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Abstract: Renewable Energy Sources are expected to play a very important role in energy production
in the following years. They constitute an energy production methodology which, if properly enabled,
can ensure energy sufficiency as well as the protection of the environment. Energy production from
biomass in particular is a very common method, which exploits a variety of resources (wood and
wood waste, agricultural crops and their by-products after cultivation, animal wastes, Municipal Solid
Waste (MSW) and food processing wastes) for the production of energy. This paper presents a Spatial
Decision Support System, which enables managers to locate the most suitable areas for biomass
power plant installation. For doing this, fuzzy logic and fuzzy membership functions are used for
the creation of criteria layers and suitability maps. In this paper, we use a Multicriteria Decision
Analysis methodology (Analytical Hierarchy Process) combined with fuzzy system elements for the
determination of the weight coefficients of the participating criteria. Then, based on the combination
of fuzzy logic and theAnalytic Hierarchy Process (AHP), a final proposal is created thatdivides the
area into four categories regarding their suitability forsupporting a biomass energy production power
plant. For the two optimal locations, the biomass is also calculated.The framework is applied to
theRegional Unit of Drama, which is situated in Northern Greece and is very well known for the
area’s forest and agricultural production.

Keywords: fuzzy logic; AHP; biomass; Greece; land suitability

1. Introduction

Energy is a very important part of human life and the economy.Many researchers consider it as a
key element forimproving quality of life [1,2], although there are differing opinions [3]. In any case,
energy plays a vital role,whethernegative or positive, in our way of life.

Also, many researchers have proven that overthe last decades we are witnessing a constant
increase in energy usage, which is followed by a constant need toincrease energy production [4–6].
The International Energy Outlook for the year 2017, published by the U.S. Energy Information
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Administration [6], suggests that the total energy consumption will rise from 575 quadrillion Btus
in 2015 to 735 Btus in 2040. Most of this increase will come from countries that are not part of the
Organization for Economic Co-operation and Development (OECD). These countries are characterized
by strong economic growth, increased access to marketed energy and quickly growing populations,
which lead to rising energy demands. It is estimated that the energy consumption in non-OECD
countries will increase by 41% between 2015 and 2040 in contrast to a 9% increase in OECD countries [6].
One of the most important drivers that leads to increased energy demand is population. Studies
showed that in OECD countries the estimation of population growth is only 0.2% per year, whereas in
non-OECD countries in Africa, Middle East and India are expected to experience among the highest
rates of population growth in the world [6].

Apart from the energy usage increase caused from population growth there are numerous other
reasons causing similar phenomena. The average household consumes more energy mainly because
there are new appliances introduced and used every day [7]. Furthermore, it is estimated that the
increase in the number of appliances like TV sets per household, gaming consoles, computers as well
as the diffusion of usage of others (vacuum cleaners, dish washers etc.) also increases the average
energy usage [8,9]. The same researchers have shown that between the years 2005 and 2011 an increase
of 102 kWh/year has been made only from the usage of high definition consoles.

Other researchers, by analysing micro-level data from the National Survey of Family and
Expenditure, revealed that the family and income structure of households affects appliance usage [7].
Additionally, it is proven that the need for larger houses also leads to a subsequent increase in energy
consumption which is caused by the residents need to utilize the entire structure [9–11], Another
increase factor in energy usage is caused by the increment of the number of cooling days. It is proven
that since the year 1990 there is a constant increase in the number of cooling days and heating days per
year, which causes a subsequent increase in energy demand [12–14].

Currently the most popular methods of energy production are mainly based on the usage of
fossil fuels, which will represent 77% of energy production by 2040 according to IEO [6]. However,
these methods have an enormous environmental impact mainly because they produce contaminants
which play a very important role in climate change (fossil fuels) or their bi-products are difficult to be
processed and stored (nuclear fuels) [15–20].

Furthermore, the usage of non-renewable energy sources has a limited time frame. Studies have
proven that oil, coal and gas reserves will be extinct in 35, 107 and 37 years respectively, based on the
current usage rate and energy demands prediction [21–23].

The most promising solution to these problems is the usage of renewable energy sources
(RES) which can be exploited without the subsequent side effects caused by the typical energy
production forms.

Under this scope the aim of this paper is the presentation of a methodology in the form of a
spatial decision support system framework, which is based on the combination of fuzzy systems and
multicriteria decision analysis and will enable researchers, managers and local or regional authorities
to identify the locations where potentially a RES power plant can be installed in order to maximise its
usage and minimise environmental annoyance and installation cost. Additionally, the methodology
will provide sufficient data in order to make a first estimation regarding the overall energy potential of
the proposed area.

Finally, in order to validate the results of the system, the methodology is applied to the Regional
unit of Drama. The regional unit was selected because it combined all the types of biomass energy
sources. In detail, Drama has the largest forest and transitional forest areas in Greece as well as
significant agricultural areas, pastures. Additionally, in the regional unit there is the largest number of
livestock units in the prefecture of Eastern Macedonia and Thrace and it is in the top 10 regional units
in Greece [24].
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2. Literature Review

2.1. Renewable Energy Sources

It is already stated that there is a rapidly increasing need for producing energy using cleaner more
environmental friendly methods like Renewable Energy Sources (RES).

The most common forms of RES include the usage of hydroelectric power, solar and wind energy,
geothermal energy and biomass for the production of electricity generation [25]. RES constitutes for
many countries (developed and developing), an important, alternative energy source, which reduces
energy dependency and strengthens the security of their energy supply [26].

Global electricity energy production from renewable energy is expected to grow 2.7 times until
2035 [27]. Renewables are the fastest-growing source of energy for electricity generation (Figure 1).
The average increase is estimated to be 2.8%/year from 2015 to 2040. From all RES technologies,
non-hydropower renewable resources are the fastest-growing energy sources for new generation
capacity in both OECD and non-OECD regions. Non-hydropower renewables accounted for 7% of
total world generation in 2015; their share in 2040 is 15% in the IEO2017 Reference case, with more
than half of the growth coming from wind power [6].
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Figure 1. World energy production from RES in quadrillion Btusfor the years 2004–2015 [28].

In Europe, renewable energy production within the 28 member states in 2015 was 204 Mtoe
(Figure 2) (8.08 quadrillion Btus). The quantity of renewable energy produced within the member
states has increased overall by 70.2% from 2005 until 2015 [29]. This increase in RES usage is triggered
by the EU legislation framework. The EU Directive 2009/28/EC set the obligatory level of contribution
of RES to energy mixture as 20% by 2020. In order to achieve this level EU member must double the
share of electricity from RES from 16% to over 30%. In 2012 the penetration of RES in all 28 member
states was 14.1%. Sweden is the leading country with 51% of energy production covered by RES,
followed by Finland, Austria and Latvia with 30% [29].

In Greece, due to its geographic position, there is an enormous potential for energy production
by RES. The geo-morphologic profile and the weather conditions favour energy production from the
exploitation of wind and solar energy [30,31]. In 2015 the percentage of electricity generated by RES
was 22.1% [29].

From Figure 3 it is evident that Hydro Power, Solar and Biofuels are the dominant forms of RES
production. However, there can be vast improvements in order for the country to reach the EU average.
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Figure 3. Energy production by RES in Greece for the year 2015 in Mtoes [29].

2.2. Biomass Energy Production

Biomass is a very important form of RES, mainly because its usage can be done in raw form
without any process. Among other factors the growing interest in biomass usage is based on the
following facts [32]:

• Its contribution to poverty reduction in developing countries
• Its ability to constantly meet energy demand
• Its capability on delivering energy in all forms people need (liquid, gas, heat and electricity)
• Its carbon dioxide neutrality
• It helps on the restoration of unproductive and degraded lands, increases biodiversity, soil fertility

and water retention

The most common biomass energy sources are wood and wood waste, agricultural crops and their
by-products after cultivation, animal wastes, Municipal Solid Waste (MSW) and food processing wastes.
Currently the available biomass resources can provide approximately 6 × 1015 Btus of energy [33].
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Wood and wood waste produce 64% of the total Biomass energy, followed by MSW (24%), agricultural
wastes and by-products (5%) and landfill gases (5%) [33–35].

There are many economic benefits deriving from the usage of biomass as a source for energy
production [36]:

• Inexpensive resources
• Locally distributed
• Price stability
• Generation of employment opportunities
• Biomass export opportunities
• Potentially inexhaustible fuel resource

In Greece, it is estimated that the total of the available biomass consists of 7,500,000 tones of
Agricultural crop residues (cereals, maize, cotton, tobacco, sunflower, strawberries, olive kernels, vines etc.)
and 2,700,000 tones from forestry residues (branches, roots, barks etc.). The vast percentage of
this biomass remains unused and is causing the development of forest fires or is acting as a mean
for disease spreading. Additionally, in Greece, the available agricultural and forest residues are
estimated to be equivalent to 3–4 million tons of oil, which constitute approximately 30–40% of the
total oil consumption in Greece. At the same time the potential of energy cultivations can surpass
the energy produced by these residues. Until now, biomass in Greece is mainly used on a limited
scale for heating purposes (households, greenhouses etc.) and in industry (cotton ginners, timber
products, lime kilns etc.). In these cases, the main biomass products used are residues from wood
industry, almond shells, cereal straws, ginning residues etc. From the aforementioned it is evident
that the prospects of biomass usage in Greece are very promising. This is due to the fact that there is
considerable potential, much of which is readily available. At the same time, the energy that can be
produced is, in many cases, economically [37].

However, there are also significant disadvantages in biomass usage. Biomass fuels gave low
energy density, collection and transportation can be cost prohibitive, Biomass usage for energy
production requires a constant supply of fuels which are bulk and must be stored near the biomass
plant. Additionally, there is also a constant requirement of other inputs which include water, crops
and fossil energy which also have cost [38].

Therefore, although biomass usage for energy production is technologically well established,
the price paid for electricity seldom offsets the full cost of the biomass fuel. It is clear that for the
optimization of biomass exploitation for energy production a Decision Support System (DSS) is needed.
This system must take under consideration biomass production as well as biomass accessibility, land
uses etc. and provide managers with the optimal solution which will help them determine the best site
for installing a biomass power plant.

2.3. MCDA and AHP

Multi Criteria Decision Analysis (MCDA) combined with Geographical Information Systems
are valuable tools for the determination of the optimal solution for a problem. In general, MCDA is
a sub-field of operational research which focuses on the development of decision support systems
which can help in the resolution of complex problems which depend in a variety of criteria and
parameters [39]. MCDA and GIS were used by many researchers for the solution of environmental
problems. For the determination of the optimal solution to post fire regeneration [40], for the creation
of an algorithm which will help on the determination of the optimal design of biomass supply chain
networks [41], for determining the optimal location of a log yard [42] and the optimal usage of biomass
for electricity generation [43].

Analytical Hierarchy Process (AHP) is an MCDA methodology introduced by Thomas L. Saaty.
AHP is based on the determination of a goal as well as the criteria and alternatives which affect the
achievement of the preselected goal. The pairwise comparisons among the criteria and the alternatives
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help the researchers to determine the weight coefficients of each of them. By determining the weight
coefficients, the researchers know the level of effect to the final solution [44].

AHP in combination with GIS has been used for the selection of the optimal location of offshore
wind farms [45], for performing solar farms feasibility analysis in India [46–48], for selecting the
optimal location for solar PV power plants [49] and large wind farms [50,51], for reinforcing the
hydropower strategy in Nepal [52] and for exploring geothermal resources and locations [53,54].

Fuzzy AHP is an enhanced version of the classic AHP methodology. The usage of fuzzy AHP for
multiple criteria decision making requires scientific weight derivation from fuzzy pairwise comparison
matrices [55]. Fuzzy AHP has been used in water loss managements in developing countries [56],
for the evaluation of solar farms locations in Iran [57], for energy planning in Istanbul [58], for the
evaluation of the capability of renewable energy sources to generate electricity [59–62], for the selection
of solar-thermal plants investment projects [63], for creating spatial decision support systems for solar
farm location planning [64], for selecting the optimal renewable energy type in Indonesia [65] and for
analysing the assessment factors for renewable energy dissemination [66].

In this paper, we present a spatial DSS which based on the usage of Multi Criteria Decision
Analysis (MCDA), fuzzy Analytical Hierarchy Process (AHP), Python programming will analyse a
series of parameters and criteria affecting the selection of optimal installation sites and propose the
optimal location. For the visualization of the installation site Geographical Information Systems (GIS)
are used.

Multi criteria decision making using fuzzy Analytical Hierarchy Process is a powerful tool which
enables researchers to explore various possible problem solutions and at the same time accepting the
fact that the solution to a problem cannot only expressed as a binary result (yes or no). The usage of
fuzzy techniques allows researchers to map the vagueness of an answer, by allowing the interviewed
person to express an uncertainty to his answer. Furthermore, the usage of AHP, a well-established
multi criteria decision making method can easily identify the weight coefficients of the problems
criteria and thus allow the researchers to map the optimal solution more efficiently.

The combination of the aforementioned methodologies (MCDA and fuzzy system elements)
with a spatial analysis tool like Geographic Information Systems can enhance the produced results
by allowing researchers to determine more efficiently the locations were biomass energy production
plants can be installed by determining the overall biomass potential.

3. Methodology

Energy produced from a biomass plant is directly related to the amount of biomass available as
well as to the amount of accessible biomass in the wider area. The greater the amount of biomass
available in a given area the greater the potential of electricity generation [67].

The information on biomass availability in Regional unit of Drama was provided from two
sources, the biomass potential from shape files created from the Greek Centre for Renewable Energy
Sources (CRES) and data regarding farms which were provided from the department of environment
of Regional unit of Drama.

3.1. Criteria Selection

The installation of a biomass energy production plant is affected by some factors which can
be classified in three main categories: Technical, Economic and Environmental. These factors
depend on the geographical location, the socio-economical structure of the studied area and the
biophysical attributes.

All of the aforementioned factors were expressed as GIS layers. For the creation of these layers’
fuzzy logic and fuzzy membership functions were used. Each layer has a value ranging from zero
to one. The value of one represents the most suitable site for the installation of a biomass energy
production plant while the value of zero represents the least suitable site for installation of the plant.
The Analytical Hierarchy Process was finally used to combine the three layers as well as the layer
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of human and environmental limitations (exclusion zones). The resulting layer provided the most
suitable areas for the installation of biomass energy production plants in Regional unit of Drama.

3.2. Human and Environmental Considerations

Prior to selecting the most suitable locations for the installation site we must exclude the areas
were due to legislation, human or environmental considerations we cannot propose the installation.
These locations include cities, villages, settlements, lakes, roads, protected areas, rivers, wetlands,
agricultural lands, wetlands etc. Greek legislation under law 2742/1999 regarding the National
spatial planning and sustainable development clearly defines the areas were the installation of RES is
forbidden (Table 1). These limitations were ultimately combined in a separate layer (Constraint Layer).

Table 1. Legislation, human and environmental considerations.

Criterion Limitations References

Slope
Between 0 and 10% for

constructions and accessibility
from vehicles

[68]

Heavily forested areas and
Protected areas

Restriction: these zones are
completely off limits N2742/1999 (Greek Legislation)

Water Bodies, wetlands, rivers

500 m buffer zone for wetlands
400 m buffer zone for wetlands
300 m buffer zone for wetlands

500 m buffer zone for rivers
400 m buffer zone for rivers

1000 m from coast
200 m from rivers

[69]
[70]
[71]
[69]
[70]

N2742/1999 (Greek Legislation)

Agricultural land, pastures,
Orchards

Agricultural land, pastures and
orchards are unsuitable [68,72]

Urban areas 2000 m from urban areas
1–5 km from urban areas

N2742/1999 (Greek Legislation),
[72]

Road and railroad network
500 m buffer zone
150 m buffer zone

railroad area restriction

[73]
[74]
[75]

N2742/1999 (Greek Legislation)

Constraint Areas Fuzzy Datasets

Current land use is one of the main criteria which affect the installation location. Water bodies,
protected areas, urban and residential areas, roads, railroads and steep slopes cannot be used for the
installation of the proposed power plant. Additionally, agricultural land, land covered by orchards or
other high productivity areas cannot be used [76].

As a result, only areas with poor vegetation, logged areas or barren land can be considered as
ideal locations.

For this reason, a buffer zone must be created around these areas. The buffer zone acceptability
regarding the installation increases from zero to one from the border of the arable land to a distance of
400 m from that border [72].

Figure 4 shows the fuzzy membership value (µ) for land. Values between zero and one represent
the land suitability inside the buffer zone. Clearly the suitability equals one outside the buffer zone.
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Data for the land uses in Regional unit of Drama where obtained from the CORINE programme.
The fuzzy membership function considering that restriction is:

µPA =


0, x ≤ 100

x−100
300 , 100 < x ≤ 400

1, x > 400
(1)

where: x, is the distance from the arable land, orchards etc. and µPA is the fuzzy membership function.
The power plants cannot be installed inside heavily forested areas or protected areas,

therefore the buffer zone created around these types of areas is expressed through the following
membership function:

µF =


0, x ≤ 100

x−100
400 , 100 < x ≤ 500

1, x > 500
(2)

where: x is the distance from the protected or heavily forested areas and µF is the fuzzy membership
function.

Similarly, we cannot propose as a potential installation site area inside or in close proximity
to urban areas, water bodies and over road or railroad network. The membership function for the
exclusion of this areas are:

µu =


0, x ≤ 1000

x−1000
4000 , 1000 < x ≤ 5000

1, x > 5000
(3)

µwb =


0, x ≤ 200

x−200
200 , 200 < x ≤ 400

1, x > 400
(4)

µrr =


0, x ≤ 100

x−100
300 , 100 < x ≤ 400

1, x > 400
(5)

where µu, µwb and µrr are the fuzzy membership functions for urban areas, water bodies and rail and
road network.

The last fuzzy membership function is created for determining the slope value. Slope is a
topographic feature which is strongly related to the overall project cost. In order to select the optimal
site, the slope value must be low. In any other case the accessibility of the plant will be reduced
because trucks cannot access steep slopes and furthermore the overall construction cost will rise due
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to excavations or embankments. For the determination of slope, the Digital Elevation Model (DEM) of
Regional unit of Drama was created based on satellite data provided by the Copernicus programme.
From the DEM, the slope map was created, each cell of the raster slope map contains a slope value.
The fuzzy membership function for the slope is:

µs =


1, x ≤ 3

10−x
7 , 3 < x ≤ 10

0, x > 10
(6)

whereas x is the slope value expressed in percentage.
One of the constraint layers was modelled as a raster layer in GIS with a 50 m spatial resolution.

Finally, all the constraint layers were multiplied together and formed the final constraint layer. Areas
with value of zero will also be zero in the final layer. For example, if a location is inside a river buffer
zone the location’s value will be zero (fuzzy membership function is zero), the final constraint layer
will be also zero even if the values of all the other layers are one. Areas with value of one in all sub
layers will also have a value of one in the final constraint layers and are the most prominent areas
because they lack restrictions. Finally, locations with values between zero and one will receive a final
score based on the multiplication of each layer’s values.

3.3. Techno-Economic Criteria

The amount of available biomass plays a key role in the selection of the proper installation site.
For this reason, the biomass potential database provided by the Centre for Renewable Energy Sources
(CRES). The database the entire regional unit and includes the following data:

• Point sources of biomass
• Arable crops
• Greenhouse crops
• Tree crops
• Vineyards
• Forests

The aforementioned data provide the residues from these types of cultivations for the various
municipalities inside Regional unit of Drama and they are estimated in tones.

Figure 5 represents the biomass potential for the municipalities of Drama (in light blue).
The biomass potential was calculated by adding the individual data provided by the database of
CRES. Higher values are depicted in yellow, orange and red, while lower values are depicted in shades
of green.

Another essential factor is the availability of transport links (railroads and road network). It is
easier to move supplies through the existing transport network. Furthermore, the existence of
transportation network reduces the cost and the probable damages to the environment which can be
caused by the creation of new network. The maximum acceptable distance varies depending on the
study. Our approach values potential locations near roads and railroads to be of better value compared
to other potential sites which are further from the transportation network. Similar approaches have
been made by researchers trying to allocate the optimal installation sites for other types of RES like
wind farms and P/V farms [77–79].
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The membership function describing the distance from the transportation network is:

µt =


1, x ≤ 500

1000−x
500 , 500 < x ≤ 1000

0, x ≥ 1000
(7)

whereas x is the distance from the transportation network and µt is the fuzzy membership function.
Additional techno-economic criteria that must be taken under consideration is the proximity

to farms and to the energy transfer grid. Proximity to farms is important because they constitute a
continuing mean of biomass production from animal wastes. Studies have shown that animal waste
can efficiently be used for energy production [80–83].

The membership function describing the distance from farms is:

µ f =


1, x ≤ 500

3000−x
2500 , 500 < x ≤ 3000

0, x > 3000
(8)

whereas x is the distance of the potential installation site and the farm location and µf is the membership
function. From Equation (8) it is evident that the optimal installation locations are the ones which are
500 m or less from farms, less preferred location are inside a zone ranging from 500 m up to 3000 m
and the least preferred locations are the ones which are located 3000 m or more from farms.

The final techno-economic criteria which must be taken under consideration is the distance
from the existing energy transfer network. This criterion is similar to the proximity to the existing
transportation network. Locations that are closer to the existing transfer network are preferred
compared to locations which are further. The main reason is that the connection of the biomass power
plant to the existing energy grid will be more economical and the environmental disturbance will be
minimal. The member transfer function describing the distance from the transportation network is:

µte =


1, x ≤ 100

1000−x
900 , 100 < x ≤ 1000

0, x ≥ 1000
(9)
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whereas x is the distance of the potential installation site and the energy transfer network and µfe is the
membership function.

Membership function described from Equations (7)–(9) can be depicted in the following diagram
(Figure 6).
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3.4. AHP

Analytical Hierarchy Process (AHP) is a well-established Multi Criteria Decision Methodology
which is widely used in optimizing decision making [44]. It provides a comprehensive framework for
structuring a decision problem, representing and quantifying the comprising elements, relating those
elements to goals and evaluating possible solutions.AHP is based on pairwise comparisons among the
criteria and the parameters affecting the achievement of a goal [44].

AHP is widely used in the field of sustainable energy [45,49–51].
The implementation of AHP involves the following steps [44]:

1. Determination of the goal, the alternatives involved in reaching this goal and the criteria affecting
the alternatives.

2. Definition of the priorities among the alternatives by performing pairwise comparisons (Table 2).
3. Synthetization of the priorities to yield a set of overall priorities for the hierarchy.
4. Consistency check.
5. Final decision.

Table 2. Pairwise comparison values.

Definition Index Definition Index

Equally Important 1 Equally important 1/1
Equally or slightly more important 2 Equally or slightly less important 1/2

Slightly more important 3 Slightly less important 1/3
Slightly to much more important 4 Slightly-to-way less important 1/4

Much more important 5 Way less important 1/5
Much-to-far more important 6 Way to far less important 1/6

Far more important 7 Far less important 1/7
Far more important to extremely more important 8 Far less important to extremely less important 1/8

Extremely more important 9 Extremely less important 1/9
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In this study, we used PYTHON code for performing the AHP methodology in GIS. The code
allows the determination of matrices for each criterion and alternative and performs the comparisons
based on the user inputs. At the end, it provides the weight coefficients and performs a consistency
check of the results.

For implementing the analysis, we defined a tree, with nodes for the criteria and the alternatives:

+–(alt. a)
+–[node 1]–+–(alt. b)
| +–(alt. c)

[root]–+
| +–(alt. a)
| +–[node 2.1]–+–(alt. b)
| | +–(alt. c)
+–[node 2]–+

| +–(alt. a)
+–[node 2.2]–+–(alt. b)

The example represents a two level AHP tree, having 4 nodes and 3 alternatives. there are three
‘edge nodes,’ known as “node 1,”“node 2.1” and “node 2.2.”

An example of the code used to calculate weight coefficients inside a node is shown below:

def__wc(n):
if not isinstance(n, AHPTreeNode):
return;

ret = {};
# first, we process childrens

forch in n.iter_childrens():
ifisinstance(ch, AHPTreeNode):

w = ch.calculate_weights();
d = __dive(ch);

if d != None:
ret[ch.get_name()] = (w, d);
else: # leaf
ret[ch.get_name()] = w;

##

if ret != {}:
if n == self__TreeRoot:

w = n.calculate_weights();
return {‘Root’: (w, ret)};
else:
return ret;
else:
return None;

4. Results

4.1. Constraint Layer

The Constraint layer has been produced by the multiplication of the individual constraint layers
(slope, heavily forested and protected areas, rivers lakes and coasts, Agricultural land, pastures
Orchards, Urban areas (towns, villages, settlements) and distance from Road and railroad network).
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Figure 7, presents the constraint layers after the implementation of the fuzzy membership
functions for each layer. Areas in shades of green are more suitable for the installation of the biomass
energy production plant. Areas in shades of yellow are less suited and finally areas in red are not
suitable for installation. The final constraint layer is presented in Figure 7. From this layer, we have
excluded protected areas (Natura 2000, Ramsar sites etc.) regardless of their capability to support the
installation, as Greek legislation prohibits the exploitation of these areas.Sustainability 2018, 10, 531 13 of 23 
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Figure 8 presents the result from the multiplication of the individual layers. The areas in purple
are excluded as possible installation sites because they are protected. Areas in red are the least suitable
for installing the power plant, whereas areas in green and yellow are the most suitable.
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4.2. Biomass Potential

Figure 9 shows the total biomass potential of Regional unit of Drama. As it is apparent the amount
of biomass varies in the regional unit. Areas depicted in red colour have low biomass potential whereas
areas in orange and yellow are more suitable for exploitation. Finally, areas in shades of green are the
most suitable for the installation of power plant that exploit biomass.
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4.3. Access to Transportation Network and Energy Grid

The access of the proposed installation site to the current transportation network as well as to the
current energy grid plays a vital role. Almost all areas of the regional unit outside the protected areas
have good access to the road network. The energy transfer grid depicts only medium and high voltage
power lines which are suitable for long distances transfer (Figure 10).
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4.4. Distances from Farms

Data for the location of farms in Regional unit of Drama were provided from the Department of
Environment of the regional unit. The data include the locations of currently running farms and in a
shape file and were transformed to raster using the GIS software (Figure 11).
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4.5. Determining Suitable Land

Finally, the aforementioned criteria were compared using the AHP methodology implemented in
PYTHON. The importance of each criterion was set based on the opinions of experts as these were
depicted in similar studies. Therefore, the greatest weight was given to the constraint layer, which
determines the land suitability at the first level of the research. The second most important weight
coefficient was the biomass potential of the area, followed by farm proximity, proximity to the energy
grid and finally proximity to the current transportation network (Table 3).

Table 3. Weight coefficients after the implementation of AHP.

Criteria Weight Coefficient

Constraint Layer 0.458
Transportation network 0.033

Proximity to farms 0.142
Energy grid 0.07

Biomass potential 0.297

For the determination of the suitable installation locations, areas which have a fuzzy value of zero
in all layers were excluded at the beginning. Then the layers were combined based on the coefficients
presented in Table 3. At the end, the final layer was created based on AHP (Figure 9).

Four suitability levels were created based on the fuzzy membership functions of the location,
unsuitable (0, 0.3), poor (0.3, 0.5), good (0.5, 0.7) and excellent (0.7, 1). Figure 9 presents the result
for Regional unit of Drama. It should be pointed out again that the areas on the North and West of
the regional unit (in purple) are protected areas, which are not available for exploitation according to
Greek legislation.

From Figure 12 it is also clear that only a small portion of the entire regional unit area is available
for exploitation. However, these areas if managed properly are sufficient for providing sufficient energy.
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4.6. Results Validation

For the areas with suitability levels good or excellent (Figure 9) an effort was made to estimate the
biomass potential based on the maps provided by CRES. These maps include arable crops, greenhouse
residuals, tree crops, vineyards and forest residuals. The results of the estimation showed that although
the selected areas represent only the 8% of the total area of the regional unit of Drama the biomass
potential is estimated to be 25.5% of the total biomass potential. This corresponds to approximately
586.067 tones of biomass available for energy production.

This result must be enhanced by incorporating in these areas the number farm situated in these
regions. The spatial analysis showed that in these areas there are a total of 44 farm units which can
further enhance biomass production.

These results also show the efficiency of the proposed methodology by evaluating an entire
regional unit and localizing the proposed installation locations to a small fraction of the total regional
unit’s area.

5. Discussion

Renewable energy sources are expected to play a vital role in energy production in the future.
Both the environmental degradation caused by the usage of fossil fuels as well as the legislation
framework developed, aim toward the dissemination and increase of their usage. Although there are a
variety of RES forms, it is up to the managers to select the most appropriate type, in each case, based
on the environmental constraints and production characteristics of the region under investigation,
as well as the type that causes the least reactions from citizens [84,85]. The exploitation of national RES
potential contributes both to the diversification of the national energy mix and to the security of energy
supply, while at the same time strengthening the development of the local and national economy [31].

During the last years, the adoption of common European policies on energy sector, mainly in
relation with the necessities underlined by international contracts to limit greenhouse gases, has
affected both the European and National energy systems. In particular, an increasing penetration of
RES is observed both in power generation as well as the final usage of energy.

Renewable energy sources constitute a key element for enabling global energy policy, with
biomass in particular representing an important factor in meeting energy demand towards a more
autonomous growth in global scale [86].

Biomass can be used to meet energy needs, either by direct combustion or by conversion to
gaseous, liquid and/or solid fuels by thermochemical or biochemical processes. The exploitation
of biomass usually encounters the disadvantages of large spreading, large volumes as well as the
difficulties of collecting-processing-transporting-storing it is very important that the usage of biomass
for energy production must be performed as close as possible to its place of production [37].

Therefore, it is common that the society’s attitude toward such types of investments is sometimes
negative, mainly due to the fact that the resulting energy production facility causes environmental
disturbance to a certain level. Under this scope the Greek state has legislated an extensive framework
which clearly defines the rules towards the installation locations of RES facilities in general and Biomass
energy production plants in particular (law N2742/1999 regarding the National spatial planning and
sustainable development).

The purpose of the paper was achieved by determining the locations where, after research,
the optimal conditions exist, for biomass exploitation and therefore, managers can achieve the
best possible results both in terms of energy production as well as in terms of minimization of
environmental disturbance and economic impact. Additionally, the selected locations are compatible
with the legislation regarding RES investments as it is described by N2742/1999.

The aforementioned were performed by providing a framework for a spatial Decision Support
System which can be used in order to determine the optimal locations for biomass power plant
installation. The research takes under consideration the current biomass production as well as
environmental and techno economic constraints related to the final location selection.
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The usage of AHP allows the determination of the weight coefficients of each constraint with
great accuracy and thus makes the result of the analysis more objective. AHP can be used in two
distinctive ways within a GIS environment. It can be either employed to derive the weights associated
with suitability map layers or alternatively the AHP principle can be used to aggregate the priority
for all level of hierarchy structure including the level representing alternatives. (Malczewski). Fuzzy
datasets are used to further enhance the results. In a complex land-use suitability analysis, like the one
performed in this paper, it is difficult, (or even impossible) to provide the precise numerical information
required by the conventional methods based on the Boolean algebra. In conventional approaches a
cut-off (a constraint or threshold) is defined as ‘the acceptable site must be located within 1 km of a
river,’ for example. Such a cut-off however is not a natural one [85]. Fuzzy datasets enhance the results
by allowing the determination of areas that are between these two cases. Thus, allowing mapping
an area more accurately and combining results from different constraints with higher accuracy. This
approach manages to deal with impression and ambiguity in the input data (attribute values and
decision maker’s preferences [85]. The end result of this approach is the creation of a detailed map
which depicts the most suitable locations for the installation of a biomass energy power plant. After
the proposal of the most suitable locations, managers should perform visits to the areas for selecting
the final installation locations.

6. Conclusions

One of the advantages of the proposed framework is that it can be easily modified in order to
study other types of RES by simply modifying the relating criteria. The results of the framework can
be further enhanced by incorporating more criteria and alternatives, using high resolution satellite
data etc.

The energy produced in the selected areas can be increased by using sludge and other urban
waste water. Wastewater reuse in forest plantations has several advantages including rehabilitation of
fragile ecological zones, reduced discharge of wastewater into natural water bodies and thus reduced
pollution of aquatic ecosystems [87].

The usage of this DSS and other similar methodologies constitutes a valuable tool for energy
planning in regional and national level, shaping the framework of investment activities, thus
contributing to the implementation of the country’s development policy.

It is important to form the appropriate policies which will promote and encourage at the same
time the cultivation of energy crops for energy production. A key problem of biomass related projects
is funding. Therefore, it is very important to investigate alternative means of funding. Additionally,
it is also very important to simplify procedures and to minimize delays regarding the environmental
licensing of these types of projects.

The results of this research are very useful, both to the scientific community for further research
and review and to the managers which perform energy planning. Furthermore, the results can
provide the Greek state with a tool for decision making both in energy planning as well as in
environmental protection.

Additionally, it is very important for the Greek state to take under serious consideration the
increasing biomass volumes and modify the legislation framework. Finally, it could be possible to
modify the existing power transfer network for the exploitation of energy production from biomass
and reduce the stress of Public Power Corporation, especially in high demand periods.

Further improvements of the proposed methodology can include the capability of scenarios
with the aim of developing a sustainable methodology for alternate locations [88] or other mapping
techniques [89], which can be used to further enhance the spatial multicriteria analysis.
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