration will be sufficiently restricted. As a result, regionally continuous beds, strata or moderately to highly permeable soils should be avoided.

Karst areas in limestone, dolomite, and caliche serve as poor hosts for industrial solid waste landfills due to their high hydraulic conductivity. Any fractured rock such as limestone, dolomite, sandstone, or igneous and metamorphic rocks will not provide a high degree of secondary containment if the fractures are interconnected. Hydraulic conductivities in limestone, dolomite, and sandstone generally are highly variable and typically are within the marginal range. Such materials are not preferred as secondary containment materials.

Comparing extreme permeability rates, unfractured crystalline rocks present low transmission level of water , while  poorly cemented sandstones  allow rapid transport of water. Due to the high permeability rates of sandstone, it is considered less suitable as a landfill bedrock than other sedimentary rocks such as limestone and shale. Limestones are less suitable than shales due to their carbonate composition which enables the rock’s dissolution at low leachate pH values. Limestones are commonly associated with discontinuities and karst features such as collapses, sinkholes, and caverns. Shale formations are well suited for landfill sites since shales commonly act as a retarding bed slowing or confining the transmission of fluids. 

Figure 3 shows the influence of sedimentary rock types on the permeability rates of landfill leachate. 
[image: image12.emf]
Figure 3: Lithologic influence on permeability rates of landfill leachate
In addition, Table 7 summarizes some of the various rock types of suitability for landfill sitting.
Table 7: Landfill suitability of bedrock 
	Rock Type
	Suitability

	Unfractured crystalline
	Very high

	Shale and clay 
	High

	Limestone
	Fair to poor

	Sandstone
	Poor to very poor

	Unconsolidated sand/gravel 
	Unsuitable 


Based on the aforementioned information the “Hydraulic conductivity of soil” criterion is measured on a 1 to 10 scale as set below:

	Extremely low permeability
	10

	Low permeability
	7

	Moderate permeability 
	3

	High permeability
	1


A7: Composition and thickness of the subsoil 

The process of landfill allocation also depends on the structure and behaviour of the subsoil. Subsoil is defined as the earth’s layer in between the topsoil and the water table. The effectiveness of the subsoil in inhibiting contaminants migration determines the rate and degree of contamination of the underlying groundwater. Groundwater is a principle vector for the diffusion of contaminants to the wider environment. Through groundwater contamination entire ecosystems can be affected such as the aquatic systems into which the groundwater discharges (springs, lakes, rivers, harbours, estuaries, wetlands, coastal zone). The risk of groundwater contamination must be minimized and to achieve that it is prerequisite that there is a good understanding of the groundwater systems, the transport processes through the unsaturated and saturated zones, the chemical and biological processes of the involved contaminants as well as the acceptable level of risk of exposure. 
The chemical properties of the subsoil are very variable and of considerable significance since different pH values and redox conditions can affect the rate of water/contaminants percolation and absorption. Cation exchange attenuates some pollutants within the subsoil zone. Furthermore the presence of contaminants involves chemical reactions that can take place within the subsoil and the aquifer media and thus introducing toxic substances into the groundwater. 
If the subsoil is permeable enough then its thickness is of crucial importance in determining the level of groundwater contamination risk. If the subsoil thickness is not sufficient then there is danger that pollutants, particularly microbial pathogens, will get into the groundwater in the bedrock. Table 8 presents the vulnerability rating with respect to the type and thickness of the subsoil. As a result in order to assess the subsoil for a disposal site it is necessary to know its composition and thickness. 
Table 8: Subsoil permeability (type) and Thickness 
	Vulnerability 
Rating
	High permeability (sand/gravel)
	Moderate permeability (e.g. sand soil)
	Low permeability (e.g. clayey subsoil, clay, peat)

	Extreme
	0.0 – 3.0 m
	0.0 – 3.0 m
	0.0 – 3.0 m

	High
	> 3.0 m
	3.0 – 10.0 m
	3.0 - 5.0 m

	Moderate
	N/A
	>10.0 m
	5.0 - 10.0 m

	Low
	N/A
	N/A
	> 10 m


The flow of underground water in the different hydro-litho logical formations occurs through:

· The firstly porosity and 
· The secondary porosity.

The firstly porosity is the main characteristic of slack formations while the secondary of compact rocks which present mechanical properties (fissures, breaks). 
Secondary porosity in rock may be caused by the dissolution of rock e.g. karst or by regional fracturing (for example, greywacke). In soils, secondary porosity may be caused by desiccation cracks or fissures. Fractures or macropores respond quickly to rainfall events and other fluid inputs and can transmit water rapidly along unexpected pathways. Secondary porosity can result in localized high concentrations of contaminants at significant distances from the facility. 
Rocks that present secondary porosity are limestone, dolomite, quartzite, granite and ophiolites. At the end, some rocks present both firstly and secondary porosity such as bluestone and conglomerate. Rock’s fissures are responsible for the discontinuities which disrupt the continuity of rock and their length varies from several centimetres to several meters while fissures orientation controls the main direction of underground water flow. Another issue of great importance is the density of fissures. When their density is high the possibility for the fissures to connect to each other is increased and consequently the possibility to form an integrated aquiferous is also increased. 
With respect to the subsoil composition, impermeable formations are considered more favourable than the karstic formations.
The criterion is measured on a 1 to 10 scale which is defined below:

	Thickness of soil 
	< 1m
	1-3 m
	3-5m
	5-10 m
	>10 m

	Sandy/ Gravel
	1
	1
	3
	5
	6

	Predominantly sandy
	2
	3
	4
	5
	7

	Predominantly clayey
	2
	3
	5
	7
	9

	Clayey/ Peat
	3
	4
	5
	8
	10


A8: Rate of water passage though the subsoil (permeability of the subsoil)
Permeability is a general term used to describe the ease with which a fluid can flow through the voids and pore spaces of a rock or sediment. Permeability depends on the porosity, pore size, void size and tortuosity of flow path. Permeable rocks such as gravels, and some limestones and basalts allow rapid groundwater flow at tens or even hundreds of metres per day. Relatively impermeable strata composed of clay and silt restrict groundwater flow to rates of less than a few metres per year. Fractured greywacke can be quite permeable while massive greywacke is relatively impermeable. 

The permeability of the subsoil of a landfill site has an important role to play in the development of landfill as it can act like a barrier to leachate. In ideal conditions, the permeability of the soil should be about 1 x 10-9 cm/sec. In the cases of: i. very dry regions where the volume of water infiltration is minimized due to evaporation, ii. the runoff water diversion measures are applied, and iii. the aquifer is at depth greater than 30 m; the permeability of the substratum can be higher and up to 10-6cm/sec. 
The criterion is measured on a 1 to 10 scale which is defined below:

	Extremely low hydro-permeability (<10-9 m/s)
	10

	Low hydro-permeability (10-9 – 10-6 m/s)
	7

	Moderate hydro-permeability  (10-6 – 10-2 m/s)
	3

	High hydro-permeability (>10-2 m/s)
	1


A9: Existence and type of groundwater
The leachate that is generated in a landfill constitutes a risk of groundwater contamination in cases of failure of the site waterproofing system or failure of the leachate collection system. So it is necessary to locate a site with the minimum adverse effects that may be caused from the aforementioned failures.  

This “existence and type of groundwater” criterion is divided in two sub-criteria depending on the level of significance of groundwater (local, moderate, high and greater) and the type – level of groundwater utilization (high, moderate, slight and insignificant). These sub-criteria are equally important therefore the weight factor of each sub-criterion of the examined location is multiplied by 0.5 while the final score of this criterion is evaluated by summing up these sub-scores.     

Existence/significance of groundwater

This sub-criterion is measured on a 1 to 10 scale which is defined below:

	Local
	10

	Moderate
	7

	High 
	3

	Greater
	1


Type of groundwater
This sub-criterion is also measured on a 1 to 10 scale which is defined below:

	Insignificant 
	10

	Slight 
	7

	Moderate 
	3

	High
	1


A10: Distance of the facility from water resources 

The landfill site should not be placed within surface water or water resources protection areas in order to prevent contamination of aquatic ecosystems from leachate. Safe distances from meandering and non-meandering rivers should be foreseen to prevent waste from eroding into rivers and major streams. The longer the distance of the water resources from a potential landfill the more suitable the site is for landfill operation. The risk to human health is greater when water supply wells are located in the immediate vicinity of the downgradient property boundary rather than several kilometres downgradient from the landfill. Long distances from discharge locations provide increased assurance that the groundwater will not be used prior to the detection of contamination and also allow greater flexibility and time to implement any necessary groundwater renovation program.
The criterion is measured on a 1 to 10 scale which is defined below:

	
	Porous
	Non-porous*

	Non-existence of water resources
	10
	9

	Existence of water resources upstream (distance greater than 5km) and non-existence of water resources downstream 
	9
	6

	Existence of water resources downstream in distance between 2-5 km
	7
	5

	Existence of water resources downstream in distance between 1-2 km
	5
	3

	Existence of water resources downstream in distance between 0.5-1km
	3
	2

	Existence of water resources downstream in distance smaller than 0.5 km
	1
	1


* Soils that secondary porosity dominates 

A11: Significance and depth of the groundwater level (Depth to aquifer)
For a given soil type, the greater the vertical separation between the base of the landfill and the shallowest aquifer, the greater the assurance that municipal solid waste will be effectively isolated from useable groundwater resources. Geologic settings with nearly impermeable soils where the first aquifer is deep or where an aquifer is not present are ideal locations for municipal solid waste landfills. In the case where evaporation significantly exceeds precipitation and the first aquifer is deep, a more sand-rich stratigraphy may, depending on the design and operation of the landfill, provide an acceptable level of secondary containment.
Landfill locations that would require the placement of liners to cover appreciable thicknesses of moderately to highly permeable soils that are below the water table must be avoided. Landfill liners must be designed to withstand hydrostatic forces to which they will be exposed in order to avoid their failure (the leachate passes through the liners and contaminates groundwater and then, the groundwater flow could transfer, diffuse and disperse the pollutants).

A thin silt stratum of moderate hydraulic conductivity is of lesser concern rather than a thicker sand bed with greater hydraulic conductivity. The degree to which a sand or silt unit would affect the suitability of a landfill site must be based on a thorough assessment of the unit's thickness, lateral extent, connection with other permeable units, groundwater-yielding and transmitting capacity.

This criterion is divided in two sub-criteria depending on the aquifer type (major, minor and non-aquifer) and the depth of the aquifer. These sub-criteria are equally important therefore the weight factor of each sub-criterion of the examined location is multiplied by 0.5 while the final score of this criterion is evaluated by summing up these sub-scores.
Aquifer type

This sub-criterion is measured on a 1 to 10 scale which is defined below:

	Non-aquifer
	10

	Minor aquifer
	5

	Major aquifer
	1


Depth to aquifer

This sub-criterion is also measured on a 1 to 10 scale which is defined below:

	Depth >10 m
	10

	Depth between 2-10m
	5

	Depth <2m 
	1


A12: Uses of groundwater 
Groundwater quality may not directly influence the evaluation of the waste disposal site. If the groundwater is non-potable or cannot be used for any useful purpose, then the site has an advantage over the others with respect to the landfill site allocation process. If the ground water quality does not comply with the drinking water quality standards, and if water treatment is not a valid option, then the site is to be considered as excellent in terms of the “uses of groundwater” criterion.
Furthermore, the amount of groundwater that an aquifer may yield depends on its thickness and lateral extent, its porosity and hydraulic conductivity, and its pressure conditions. In general, low-yield aquifers are a favorable natural condition because there is less chance that the aquifer will be used to supply water for human or animal consumption.

However, areas overlying low-yield aquifers may not be suitable for the operation of a landfill if that aquifer is the only source of water for drinking or agricultural purposes.
The criterion is measured on a 1 to 10 scale which is defined below:

	No uses
	10

	Use of groundwater in irrigation 
	9

	Use of groundwater in industries
	7

	Use of groundwater in agricultural activities
	5

	Use of groundwater as potable
	1


A13: Ability of self-attenuation of groundwater
The groundwater quality can be affected by the percolation of leachate. The percolation mechanisms are either direct or indirect. Direct percolation occurs when water is added to the groundwater reservoir by direct vertical percolation through the unsaturated zone in excess of soil moisture deficits and evapotranspiration. Indirect recharge occurs when water percolates to the water table through the beds of rivers, lakes, water races and canals, and the mixing of groundwater from adjacent or underlying aquifers.
The extent of the possible negative impacts to the quality of the underground water due to the percolation of leachate, depends on the volume, the flow and the direction of the underground water (since these parameters determine the self-attenuation level of the groundwater through the transfer, diffusion and disperse of the pollutants). 
The criterion is measured on a 1 to 10 scale which is defined below:

	Dilution 1/4000
	10

	Dilution 1/2000
	8

	Dilution 1/1000
	6

	Dilution 1/400
	4

	Dilution 1/200
	2

	Dilution 1/100
	1


A14: Tectonic structure of the area

The site should be located in an area of low tectonic activity so that the isolation capability of the waste disposal system will not be endangered. 

Areas of low tectonic activity should be favoured in the regional analysis. Preference should be given to areas or sites where the risk of tectonic or volcanic activity is sufficiently low since it is prerequisite that the waste disposal unit must meet standard safety requirements.

In the application of site selection criteria, the following conditions should be considered:
· recent or historic evidence of active faulting, tectonic processes or igneous activities
· historical earthquakes of such magnitude and intensity that, if they recurred, could adversely affect waste isolation and
· potential for natural events such as subsidence or volcanic activity that could change the regional hydrogeological system.
For this reason, the distance from areas of high tectonic activity may be used as a screening factor in the area survey stage for the selection of candidate landfill sites. 
The design of the disposal facility should take into account tectonic stability of the site that could adversely affect the proposed disposal system. The following information should be analysed at the site confirmation stage:
· occurrence of quaternary faults at the site and the age of latest movement

· evidence of active tectonic processes, such as volcanism

· estimate of maximum potential earthquake within the geological setting.

This criterion is divided in two sub-criteria depending on the tectonic variation (major, relatively major and non-major) and the existence of faults. These sub-criteria are equally important therefore the weight factor of each sub-criterion of the examined location is multiplied by 0.5 while the final score of this criterion is evaluated by summing up these sub-scores
Tectonic variation
This sub-criterion is measured on a 1 to 10 scale which is defined below:

	Non-major tectonic variation
	10

	Relatively major tectonic variation 
	5

	Major tectonic variation
	1


Existence of faults 
This sub-criterion is also measured on a 1 to 10 scale which is defined below:

	No faults
	10

	Faults with some plasticity
	8

	Faults- alternation of compact and non-compact formations
	5

	Faults-loose formations
	3

	Faults- compact formations 
	1


A15: Seismicity and seismic risk of the area (seismic risk induced by the soil)
Seismic conditions should be considered in the site evaluation to know the seismic intensity at various identified sites. The seismic intensity should be as low as possible so that there is no danger involved in case of an earthquake.  

The energy generated by an earthquake induces seismic waves that cause ground shaking. Surface structures may be more susceptible to ground motion, but buried pipelines are also at risk. Pipelines that are corroded or weakened may be more susceptible to damages. The effects of ground motion depend on many factors including the type of fault on which movement occurs, the magnitude of movement, the type of rock through which earthquake-induced waves travel, and surface conditions in any given area.

Earthquakes have primary and secondary effects, which are important parameters in the evaluation of the proposed project. Primary effects include fault creep, the slow accumulation of strain sometimes measurable at the ground surface, and rapid earthquake-induced fault rupture and strong ground cracking. The secondary effects of earthquakes include vibrational damage to structures, liquefaction, landslides, fissuring, lurching and lateral spreading. 

Ground cracking and slumping can occur as a result of ground motion and they are not associated with liquefaction or active faults.  
Liquefaction is a “quicksand” condition that occurs when a loose, water-saturated sandy soil is subjected to dynamic loading that result in an increase of the pore water pressure and subsequent loss of shear strength and liquid behavior. Sandy soil is the most susceptible type of soil to liquefaction. The consequences of liquefaction include vertical and lateral deformation, and loss of bearing. Normally firm, but wet, ground materials take on the characteristics of liquids. Liquefaction-induced lateral deformation can occur on sloping ground and along embankment slopes. Liquefaction potential of a saturated granular soil is dependent on its relative density, fines content, earthquake magnitude, and the level of shaking.
Landslides involve the mass movement of earth materials as a result of steep slopes or other conditions that result in unstable conditions. Landslides can involve different types of earth materials from rock to clay and can be induced by earthquakes or other conditions that weaken the cohesion of material, such as saturation from heavy precipitation. Large landslides can cause severe damage to pipelines and surface structures as earth materials rapidly move downhill. 
This criterion is divided in two sub-criteria depending on the seismicity (major, moderate and minor) and the seismic risk induced by the soil. These sub-criteria are equally important therefore the weight factor of each sub-criterion of the examined location is multiplied by 0.5 while the final score of this criterion is evaluated by summing up these sub-scores
Seismicity type 
This sub-criterion is measured on a 1 to 10 scale which is defined below:

	Minor 
	10

	Moderate
	5

	Major 
	1


Seismic risk induced by the soil
This sub-criterion is also measured on a 1 to 10 scale which is defined below:

	Rock, sand/clay mixtures
	10

	Soft plastic clay 
	5

	Landslides, liquefaction-prone areas, fill 
	1


4.2 Group of criteria B: Land- Planning Criteria
The Land-Planning group criterion aims to evaluate the potential areas for landfill sitting based on their impact to the various uses of land in that area. These uses of land comprise the numerous individual criteria (B1 to B16) of the Land-Planning group criterion and include a variety of activities. The allocation of the landfill sites is being evaluated according to the distance of the site from each of the activities that take place in that area.

B1: Distance of built-up areas/ settlements 
The first individual criterion of the “Land-Planning group” criterion is the distance of the potential municipal waste disposal sites from residential areas. Its objective is to minimize the potential impacts of landfills to populated areas due to the generated dust from landfill operation, adverse effects from vehicle transportation or even the creation of aesthetic nuisance. Therefore the longer the site is from built-up areas or settlements the higher the weight factor. The criterion is measured on a 1 to 10 scale, 1 for distances between 1.5-2km and 10 for distances greater than 6km. 
	Distance greater than 6km 
	10

	Distance between 5.5-6 km
	9

	Distance between 5-5.5 km
	8

	Distance between 4.5-5 km
	7

	Distance between 4-4.5 km
	6

	Distance between 3.5-4 km
	5

	Distance between 3-3.5 km
	4

	Distance between 2.5-3 km
	3

	Distance between 2-2.5 km
	2

	Distance between 1.5-2km
	1


B2: Agricultural and stock-raising activity
Landfills may cause adverse impacts to agricultural and stock-raising activities by undermining existing uses, precluding future uses or causing loss of suitable soils, and impacting off-site operations in various ways. For instance, dust generated from landfill site could become airborne and fall out on nearby crops. Dust accumulation can reduce photosynthesis, and create insect and disease related problems, which can reduce crop yield. Dust interfers with the activities of parasitic and predaceous insects occasionally, this it can result in an outbreak of insect and mite problems. 
This criterion is divided in two equally important sub-criteria depending on whether the activity is an agricultural or a stock-raising one. To measure the magnitude of the “agricultural and stock-raising activity” criterion each weight factor of every agricultural or stock-raising activity is multiplied by 0.5 and then the multiplied weight factors are added.
Agricultural activity 

This sub-criterion is measured on a 1 to 10 scale which is defined below:

	No agricultural activity
	10

	Low agricultural activity
	7

	Agricultural activity but low productivity 
	5

	Agricultural activity but moderate productivity
	3

	Main agricultural activity 
	1


Stock-raising activity

This sub-criterion is measured on a 1 to 10 scale which is defined below:

	No stock-raising activity
	10

	Stock-raising activity in reforested area
	7

	Stock-raising activity in conflict with land use
	5

	Intensive agricultural activity 
	3

	Main stock-raising activity
	1


B3: Mining activity

The objective of this “Mining activity” criterion is to evaluate whether past or future exploration and recovery of resources could negatively affect the disposal system. For this reason, records of past and present drilling and mining operations in the vicinity of the site should be collected. 
The criterion is measured on a 1 to 10 scale which is defined below:
	No mining activity
	10

	Low mining activity
	7

	Moderate mining activity
	5

	High mining activity
	1


B4: Distance from military areas

Areas in which military equipment is tested or areas in which military personnel is trained, are not open to the public. Therefore landfill sitting in those regions is restricted. The corresponding weight factors for this criterion are measured on a 1 to 10 scale as presented below.
	Distance from military area greater than 10 km
	10

	Distance from military area between 5-10 km
	7

	Distance from military area between 1.5-5 km
	5

	Distance from military area smaller than 1.5 km
	1


B5: Distance from historical, religious and archaeological sites
Historical, religious and archaeological sites have always been places of high importance. To preserve those places of interest from potential environmental damage is a high priority issue. Therefore the distance of a landfill site from these areas must be at least 10km to be considered that there is no environmental degradation risk from its operation. The criterion is measured on a 1 to 10 scale as defined below.
	Distance from historical, religious and archaeological sites greater than 10 km
	10

	Distance from historical, religious and archaeological sites between 5-10 km
	7

	Distance from historical, religious and archaeological sites between 3.5-5 km
	5

	Distance from historical, religious and archaeological sites smaller than 3.5 km
	1


B6: Distance from forests and/or woody areas and reforested areas 
When it comes to landfill sitting, the vegetation type of the closer area should be taken into consideration. 
In particular, this criterion is divided in two sub-criteria depending on the landfill distance from forests and/or woody areas and reforested areas, respectively. The environmental gravity of forests and/or woody areas is considered to be higher than that of reforested areas therefore the weight factor of this sub criterion is multiplied by a higher coefficient (0.7) than the reforested areas sub criterion (0.3). To evaluate the final weight factor of the “Distance from forests and/or woody areas and reforested areas” criterion each sub-criterion is multiplied by its corresponding coefficient and than the values are added.
Distance from forests and/or woody areas
This sub-criterion is measured on a 1 to 10 scale which is defined below:

	Distance from forests and/or woody areas greater than 5 km 
	10

	Distance from forests and/or woody areas between 4-5 km
	7

	Distance from forests and/or woody areas between 3-4 km
	5

	Distance from forests and/or woody areas between 2-3 km
	3

	Distance from forests and/or woody areas between 1-2 km
	1


Reforested areas
This sub-criterion is measured on a 1 to 10 scale which is defined below:

	Outside the limits of reforested areas
	10

	Within the limits of reforested areas
	1


B7: Distance from public parks and recreation areas
The objective of this criterion is to minimize the nuisance associated with landfill operation to public parks and recreation areas (nuisance to public that visit these areas). 
The criterion is measured on a 1 to 10 scale which is defined below:
	Distance from public parks and recreation areas greater than 5 km
	10

	Distance from public parks and recreation areas between 4-5 km
	8

	Distance from public parks and recreation areas between 3-4 km
	6

	Distance from public parks and recreation areas between 2-3 km
	4

	Distance from public parks and recreation areas between 1.5-2 km
	2


B8: Distance from touristic areas

As sites of touristic development are sensitive areas and of economic value a safe distance from potential landfill sites is also foreseen. This criterion aims to preserve the site characteristics of touristic areas and to prevent potential environmental impact to these places of interest from landfill operation.
The criterion is measured on a 1 to 10 scale which is defined below:
	Distance from touristic areas greater than 5 km
	10

	Distance from touristic areas between 4-5 km
	8

	Distance from touristic areas between 3-4 km
	6

	Distance from touristic areas between 2-3 km
	4

	Distance from touristic areas between 1.5-2 km
	2


B9: Distance from surface waters (rivers, streams, lakes)

The objective of this criterion is to minimize the potential environmental damage to surface aquatic ecosystems associated with the inflow of water through run-off from the landfill site. The minimum acceptable distance of a waste disposal site from surface water recipients is set to be 1Km, while more than 5 Km it is considered that there is negligible risk of contamination. 
The “distance from surface waters” criterion is measured on a 1 to 10 scale which is defined below.
	Distance from surface waters greater than 5 km
	10

	Distance from surface waters between 4-5 km
	8

	Distance from surface waters between 3-4 km
	6

	Distance from surface waters between 2-3 km
	4

	Distance from surface waters between 1-2 km
	2


B10: Distance from coasts
The objective of this criterion is to minimize potential environmental damage to coastal areas resulting from the operation of the landfill site. The longer the distance of a landfill site from the coast line the higher the weight factor will be. 
The criterion is measured on a 1 to 10 scale which is defined below:
	Distance from coasts greater than 5 km
	10

	Distance from coasts between 4-5 km
	8

	Distance from coasts between 3-4 km
	6

	Distance from coasts between 2-3 km
	4

	Distance from coasts between 1-2 km
	2


B11: Distance from airports

The solid waste that is disposed in landfill sites attracts numerous species of birds which can be potentially hazardous to aircrafts. Therefore the objective of this criterion is to minimize the random bird strikes upon aircraft during take off and landing unless bird control measures are acceptable and approved by the site manager. Details of the criterion are presented below:

· Property within a radius of 3 kilometres from the end of any runway used by turbine-powered aircraft shall be excluded from the facility sitting process.

· Property within a radius of 1.5 kilometres from the end of any runway used by only piston-powered aircraft shall be excluded from the facility sitting process.

· Property within a distance of 6 kilometres from a public airport property boundary shall be excluded from the facility sitting process. 
Whether or not a landfill creates a potential risk to aircraft depends on the location of the landfill in relation to airport flight paths, the nature of waste deposited, and the types of birds expected in the vicinity. 
The operation of a landfill near an airport can be considered dangerous even with strict control measures in place. Therefore its location should be carefully considered and the advice of bird control specialists should be sought. 

The type of landfill should also be taken into consideration. Landfills, which accept only one type of waste such as inert waste, do not attract birds and therefore they do not constitute potential risk.
Also, airports are areas which are used by a vast number of people and the operation of a landfill site at the greater area could create nuisance as well as traffic problems.   

The “distance from airports” criterion is measured on a 1 to 10 scale which is defined below:
	Distance from airports greater than 10.5 km
	10

	Distance from airports between 10-10.5 km
	9

	Distance from airports between 9.5-10 km
	8

	Distance from airports between 9-9.5 km
	7

	Distance from airports between 8.5-9 km
	6

	Distance from airports between 8-8.5 km
	5

	Distance from airports between 7.5-8 km
	4

	Distance from airports between 7-7.5 km
	3

	Distance from airports between 6.5-7 km
	2

	Distance from airports between 6-6.5 km
	1


B12: Distance from protected areas and areas of ecological interest
A landfill operation can have an adverse ecological effect on the site and its surrounding environment. It can also result in the destruction of the existing vegetation and can disrupt aquatic and terrestrial life. Therefore, protected areas and sites of significant ecological interest are not considered suitable for landfill allocation and large distances are foreseen to prevent potential environmental impact from MSWLF operation.
The criterion is measured on a 1 to 10 scale which is defined below:
	Distance from protected areas and ecological interest greater than 9.5 km
	10

	Distance from protected areas and ecological interest between 9-9.5 km
	9

	Distance from protected areas and ecological interest between 8.5-9 km
	8

	Distance from protected areas and ecological interest between 8-8.5 km
	7

	Distance from protected areas and ecological interest between 7.5-8 km
	6

	Distance from protected areas and ecological interest between 7-7.5 km
	5

	Distance from protected areas and ecological interest between 6.5-7 km
	4

	Distance from protected areas and ecological interest between 6-6.5 km
	3

	Distance from protected areas and ecological interest between 5.5-6 km
	2

	Distance from protected areas and ecological interest between 5-5.5 km
	1


B13: Distance of the site from the area of the generation of the waste

The proximity of a candidate landfill to waste production sources is considered of a great importance since it reflects to the creation of lower nuisance and environmental impacts during the transfer of waste from residential areas to its final disposal site.

The criterion is measured on a 1 to 10 scale which is defined below.
	Distance from the area of the generation of the waste between 3-4 km
	10

	Distance from the area of the generation of the waste between 4-5 km
	9

	Distance from the area of the generation of the waste between 5-6 km
	8

	Distance from the area of the generation of the waste between 6-7 km
	7

	Distance from the area of the generation of the waste between 7-8 km
	6

	Distance from the area of the generation of the waste between 8-9 km
	5

	Distance from the area of the generation of the waste between 9-10 km
	4

	Distance from the area of the generation of the waste between 10-11 km
	3

	Distance from the area of the generation of the waste between 11-12 km
	2

	Distance from the area of the generation of the waste greater than 12 km
	1


B14: Distance of the site from waste transfer stations 

The proximity of a landfill site to waste transfer stations represents one aspect of the feasibility of a candidate landfill site, since it results in lower nuisance and environmental impacts during the transportation of waste from the transfer stations to its final disposal site.

The criterion is measured on a 1 to 10 scale which is defined below:
	Distance from waste transfer stations smaller than 30 km
	10

	Distance from waste transfer stations between 30-40 km
	8

	Distance from waste transfer stations between 40-50 km
	6

	Distance from waste transfer stations between 50-60 km
	4

	Distance from waste transfer stations between 60-70 km
	2

	Distance from waste transfer stations greater than 70 km
	1


B15: Distance from industrial areas
The landfill allocation near industrial areas is considered as an unfavourable option since the operation of the landfill could incur nuisance to the personnel and possible negative impacts to the established facilities. Additionally, the development of a municipal waste disposal unit may give rise to traffic problems  

The criterion is measured on a 1 to 10 scale which is defined below:
	Distance from industrial activities greater than 5km
	10

	Moderate distance from industrial activities between 1.5-5 km
	6

	Distance from industrial activities smaller than 1.5km
	1


B16: Distance from railways
The proximity of a landfill site to railway network represents also one significant aspect of the candidate landfill site.  The most favourable case is the landfill site to be constructed away from railways in order to eliminate the nuisance as well as to avoid possible effects from the circulation of the trains on the landfill site.
The criterion is measured on a 1 to 10 scale which is defined below:
	Distance from the area of the generation of the waste greater than 4.5 km
	10

	Distance from the area of the generation of the waste between 4.0-4.5 km
	9

	Distance from the area of the generation of the waste between 3.5-4.0 km
	8

	Distance from the area of the generation of the waste between 3.0-3.5 km
	7

	Distance from the area of the generation of the waste between 2.5-3.0 km
	6

	Distance from the area of the generation of the waste between 2.0-2.5 km
	5

	Distance from the area of the generation of the waste between 1.5-2.0 km
	4

	Distance from the area of the generation of the waste between 1.0-1.5 km
	3

	Distance from the area of the generation of the waste between 0.5-1.0 km
	2

	Distance from the area of the generation of the waste smaller than 0.5 km
	1


4.3 Group of criteria C: Environmental Criteria
This group of criteria takes into consideration the potential negative impacts from the construction and operation of the landfill to the surrounding environment. In particular, it includes individual criteria concerning the characteristics of the landfill site and the surrounding environment, as presented below.
C1: Direction of winds-Temperature inversions
This criterion examines the direction and speed of the prevailing winds and the existence of temperature inversions which may favour movement of odours, dust and air emissions to residential areas.
The criterion is measured on a 1 to 10 scale which is defined below:
	Favourable prevailing winds
	10

	Intermediate situation
	5

	Unfavorable prevailing winds
	1


C2: Nuisance from the circulation of the transport vehicles in inhabited areas
A new landfill site incorporates the circulation of transport vehicles which may generate more traffic. The traffic level depends on the distance to the collection area, the kind of transport and the type of the road network that is used for the transportation of waste to the landfill site. Access roads passing through housing areas will cause more nuisance than access roads through the open country side.
The criterion is measured on a 1 to 10 scale as presented below:
	Approach from national road or passage away of settlings 
	10

	Passage away from settlings through provincial road with mild slopes and many rectilinear sections
	8

	Passage away from settlings through provincial road with differentiated slopes and continuous turns
	6

	Passage away from settlings through provincial road with differentiated slopes and continuous turns and from forestal road
	5

	Passage next to settling  through provincial road with small slopes and with significant rectilinear sections
	3

	Passage next to settling  through provincial road with small slopes and with significant rectilinear sections and passage next to military area
	2

	Passage next to or through settling  and through provincial road with differentiated slopes and continuous roads
	1


C3: Existing conditions at the site - Potential level of the development of new activities in the area
The selected site for landfill operation should also been examined for cases that present or future activities at or near the site will not likely affect the isolation capability of the disposal system.
The objective of this criterion is to minimize the potential of landfill development in areas that are incompatible with the surrounding land use. The less the economic importance of the site the more suitability the area is for landfill development. For instance degrading areas are excellent for waste disposal sites while sites with extensive vegetation and plantation are considered less preferable.
The criterion is measured on a 1 to 10 scale which is defined below:
	Degrading  regions from previous activities with possibility to accept new activity
	10

	Meadows or intense agricultural and stock– raising activity
	7

	Simple agricultural and stock – raising activity
	5

	Undisturbed region with little activity (agricultural, stock – raising etc) 
	3

	Degrading  regions from previous activities without possibility to accept new activity (saturated)
	1


C4: Level of possible impacts to the aesthetics of the natural environment during the operation of the landfill
As part of the site selection process, areas with natural screening, isolated settings, or existing natural depressions are being preferred for waste disposal. Screening around landfill sites can also be accomplished by constructing berms, fences, planting, or by enhancing the existing plantation. Consideration must be given to places of special environmental interest, sensitive natural ecosystems and the potential environmental impacts that landfill development may cause to the landscape characteristics.  

The criterion is measured on a 1 to 10 scale which is defined below:
	Complete visual isolation
	10

	Visual from provincial road
	5

	Visual from military areas
	4

	Visual from national road
	3

	Visual from settlings
	1


4.4 Group of criteria D: Operational-General Criteria
This group of criteria aims at the complete recording of the operational characteristics of each potential landfill site and it includes the following individual criteria.
D1: Expected life duration of the landfill
The selected site should provide sufficient capacity to meet current and projected needs for municipal waste disposal in the area for a minimum of 15 years. This length of time justifies the investments made in the site such as acquisition, access roads and equipment.

The criterion is measured on a 1 to 10 scale which is defined below:

	Life duration higher r than 30 years 
	10

	Life duration between 20 - 30 years
	7

	Life duration between 15 - 20 years
	3

	Life duration lower  than 15 years
	1


D2: Impacts on the operation of the landfill from the climatic conditions in the area 
The climate of potential landfill sites should be examined and investigated so that the effect of the existing climatic conditions (level of precipitation and unexpected extreme meteorological conditions e.g. winter storms and sandstorms) can be adequately considered when designing and licensing waste disposal facilities. The meteorological conditions, as determined from the closest recording station(s), should be known in order to be able to predict potential effects of extreme precipitation on the hydrological balance at the site. 
This criterion is divided in four sub-criteria depending on the level of rainfall, the frosting and snowing frequency and the altitude of the examined area. The sub-criteria of frosting and snowing frequency are considered to be of greater importance than the rest of the sub-criteria and therefore their weigh factors are multiplied by 0.3 while the weight factors of the remained sub-criteria (average of rainfall and altitude of area) are set at 0.2. To extract the final weight factor of the D2 criterion each sub-criterion is multiplied by its corresponding coefficient and than the values are added
Average of rainfall
This sub-criterion is measured on a 1 to 10 scale which is defined below:
	Average rainfall smaller than 400 mm
	10

	Average rainfall between 400 – 500 mm
	7

	Average rainfall between 500 – 700 mm
	5

	Average rainfall between 700 – 1000 mm
	2

	Average rainfall greater than 1000 mm
	1


Frequency of frost
This sub-criterion is measured on a 1 to 10 scale which is defined below:
	0 days of frost per year
	10

	Days of frost per year between 1 – 10  
	8

	Days of frost per year between 11 – 20 
	6

	Days of frost per year between 20 – 40
	4

	Days of frost per year greater than 40
	1


Frequency of snow
This sub-criterion is measured on a 1 to 10 scale which is defined below:
	0 days of snow per year
	10

	Days of snow per year between 1 – 5  
	8

	Days of snow per year between 5 – 10 
	6

	Days of snow per year between 10 – 15
	4

	Days of snow per year greater than 15
	1


Altitude of area
This sub-criterion is measured on a 1 to 10 scale which is defined below:
	Altitude smaller than 200 m
	10

	Altitude between 200 – 400 m
	8

	Altitude between 400 – 500 m
	6

	Altitude between 500 – 600 m
	3

	Altitude greater than 600 m
	1


D3: Impacts on the operation of the landfill from the expose of the site to winds
The objective of this criterion is to minimize the impacts of the landfill operation from the exposure of the site to winds. For this reason, wind strength and wind patterns must be examined in combination with the existing topographic characteristics of the area, in order to avoid blowing, flying debris/litter/dust or air emissions from the landfill site. 
The criterion is measured on a 1 to 10 scale which is defined below:
	Topographic characteristics which do not favor the transportation of  released air emissions and dust towards inhabited  regions   
	10

	Topographic characteristics which favor in low level the transportation of  released air emissions and dust towards inhabited  regions   
	7

	Topographic characteristics which favor from moderate to low level the transportation of  released air emissions and dust towards inhabited  regions   
	6

	Topographic characteristics which favor in moderate level the transportation of  released air emissions and dust towards inhabited  regions   
	5

	Topographic characteristics which favor from moderate to high level the transportation of  released air emissions and dust towards inhabited  regions   
	4

	Topographic characteristics which significantly favor the transportation of  released air emissions and dust towards inhabited  regions   
	1


D4: Transport network-Routes of transport vehicles
The site should be located in an area that access routes will allow transportation of waste in the most effective way (high level of safety and convenience during transportation). To evaluate existing or required access routes, the information to be collected should include:

· Proximity to the existing national / regional road or rail network and expected vehicle movements (sitting of landfills with good access to national or regional road routes is preferable) 

· Existing routes in the vicinity of the site and analysis of their adequacy for handling waste shipments
· Anticipated improvements in the existing transportation network
· Analysis of emergency response requirements and capabilities related to transportation.

The criterion is measured on a 1 to 10 scale which is defined below:

	Possibility of railway transport 
	10

	National road and regional road  network which demands improvement
	7

	National road and unsuitable regional road network
	3

	National road and regional road network, passing through inhabited areas
	1


D5: Morphology of the area with regard to its accessibility

As mentioned earlier on, landfills can give rise to vibration, exhaust emissions and dust. Furthermore, heavy vehicles on narrow roads may create traffic management issues including traffic jams and damages to roads but they can also be a source of nuisance. In this criterion the morphology of the area as regards the inclinations and the access of vehicles are examined.  

The criterion is measured on a 1 to 10 scale which is defined below:
	Favourable inclinations with beneficial access
	10

	Favourable inclinations with no beneficial access
	7

	Unfavorable inclinations with beneficial access
	4

	Unfavorable inclinations with no beneficial access
	1


D6: Level of technical convenience for the construction of the landfill site (extent and simplicity of technical interferences)
In this criterion the extent and simplicity of necessary infrastructure works for the construction and the unobstructed operation of the landfill site is examined. 
The criterion is measured on a 1 to 10 scale which is defined below:

	Highsimplicity level of technical interferences
	9

	Moderate simplicity level of technical interferences
	5

	Low simplicity level of technical interferences
	3

	Extremely low simplicity level of technical interferences
	1


D7: Proprietary status of the site
The ownership of the land which is investigated as a potential landfill site is another parameter that must be taken into consideration in landfill allocation analysis. Generally, public ownership of a land is easier to handle than private ownership which may give rise to problems associated to the cost of the land. Sometimes, expropriation is needed to deal with land ownership issues causing further delays to the development of a waste facility unit. 
Jurisdiction over the land, or ownership, may in some countries be a significant factor with respect to economics and public acceptance. Early control or ownership of the site by the operator or the government simplifies the site planning and evaluation efforts, reduces the time required for activation of the facility and minimises the problems associated with the withdrawal of land from other uses. 
The criterion is measured on a 1 to 10 scale which is defined below:

	Public ownership 
	10

	Private ownership (one property)
	8

	Private ownership (2 properties)
	6

	Meadows under association 
	5

	Private ownership (greater than 2 properties)
	3

	Reforested regions
	3

	Forests under association 
	1

	Public forests
	1

	Private forests
	1


D8: Availability of utilities (water and electric energy supply) 
The provision of utilities such as water and energy is essential in implementing a waste disposal facility project. Through this criterion, the availability of utilities in combination with the needs for supplementary works in order these utilities to be available is examined.
The criterion is measured on a 1 to 10 scale which is defined below:

	Availability of utilities covering completely the needs of the landfill
	10

	Availability of utilities covering a percentage of 75% of the needs and execution of supplementary works to cover the remaining 25%  
	7

	Availability of utilities covering a percentage of 50% of the needs and execution of supplementary works to cover the remaining 50%
	5

	Availability of utilities covering a percentage of 25%  of the needs and execution of supplementary works to cover the remaining 75%
	3

	Non availability of utilities and execution of supplementary works to cover the needs
	1


D9: Availability of Construction Material 
Sanitary landfill operation involves an adequate source of soil with textures appropriate for daily and final surface covering. Soil is important in landfill development for three basic reasons:

· Cover: Material used to cover solid waste daily and when an area of the landfill is completed. The permeability of the final cover will greatly influence the quantity of leachate generated.

· Migration control: The material that controls leachate and methane movement away from the landfill. An impermeable formation will retard movement; a permeable soil will provide less protection and may require installing additional controlling systems within the landfill.

· Support: The soil below and adjacent to the landfill must be suitable for construction. It must provide a firm foundation for liners, roads and other construction.
An optimal landfill soil has moderate to low permeability, sufficient bearing capacity to support the construction, pH of at least 5, low erodibility potential, and a high cation exchange capacity. As shown in the Table 9, fine grained soils are more suitable for landfills than coarse grained soils. However, properties of clays including low drainage rates, shrink/swell potential, and low workability usually reduce suitability of clay soils against soils with a silty clay texture.

Table 9: Soil textures and landfill suitability 
	Soil Type
	Suitability

	Silt to very fine silty clay
	Very high

	Clay
	High

	Mixed
	Moderate

	Sandy
	Low

	Clean sand/gravel
	Unsuitable


Also, it must be noted that the availability and the required soil’s quantities may differentiate from site to site, according to the excavation and construction characteristics of each area.
The criterion is measured on a 1 to 10 scale which is defined below:

	Sufficient quantity of appropriate construction material is available
	10

	Quantity of appropriate construction material is available, covering  a percentage of 75% of the operational needs  of the landfill
	7

	Quantity of appropriate construction material is available, covering  a percentage of 50% of the operational needs  of the landfill
	5

	Quantity of appropriate construction material is available, covering a percentage of 25% of the operational needs of  the landfill
	3

	 Appropriate construction material is not available 
	1


4.5 Group of criteria E: Financial- Economic Criteria
This group of criteria examines the suitability of each potential landfill site in economic terms and includes the following criteria.
E1: Land value (Land cost)
Costs of the land depend on the land prices which differentiate from one location to another. The land prices are also influenced by the level of compensation to the land owner mainly according to the land use. The lower the cost of purchasing the land the more preferable the area will be for landfill sitting.

The criterion is measured on a 1 to 10 scale which is defined below:

	Low land cost
	9

	Moderate land cost
	7

	Relatively high land cost
	4

	High land cost 
	1


E2: Cost of utilities (water and energy supply)
Costs of water and energy supplies differ according to their availability in the examined areas. The more available these sources are the less the associated cost. The objective of this criterion is to minimize the cost of the specific utilities. 
The criterion is measured on a 1 to 10 scale which is defined below:

	Low cost of utilities
	9

	Moderate cost of utilities
	7

	Relatively high cost of utilities
	3

	High cost of utilities
	1


E3: Cost of necessary technical interferences 
The cost of necessary technical interferences differs from one location to another. For instance the excavation costs as well as the costs for supplementary access routes for waste transportation, vary depending on the location of the examined areas. The objective of this criterion is to minimize the costs that are required for the technical interferences, excavations and supplementary route network 
The criterion is measured on a 1 to 10 scale which is defined below:

	Low cost of necessary technical interferences
	9

	Moderate cost of necessary technical interferences
	7

	Relatively high cost of necessary technical interferences
	3

	High cost of necessary technical interferences
	1


E4: Cost of the transport of the waste to the site
Transport costs are determined by the transport distances from the source of waste generation, the transportation means and the way of waste collection. The other factors affecting transportation costs are the need for waste transfer stations and the possibility to use railways. 
The criterion is measured on a 1 to 10 scale which is defined below:

	Low cost of the transport of the waste to the site
	9

	Moderate cost of the transport of the waste to the site
	7

	Relatively high cost of the transport of the waste to the site
	3

	High cost of the transport of the waste to the site
	1


E5: Cost of necessary measures for the natural restoration of the landfill after its closure - Costs for after-care
The costs of landfill restoration and after-care depend not only on the type of final use but also on the provisions to monitor the groundwater quality, the generated gas and leachate as well as the stability of the completed landfill. The level of maintenance depends on the characteristics of the filled waste, the subsoil type, the hydrogeological conditions, and the type of final use. 
The criterion is measured on a 1 to 10 scale which is defined below:

	Low cost of necessary measures for the natural restoration and after-care of the landfill
	9

	Moderate cost of necessary measures for the natural restoration and after-care of the landfill
	7

	Relatively high cost of necessary measures for the natural restoration and after-care of the landfill
	3

	High cost of necessary measures for the natural restoration and after-care of the landfill
	1


5. Landfill sitting with the assistance of GIS

The potential use of geographic information systems (GIS) to manage and possibly analyze the vast and varied amounts of data associated with the process of solid waste landfills sitting is well known. A GIS today, provides spatial analysis tools for storage, management, display, and modeling of spatial data through the use of georeferenced-computerized maps. Because of its flexibility, numerical efficiency in calculations involving combinations and statistical exploration of spatial variables, GIS have been used in many applied fields that involve spatial data analysis among which the identification, screening, evaluation and optimization of landfill sitting processes.
Despite the abilities of most GIS platforms to present, map, query and analyze digitalspatial data, GIS must be considered as a supportive tool to the decision making process, and not as a substitute of that process. Their effectiveness is highly depended on the preset criteria and/or constraints and the quality and comprehensiveness of the digital models developed which are unique for each case that is being studied and developed.

To create a GIS analysis system for landfill allocation a two-stage process should be adopted. The first stage is termed as the Exclusionary Analysis, in which the spatial analysis of the various data layers is conducted based on an exclusionary set of criteria associated with each data type. 
The second stage of the process is the Site Evaluation and Ranking phase, in which the level of compliance with the criteria is evaluated in addition to the use of preset levels of importance assigned to each criterion, in order to obtain a final score and ranking. Both stages are conducted within the GIS itself and rely strictly on the GIS capabilities.  
The successful use of GIS is closely related to the availability of data (quantitatively and qualitatively), representing the various layers used to reconstruct the relevant real-world conditions. The availability and accuracy of data can significantly affect the results of any analysis. Thus, considerable effort should be made to complete and regularly update the necessary datasets which would be used to the GIS. 

Numerous intermediate map analyses should be created using various GIS map analysis approaches including buffer zoning and geo-processing tools: overlay, intersection, union and clipping. In addition a specific code should be developed and incorporated within the GIS to complete the second stage of the process, namely, the assessment and ranking of alternatives.
The intermediate map analyses exclude the areas which do not satisfy specific sitting criteria, while the geo-processing tools can be used to select sites satisfying all required conditions. Once map layers which satisfy the set criteria are developed, an overlay map representing the final suitable areas is obtained by intersecting all layers.
In the exclusionary analysis stage, a primary screening is performed whereby vector based GIS is used in a typical constraint-mapping exercise narrowing down the number of potential sites and keeping only the suitable ones. Thus, the potential sites will be narrowed down to a restricted number of alternatives, all satisfying preset criteria, which will then be evaluated and ranked. The adopted criteria will be applied to the spatial data using if/then queries, buffering capabilities, map overlays and intersections to create a composite (complex) site suitability map. 

In the site assessment and ranking phase, the potential sites identified during the exclusionary analysis stage will be subjected to further examination. Compliance levels are assigned to these potential landfill sites based on the degree to which they meet the various criteria. The approaches reported to date, provide a “yes or no” answer to the compliance questions. In this project, an added element can be introduced at this level, specifically, the degree to which any specific criterion will be met. In this respect, four levels of compliance are possible: High, moderate, low and very low (4, 3, 2 and 1, respectively) and the criteria are set with specific representative values.
In addition to the compliance level, factors of significance or weights will be assigned for each factor, creating a hierarchy which is specified by the user to reflect various decision-making priorities and scenarios.

As stated earlier on, landfill sitting requires an extensive evaluation process in order to identify the optimum available disposal location. This location must comply with the requirements of the existing governmental regulations and at the same time must minimize economic, environmental, health, and social costs. Landfill allocation using GIS systems should consider numerous factors. An indicative list of such factors is presented below.
1. Water bodies map: A water bodies map indicating the surface water bodies e.g. ponds, lakes, streams and rivers should be prepared through digitization.
2. Road network map: The road network map illustrating the national highways and other major roads should be prepared.

3. Land use map: The land use map displaying the land activities of the examined areas is an essential parameter in generating many thematic maps for the overlay analysis.

4.  Areas of specific interest map: A map should be developed through the digitization of the major cultural, archaeological and historical sites. These sites are sites of high interest and cultural heritage which are excluded for the process of landfill development.
5. Hydrogeological - Infiltration map: A hydrogeological map is also necessary to be created since the infiltration rate plays an important role in determining potential risk of groundwater contamination. Therefore the infiltration rate is a key criterion for the development of a landfill at a particular site. Depending on the infiltration rate, the region should be divided into high, medium and low zones. 
6. Geology map: A geology map is crucial for the landfill sitting process. The geology of an area is directly related to the soil type created from the parent material, the loading bearing capacity of the landfill’s foundation soil and the migration of leachate. 
7. Elevation map: Elevation map is a crucial factor and should be depicted for landfill sitting process.  
8. Waste land map: The waste land map depicts patches of land throughout the entire region which are not under exploitation due to natural and external causes such as water logging, very high erosion, deposition of salts etc. Such areas  are considered potential landfill sites.

9. Groundwater table map: The depth of the groundwater table plays an important role in determining the contamination risk of groundwater. 
10. Groundwater quality map: The groundwater quality map determines the extent of pollution in the resources.

11. Air quality index map: The air quality index map reveals the concentration of air pollutants such as SO2, CO2, NOx etc.  
12. Buffer maps: Maps with buffer zones for ponds, rivers, roads, populated areas, water supply sources and fault lines exhibit the permissible distance beyond which the landfill can be sited for various criteria using the buffer option in GIS, i.e. the areas within the buffer are unsuitable for landfill development for solid waste disposal. Buffer maps are produced based on pre-existing published landfill criteria, existing standards and regulatory requirements as well as the prevailing local conditions. 

In the specific project the digitization and the collection of all these maps for the development of a GIS analysis system was considered impossible and for this reason the landfill sitting process is assessed by using only the Multi Criteria Decision Analysis.
Steps for the landfill sitting using GIS

Landfill sitting in a typical GIS project involves four steps: i. the identification of the project’s objectives, ii. the creation of the project’s database, iii. the analysis of the data and iv. the representation of the results. These steps are described more analytically below. 
Step 1: Identifying the objectives
The first step of the process is to identify the objectives of the analysis. The importance of setting objectives lies in the fact that the scope of the project and the methodology followed are determined for the implementation of the analysis.
Step 2: Creating a project database
The second step is the creation of the project’s database. The project database can be created into three phases. The first phase is the designing of the database, the second one is the automating and gathering of the database data, and the final phase is the database managing.
Designing the database includes the identification of the spatial data needed for the analysis, the determination of the required feature attributes and the scale of the study area, as well as the selection of the coordinate system that is going to be used.

Automating the data involves digitizing or converting data from other systems and formats into a compatible format as well as verifying the data and correcting the errors.

Managing the database involves the verification of the coordinate systems and the combination of the individual maps – layers

Creating the project’s database is a critical and time consuming procedure. The quantity and quality of the data used in the analysis determine the accuracy of the results.
There are many ways to organize a project database. A good strategy is to create a single project folder into which separate subfolders will store the input datasets and the datasets that are to be created during the analysis. The data for the project originate from several different sources some of which is in different formats or in different coordinate systems.  There is no single way of constructing a project database; it partly depends on personal preference. The goal is to minimize duplication of datasets and to have the data well organized and easily accessible. 
Step 3: Analyzing the data
The third step is to analyze the data. Analyzing data in a GIS ranges from simple mapping to creating complex spatial models. 
Geographic data can be stored and managed by GIS in a number of formats. The three basic data models that GIS use are vector, raster, and triangulated irregular network (TIN). Tabular data can also be imported into a GIS. The basic concepts of the three data models are analyzed below. 

Vector models

One way of representing geographic information is with points, lines, and polygons. This kind of representation of the world is generically called a vector data model. Vector models are particularly useful for representing and storing discrete features such as buildings, pipes, or parcel boundaries (Figure 4). Points are pairs of x,y coordinates. Lines are sets of coordinates that define a shape. Polygons are sets of coordinates defining boundaries that enclose areas. 

[image: image13.emf]
Figure 4: The Vector Model
Coordinates are most often pairs (x,y) or triplets (x,y,z,) where z represents a value such as elevation as shown in Figure 5. The coordinate values depend on the geographic coordinate system in which the data is stored.

Three different implementations are used to represent feature data: coverages, shapefiles, and geodatabases. 
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Figure 5: Coordinates used in Vector model

Raster Model

In a raster model (Figure 6), the area is represented as a surface that is divided into a regular grid of cells.

[image: image15.png]



Figure 6: The Raster Model
Raster models are useful for storing and analyzing data that is continuous across an area. Each grid or cell reflects a value – significance coefficient in a class or category or an individual measurement. Raster data includes images such as aerial photographs, satellite images, or scanned maps. 
The Triangular Irregular Network model
In a triangulated irregular network (TIN) model, shown in Figure 7, the world is represented as a network of linked triangles drawn between irregularly spaced points with x, y, and z values. TINs are an efficient way to store and analyze surfaces.
[image: image16.png]



Figure 7: The TIN Model
Heterogeneous anaglyph having steep slopes in some areas and less in others can be modeled more accurately, in a given volume of data, with a triangulated surface than with a raster. That is because many points can be placed where the surface is highly variable, and fewer points can be placed where the surface is less variable.

Most GIS tools support both file-based feature models and database management system (DBMS) feature models. 

File-Based Models

There are two types of file-based models the coverages and the shapefiles. Coverages and shapefiles employ a georelational data model. 
Coverages File-Based Models are the traditional format for complex geoprocessing, building high-quality geographic datasets, and sophisticated spatial analysis. Coverages contain primary, composite, and secondary feature types. The primary features are label points, arcs, and polygons while composite features such as routes/sections and regions are built from primary feature types. Coverages may also contain secondary features like tics, links, and annotation. Tics and links do not represent geographic objects but they are used to manage coverages. 
Shapefiles File-Based Models are useful mainly for mapmaking and partly for spatial analysis. A great deal of geographic data is available in shapefile format. Shapefiles are simpler than the coverages because they do not store full topological information among different features and feature classes. Each shapefile stores features belonging to a single feature class.

Database Management System Feature Models (DBMS)
The DBMS feature model is the geodatabase data model in which features are stored as rows in a relational database table. The rows in the table contain both the coordinates and the attribute information for the features.
Geodatabases implement an object-based GIS data model the geodatabase data model. A geodatabase stores each feature as a row in a table. The vector shape of the feature is stored in the tables shape field, with the feature attributes in other fields. Each table stores a feature class. In addition to features, geodatabases can also store rasters, data tables, and references to other tables. Geodatabases are repositories that can hold all of your spatial data in one location. They are like adding coverages, shapefiles, and rasters into a DBMS. However, they also add important new capabilities over file-based data models. Some advantages of a geodatabase are that features in geodatabases can have built-in behavior; geodatabase features are completely stored in a single database; and large geodatabase feature classes can be stored seamlessly, not tiled.
Moreover, the phrase GIS analysis encompasses a wide variety of operations that can be done with a geographic information system. These range from simple display of features to complex, multistep analytical models. Some of the most important features are presented below:

· Showing the geographic distribution of data
The simplest form of GIS analysis is the representation of the geographical distribution of data. This is conceptually the same as sticking pins in a wall map, a simple but powerful method of detecting patterns.

· Querying GIS data
Another type of GIS analysis is querying, or selecting from, the database. Queries let you identify and focus on a specific set of features. There are two types of GIS queries, attribute and location queries.

· Identifying what is nearby
A third type of GIS analysis is finding what is near a feature. One way of finding what is near a feature is by creating a buffer around the feature.
· Overlaying different layers
A fourth type of GIS analysis is overlaying different layers of features (Figure 8). You can create new information when you overlay one set of features with another. There are several types of overlay operations, but all involve joining two existing sets of features into a single new set of features.
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Figure 8: Overlaying different layers
There are several different spatial overlay operations that can be used on layers including union, intersect, merge, dissolve, and clip.
· Doing a complex analysis
You can combine all of these techniques and many others in a complex GIS analysis. With a GIS you can create detailed models of the world to solve complicated problems. Because a GIS can perform these operations rapidly, it is possible to repeat an analysis using slightly different parameters each time and compare the results. This can allow you to refine your analysis techniques.

Step 4: Presenting the results

The fourth step is to present the results of your analysis. In most cases, the results of a GIS analysis are presented on a map. 

6. Vehicle routing optimization 

6.1 General 

The effective routings for the collection of municipal solid waste is vital in reducing the operating costs and vehicle air emissions, as well as to minimise any traffic congestion associated with the waste collection vehicle (WCV) operations.
The problem of routing and scheduling waste collection vehicles falls into the class of capacitated vehicle routing problems (CVRP) - where the routing is constrained by vehicle capacity, working hours, disposal site opening hours and other factors - or into the class of vehicle routing problems with time windows (VRPTW) - with the additional restriction that a time window is associated with each bin. These categories of vehicle routing problem are analyzed below.    
A technique commonly used in waste collection practice is to sub-divide the collection area into a number of smaller areas to be treated separately. This sub-division technique is known as ‘districting’ and has also been used to simplify modelling. 

The real-life waste collection problem under consideration can be described as follows. Waste is located in containers along the streets of a defined road network. The containers must be collected by a fleet of compactor trucks whose capacity cannot be exceeded. The considered collection areas involve both heavily and thinly populated areas. Different types of municipal solid waste should be collected by different containers according to the type of waste. Each vehicle can typically collect refuse from several hundreds of waste bins before going to the waste disposal site to unload. Only one type of waste can be collected simultaneously by each vehicle. There could be various bin types and only deep collection containers and pressing containers should be collected separately. Waste must be collected during workdays; collection on Saturdays and Sundays is typically forbidden. The vehicle leaves the depot at the start of the day and must return before the end of the day. At the end of the day, the vehicle unloads at the waste disposal site before returning to the depot in case more than 50% of the vehicle capacity is in use. If the 8-h working day length is exceeded, an overtime pay is incurred. 

6.2 Formulation of Vehicle Routing Problem (VRP)
The Vehicle Routing Problem (VRP) is a generic name given to a whole class of problems in which a set of routes for a fleet of vehicles based at one or several depots (landfill) must be determined for a number of geographically dispersed cities or customers (bins). The objective of the VRP is to deliver a set of customers (bins) of known demands on minimum-cost vehicle routes originating and terminating at a depot. In the two figures below we can see a picture of a typical input for a VRP problem and one of its possible outputs:
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Figure 9: Typical input for a Vehicle Routing Problem
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Figure 10: An output for the instance above
The VRP is a well known integer programming problem which falls into the category of Non-Programming Hard problems, meaning that the computational effort required to solve this problem increases exponentially with the problem size. For such problems it is often desirable to obtain approximate solutions, so they can be found fast enough and are sufficiently accurate for the purpose. Usually this task is accomplished by using various heuristic methods, which rely on some insight into the problem nature. This difficult combinatorial problem conceptually lies at the intersection of two problems: 

· The Travelling Salesman Problem (TSP): If the capacity of the vehicles C is infinite, we can get an instance of the Multiple Traveling Salesman Problem (MTSP). An MTSP instance can be transformed into an equivalent TSP instance by adjoining to the graph k-1 (being k the number of routes) additional copies of node 0 and its incident edges (there are no edges among the k depot nodes).
· The Bin Packing Problem (BPP): The question of whether there exists a feasible solution for a given instance of the VRP is an instance of the BPP. The decision version of this problem is conceptually equivalent to a VRP model in which all edge costs are taken to be zero (so that all feasible solutions have the same cost). 

Thus, we can think of the first transformation as relaxing the underlying packing (BPP) structure and the second transformation as relaxing the underlying routing (TSP) structure. A feasible solution to the full problem is a TSP tour (in the expanded graph) that also satisfies the packing constraints (i.e., the total demand along each of the k segments joining successive copies of the depot does not exceed C). Because of the interplay between the two underlying models (both of them are NP Hard problems), instances of the Vehicle Routing Problem can be extremely difficult to solve in practice.  

The VRP arises naturally as a central problem in the fields of transportation, distribution and logistics. In some market sectors, transportation means a high percentage of the value added to goods. Therefore, the utilization of computerized methods for transportation often results in significant savings ranging from 5% to 20% in the total costs. Usually, in real world VRPs, many side constraints appear. Some of the most important restrictions are:

· Every vehicle has a limited capacitate (Capacitated VRP – CVRP).  

· Every customer has to be supplied within a certain time window (VRP with time windows – VPRTW) 

· The vendor uses many depots to supply the customers (Multiple Depot VRP – MDVRP) 

· Customers may return some goods to the depot (VRP with Pick-Up and Delivering - VRPPD) 

· The customers may be served by different vehicles (Split Delivery VRP – SDVRP) 

· Some values (like number of customers, theirs demands, serve time or travel time) are random (Stochastic VRP – SVRP) 

· The deliveries may be done in some days (Periodic VRP - PVRP) 
The VRP is a combinatorial problem whose ground set is the edges of a graph G(V,E). The notation used for this problem is as follows: 

· 
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· Consider a depot to be located at 
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· C is a matrix of non-negative costs or distances 
[image: image24.wmf]ij

c

 between customers 
[image: image25.wmf]i

u

 and 
[image: image26.wmf]j

u

  
· d is a vector of the customer demands 
· Ri is the route for vehicle i
· m is the number or vehicles (all identical). One route is assigned to each vehicle.    
When 
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the problem is said to be symmetric and it is then common to replace A with the edge set 
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With each vertex 
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 of some goods to be delivered by a vehicle. The VRP thus consists of determining a set of m vehicle routes of minimal total cost, starting and ending at a depot, such that every vertex in 
[image: image33.wmf]'

V

is visited exactly once by one vehicle. 
It is considered a service time
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 (time needed to unload all goods), required by a vehicle to unload the quantity 
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. It is required that the total duration of any vehicle route (travel plus service times) may not surpass a given bound D so, in this context the cost 
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 is taken to be the travel time between the cities. 

A feasible solution is composed of: 

· a partition 
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A route 
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 is feasible if the vehicle stop exactly once in each customer and the total duration of the route does not exceed a pre-specified bound
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Finally, the cost of the problem solution S is: 
[image: image47.wmf]å

=

=

m

i

i

VRP

R

C

S

F

0

)

(

)

(

 

6.3 Capacitated Vehicle Routing Problem (CPRV) 

CVRP is a Vehicle Routing Problem (VRP) in which a fixed fleet of delivery vehicles of uniform capacity must service known customer demands for a single commodity from a common depot at minimum transit cost. That is, CVRP is like VRP with the additional constraint that every vehicle must have uniform capacity of a single commodity. 

We can find below a formal description for the CVRP:

· Objective: The objective is to minimize the vehicle fleet and the sum of travel time, and the total demand of commodities for each route may not exceed the capacity of the vehicle which serves that route. 

· Feasibility: A solution is feasible if the total quantity assigned to each route does not exceed the capacity of the vehicle which services the route. 
· Formulation: Let Q denote the capacity of a vehicle. Mathematically, a solution for the CVRP is the same that VRP’s one, but with the additional restriction that the total demand of all customers supplied on a route 
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6.4 Vehicle Routing Problem with Time Windows (VRPTW) 

The VRPTW is the same problem that VRP with the additional restriction that in VRPTW a time window is associated with each customer u 
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V, defining an interval [eo, lo] wherein the customer has to be supplied. The interval [eo, lo] at the depot is called the scheduling horizon. Here is a formal description of the problem: 

· Objective: The objective is to minimize the vehicle fleet and the sum of travel time and waiting time needed to supply all customers in their required hours.
· Feasibility: The VRPTW is, regarding to VRP, characterized by the following additional restrictions:
· A solution becomes infeasible if a customer is supplied after the upper bound of its time window.
· A vehicle arriving before the lower limit of the time window causes additional waiting time on the route. 

· Each route must start and end within the time window associated with the depot. 

· In the case of soft time widows, a later service does not affect the feasibility of the solution, but is penalized by adding a value to the objective function. 
· Formulation: Let bo denote the beginning of service at customer u. Now for a route 
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. Provided that a vehicle travels to the next customer as soon as it has finished service at the current customer, 
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[image: image55.wmf]{

}

ui

ui

ui

ui

ui

ui

c

b

e

b

,

1

1

1

,

max

-

-

-

+

+

=

d

 with 
[image: image56.wmf]0

0

e

b

=

  and
[image: image57.wmf]0

0

=

d

.  Thus, a waiting time 
[image: image58.wmf]{

}

i

i

ui

ui

ui

ui

c

b

b

,

1

1

1

,

0

max

-

-

-

-

-

-

=

d

w

 may be induced at customer
[image: image59.wmf]i

u

. The cost of route i is now given by 
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, where M is a large constant. M is added because minimization of the fleet size is considered to be the primary objective of the VRPTW. S is said to be feasible if all routes belonging to S are feasible and its customer is served by exactly one route.    
6.5 Data collection and preparation

Modelling waste collection rounds accurately requires a large amount of detailed data. The data includes round specific routing information, the weight of waste collected by round (kg), the time taken (including disposal time) and the individual vehicle specifications. One interesting point is that routes taken around the specified collection areas is usually left to the discretion of the driver and could vary from week to week. This meant that in some cases, there are no fixed ‘existing routes’, and the routes supplied are considered as ‘typical’. It is also noted that waste quantities may vary from week to week so the problem faced is stochastic in nature. 
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