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Abstract: Among the procedures included in surface mines’ closure, the determination of post-mining
land uses constitutes one of the early but primary steps. This research aims to develop an algorithm
for the selection of the most suitable land use spatial distribution in the post-mining area of a surface
lignite mine in northern Greece. Considering the already reclaimed areas and the local socioeconomic
conditions, six distinct criteria that concern physical local characteristics were selected and, in turn,
spatially combined with parameters affecting the mining area. Mining experts attributed weights to
the criteria regarding their importance for the examined land uses. The six criteria concerned physical
local characteristics (slope, elevation, and distance from villages, rivers, roads, and transmission
lines), while the parameters affecting the mining area referred to the type of ground (undisturbed or
graded areas), existing infrastructure, and mine closure planning, emphasizing the final landscape of
the mining area. The investigated land uses encompassed agricultural, forest, industrial (including
buildings, infrastructure, and photovoltaic parks), and recreational parks. Through the application of
a fuzzification algorithm within a geographical information system (GIS) environment, four land
use suitability maps were generated, which were subsequently overlaid to derive a comprehensive
suitability map. The final suitability map was derived from the integration of the mining parameters
as spatial information into the algorithm. The findings indicate that, even though the land use
suitability analysis could be derived from a mathematical model, the integration of qualitative
information related to the mining specifications is necessary to produce more reliable results. The
proposed algorithm can be used as a useful tool by decision-makers in the mining industry to plan
post-mining reclamation based on suitable criteria.

Keywords: land use suitability; mine closure; fuzzy membership; reclamation; GIS

1. Introduction

The energy Just Transition is a current concept that occupies the interests of most
related coal and lignite mining companies and includes different multidimensional aspects:
justice, employment, governance, public perception, and impact assessment [1]. In this con-
text, proper management is needed in combination with the mine closure procedures [2,3]
to ensure a transition that relieves economic decline and poverty [4]. In the post-mining
period and the context of the environmental impact assessment, land reclamation is of
primary importance and constitutes a multiparametric procedure including several phases.
In turn, land reclamation presupposes the suitability assessment of each area to host a spe-
cific land use, dependent on the multiple influencing factors characterizing each area [5,6].
One of the main targets for each mining industry is to achieve the maximum suitability of
post-mining land uses in combination with the minimum vulnerability to any hazards [7,8].
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Mine closure includes several procedures, although no specific European regulations
exist for its implementation [9]. In most cases, mine closure is based on the general mining
legislation [10], as well as the Greek one, which is based on European legislation. Whatever
legislation has been applied, the basic obligation of the state is to ensure that the closure
will occur adequately and without any adverse environmental impacts. However, some
standards and guidelines are not specifically for mine closure but useful for it, which are
represented by the International Organizations for Standardization (ISO). Some indicative
ones are ISO 14001:2015 [11], 14004:2016 [12], 14015:2001 [13], and 14055-1:2017 [14]. Al-
though the specific standards are proposed by the ISO, the regulations could be changed,
depending on the local conditions. One of the main stages of the mine closure is the decom-
missioning of lignite mining, which includes, alongside other stages, land repurposing. In
this framework, post-mining land use and its early and sustainable planning are highly
prioritized for most mining industries that have entered the closure phase.

Mined land repurposing (MLR) is a procedure for determining the post-mining land
uses, elaborated upon simultaneously with the mining operations or after the mine clo-
sure [15,16]. It is widely known that mining operations affect land use changes through
time in several ways [17,18], meaning that, after mining exploitation, the excavation or
dumping areas could be transformed into other land use, such as agriculture, forest land, or
recreational parks. Monitoring these changes over time highly contributes to determining
the crucial parameters that affect the final decision on post-mining land uses [19]. The term
“repurposing” declares the existence of more than one land use and includes a wide range
of activities that should be followed [20]. Several countries in Europe, particularly former
coal-producing countries, repurpose the areas in such a way as to preserve industrial her-
itage [21,22]. There are multiple benefits and contributions to the coal transition from land
repurposing combined with spatial post-mine planning, which concerns climate change,
the post-carbon economy and energy production, and the environmental regeneration of
mining lands. In addition, land repurposing attracts new businesses and creates new jobs.

Several approaches, such as decision-making procedures, have been developed in the
international literature diachronically for land use suitability assessment in surface mining
areas. In this framework, spatial decision support systems (SDSS) combined with geographic
information systems (GISs) [23], as well as multi-criteria decision analysis (MCDA) tech-
niques, are extensively used for land use decision-making in post-mining areas [24]. The
most common techniques applied to post-mining land use decision-making are the AHP,
TOPSIS, and PROMETHEE methods [25–27]. Evolutionary and multi-objective optimization
algorithms (e.g., genetic and particle swarm optimization algorithms) are widely used for
land suitability assessment, combining spatial, economic, and social criteria. Some of these
techniques are mathematical and heuristic algorithms. Linear programming (LP) and mixed-
integer programming constitute the most common mathematical algorithms, whereas genetic
algorithm (GA), simulated annealing (SA), and artificial neural network (ANN) constitute
some of the heuristic ones. Multi-type ant colony optimization (MACO-MLA) is a technique
for multi-land use allocation that has better performance than simulated annealing (SA) and
the genetic algorithm (GA), especially regarding employment time [28].

In addition, several methods have been developed to correlate and evaluate criteria
significance. A criterion may be equally important to each other, moderately strong, or
extremely important. In this context, a combination of geographic information systems
and ordered weighted averaging (GIS-OWA) techniques are used [29], of which the OWA
technique constitutes a multi-criteria evaluation method and is used for the definition
of the relative significance between the model variables and the order weights. The
authors of [30] combined GIS with AHP to weigh the criteria and showed that the most
important criteria to consider for the land suitability evaluation are the natural/physical
ones. Furthermore, SWOT analysis has been proven a useful semi-quantitative method,
as it allows the importation of internal and external factors into the suitability analysis [8].
The restrictive factors that define a land segment as unsuitable were evaluated through
the Integrated Index Method and the Difference-Product Method and resulted in the fact
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that they operate reliably for evaluating the suitability of damaged mining land for land
reclamation [31]. The multiple land use allocation problems are employed with multi-
objective optimization techniques because they include many combinations regarding the
different land uses and the very large number of raster surface pixels.

Studies that investigate land use suitability for the post-mining era, combining the
local-topographical parameters with the engagement of stakeholders, are few in the inter-
national literature [32,33], and this is the research gap that the present paper aims to fill.
More specifically, the local knowledge of experts and preferences are the crucial parameters
that characterize the specific mining area and would enhance the social acceptance and
success of rehabilitation efforts. Moreover, this study represents the first application of
such an approach in Greek surface lignite mines, contributing to the innovative nature of
this research. Previous studies have explored parameters influencing land use selection in
the lignite surface mines of Public Power Corporation (PPC) under the following repur-
posing scenarios: (a) renewable energy production, (b) industrial production/waste, pro-
cessing/workshops, services, and storage, (c) agriculture/horticulture/forestry, (d) recre-
ation/tourism, and (e) office/research/technology parks [15]. The present study’s main
objective is to assess the optimal spatial distribution of post-mining land uses by consider-
ing the already reclaimed areas, specific criteria, and experts’ judgment. In this framework,
answers are sought to the following research questions:

a. How are the dynamic conditions in the mining area related to establishing the
suitability criteria and, finally, to determining the post-mining land uses?

b. How do key parameters (e.g., environmental, mining, and socioeconomic) affect the
final determination of the optimal land use selection?

c. How are the topographical–morphological criteria integrated with the additional
mining criteria for determining land use suitability?

Criteria selection represents the multidimensionality that characterizes land use suit-
ability assessment. The suitability criteria were selected by thinking about the environ-
mental and local mining conditions [20,34]. Specifically, the paper investigates the spatial
distribution of the criteria that determine each land use by prioritizing their values and
calculating the maximum suitability score for each land use. In turn, other parameters
related to the mining area were integrated with these criteria to determine the final land
use allocation. In this direction, a geospatial land suitability model was developed using
geographical information systems (GISs), which enabled the identification of the land use
that best fit each land segment.

2. Materials and Methods
2.1. Research Area

The Ptolemais mining area (Kozani Province in the Western Macedonia Region, north-
ern Greece) is a complex of lignite surface mines and constitutes the research area of the
present paper. In this region, the lignite mines of Public Power Corporation (PPC) have
been developing for the last 65 years, since 1957. During this period, a total of 1.5 billion
tons of lignite have been extracted, with total excavations of 6.9 billion m3, while the lignite
production in 2022 was 10.49 Mt, with excavations of 47.95 million m3 and a stripping ratio
of 3.74 m3/t [35,36]. Currently, the Mavropigi and South Field mines are in operation, and
according to the current planning, the exploitation of the two mines will be completed in
2028. Figure 1 shows an overview of the Ptolemais mines within the Approved Environ-
mental Permitting Limit (area of interest: 148 km2) in June 2023. The mining operations in
the lignite surface mines are carried out mainly with continuous mining equipment, while
non-continuous mining equipment is used for specific earthworks. Continuously changing
landforms characterize the area, which implies a peculiar topography and uncertainties
regarding future mining operations and the final topography of the area.
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Figure 1. Location map of the Ptolemais mining area (June 2023) (map in Greek Geodetic Reference
System—GGRS87).

2.2. Applied Methodology

The land suitability models that emphasize spatial allocation in a GIS environment
are mainly simple (binary), fuzzy, and weighted [37]. Each of them has a different scale
reference and interpretation. In the present case study, more than one land use could
correspond to an area, and the model criteria are not equally important to each land use.
Considering this, a combination of weighted and fuzzy models was considered the most
appropriate, mainly to avoid the suitability classification for each land use and attribute
weights in the criteria regarding each land use.

The pseudo-flowchart of Figure 2 presents the stages of the applied methodology. Two
basic categories of criteria were selected for the total land use suitability assessment: the
topographical–morphological criteria and the criteria representing the mining experience
and the mining footprint in the area. The former includes all those local parameters that
characterize the mining area under the current condition. In contrast, the latter consists
of some information from the PPC’s mining experience and the mining history of the
previous years.

However, a spatial quantitative and qualitative evaluation was applied to both cate-
gories of criteria. More specifically, the quantitative evaluation concerns the left part of the
pseudo-flowchart and includes the conversion of all types of criteria into grids, where each
cell obtains a specific value for each criterion (spatial distribution criteria maps). In turn, the
suitability classification procedure includes the grid values’ inverses or not (raster dataset)
regarding its suitability for each land use based on the existing land use of reclaimed areas
under the principles of fuzzy logic, producing 24 new criteria maps (six criteria for four
land uses). For that reason, the spatial analyst tool “fuzzy membership” was used in the
GIS environment. Fuzzy principles were applied also to the overlay of the appropriately
configured criteria maps to compile four land use suitability maps. In the next step, the
four derived suitability maps were overlaid within a common scale from 0 (least suitable)
to 1 (most suitable). Then, a new raster dataset was derived with a scale value from 0 to
1. To obtain information on the type of land use, a subtraction of each land use suitability
map from the weighted overlay map was employed, and where the subtraction result was
zero, the specific land use covered the specific cell.
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Figure 2. Pseudo-flowchart of the applied methodology.

The right part of the pseudo-flowchart constitutes the qualitative evaluation and,
specifically, the experts’ judgment regarding the mining progress which, until this stage,
had not been considered, as well as regarding past experiences, lessons learned, and
historical data. As mentioned, the topography of the area will change, as the lignite mines
are still being developed, and the mining works (excavation and dumping) are expected to
be completed in the year 2028, according to the current schedule. For this reason, it was
necessary to consider experts’ judgment to clarify issues related to the future evolution of
the mine’s development and the final formed voids, the existing infrastructure and building
facilities connected to the operation of the lignite mines, and the areas that have been graded
or those that will remain undisturbed by mining activity. A related questionnaire was
given to the PPC’s special staff in various scientific fields who had an adequate scientific
background and long-term professional experience in mining exploitation and reclamation
works, and they were responsible for both the operation of the mines and the mines’ closure.
The expert team included ten people, comprising mining (5) and survey engineers (2), as
well as geologists (3).

Finally, the output of the fuzzy algorithm (the left part of the pseudo-flowchart) was
combined with the expert’s judgment (the right part of the pseudo-flowchart) into an
integrated algorithm by converting the qualitative parameters (undisturbed and graded
areas, possible final pits, power plants, and buildings–infrastructure) into categorical



Sustainability 2023, 15, 14388 6 of 18

variables in GIS. The final product of this combination was the final spatial distribution
map of the proposed post-mining land uses.

2.2.1. Dataset Processing

An investigation of the existing land uses was employed to obtain feedback about
the criteria followed in the past for the reclamation process employed by PPC. Initially,
six criteria maps were created, depicting the spatial distribution of their values within
the Environmental Permitting Limit of the Ptolemais mining area. They were classified
according to the Jenks Natural Breaks [38,39] and not to specific suitability standards. The
spatial distribution of the distance criteria was employed through the Euclidean distance
method (ArcGIS toolbox), while the slope and elevation criteria maps were generated
through the digital elevation model (DEM) of the current mining area. Based on the field
mapping and geographic positioning system (GPS) measurements by the mining staff, the
mining area’s DEM is created regularly for the mine’s necessities, so the most current DEM
(December 2022) was used for the present study. The topographic attributes selected were
the slope gradient and elevation, while the distance criteria were the distance from roads,
villages, rivers, and transmission lines. All six criteria raster datasets had a cell size of
30 × 30 m, considering the elementary spatial unit of 0.1 hectares that was assumed as the
minimum area of land use (e.g., an agricultural area).

In turn, the selected classes were investigated through a statistical method, which will
be described in the following paragraph, regarding their relationship with the examined
land uses. According to this correlation and in combination with the mining experts’
judgment, the criteria were evaluated concerning their importance for each land use, and
each one obtained a weight that represented their hierarchy of suitability. Based on the
experts’ judgment and PPC’s experience in mining reclamation, the conditions that did
or did not favor the land use development were critically assessed. In this stage, the
fuzzification algorithm was used to classify the criteria regarding their suitability for each
land use, avoiding limiting the classification to distinct thresholds. All the selected criteria
were reclassified concerning their suitability for each investigated land use on a scale from
1 (very low suitability) to 5 (very high suitability).

In the framework of the present study, the investigated land uses for the post-mining
era were agricultural, forest, and industrial areas (including the building infrastructure and
photovoltaic parks), as well as recreational parks. The selected topographical criteria were
investigated regarding their correlation with the already reclaimed mining areas with the
target of conducting a back analysis of the decisions taken for the suitability determination
of the land reclamation. The correlation was employed with the method called information
value [28,40,41]. The already reclaimed mining areas were mainly forest and agricultural
land uses. More specifically, the agricultural and forest land uses were assessed considering
their spatial distribution in the mining area using the “Intersect” ArcGIS Analysis tool. The
agricultural and forest reclaimed polygons were overlaid with each criterion polygon. The
information value method is expressed through Equation (1):

Wi,j = ln
Class Density
Map Density

= ln d

Npix(Xij)

Npix(Nij)

XNpix(Xij)

XNpix(Nij)

(1)

where Wij = the given weight of a certain parameter class, Class Density = the den-
sity of the criterion class, Map Density = the criterion density within the entire map,
Npix(Xij) = the number of pixels that contained a specific land use in a certain parameter
class, Npix(Nij) = total number of pixels in a certain parameter class, XNpix

(
Xij
)
= the

number of pixels that contained a specific land use in the entire map, XNpix(Nij) = the total
number of pixels in the entire map, i = the criterion, and j = the class.
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2.2.2. Fuzzy Suitability Assessment

The cut-off points among the criteria value classes that define land use suitability
are not specified in the literature and are unreasonable and unrealistic to expect to exist
in nature due to the many degrees of freedom of the specific criteria. To deal with the
imprecision of suitability evaluation and to avoid the criteria reclassification uncertainty
of the crisply defined boundaries, a fuzzification algorithm was applied to each criterion
raster dataset [23,42]. The fuzzy logic principles were based on fuzzy set theory [43].

More specifically, to evaluate land suitability, the spatial analyst tool “fuzzy mem-
bership” was used in GIS, declaring that the higher the values of membership, the higher
the suitability. The fuzzy membership of suitability was expressed through a triangular
membership function (Equation (2)):

MF(xi) =


0 f or xi ≤ a

(xi − a)/(b − a) f or a < xi < b
1 f or xi ≥ b

(2)

where MF(xi) is the membership function for the measurement xi, where, for the present
case, xi is the grid cell, and i is the ith cell, while a and b are the threshold values defining
the discrete limits of suitability/unsuitability, which, in this case study, are the minimum
and maximum values of each criterion and the respective suitability as determined by the
statistical correlation of the already reclaimed areas, combined with the experts’ judgment
and data from the literature. Each criterion dataset was reclassified into a scale from 0 to 1,
representing lower suitability and higher suitability, respectively. Any other value between
these values declared the degree of participation of the value to the suitability set. Based on
those definitions mentioned above, each criterion was evaluated regarding its suitability for
specific land uses each time, and the scale was transformed proportionally when needed.
The transformation was employed in the Raster Calculator of ArcGIS using Equation (3):

Inverse Raster = 1 − Original Raster (3)

where Inverse Raster is the suitability map with the transformed scale, and Original Raster
is the initial suitability map before transformation.

2.2.3. Parameters Affecting the Mining Area

The investigation of land use suitability based on the physical characteristics of the
research area was the first step for the initial spatial definition of the post-mining land
uses. However, considering that using only these parameters would be inadequate for
post-mining land use planning, the selection of the most suitable position for land use was
a multi-criteria procedure and could not exclusively be based on a mathematical model
without considering the experts’ judgment regarding the qualitative mining characteristics.
In particular, the land use suitability assessment was also based on criteria related to mining
characteristics. Specifically, the land use suitability map that was initially compiled was
combined in the ArcGIS environment with the additional parameters that were related to
the type and the ground conditions, the already existing infrastructure, the temporal land
availability, and exploitation planning, etc.

In the case of the Ptolemais mines, the hierarchy of each future land use regarding its
importance depends on the progressive closure of power plants and mining operations.
The transition to a new energy model for the fulfillment of Greece’s energy requirements,
which were covered by lignite for 65 years, in the future is intended to be replaced by
electric energy production using photovoltaic parks, the spatial configuration of which
constitutes a priority. An additional parameter that affects land use spatial allocation is
the land’s temporal availability and preparedness. The land reclamation and disposal in
the research area take place simultaneously with the operation of lignite mines. This fact
should be considered during the final proposition for land uses. In addition, part of the
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land is not yet available and has not yet been configured in its final condition, as it is in use
or is intended to be used for the development of mining works.

Consequently, selecting sites for photovoltaics installation and industrial zone de-
velopment, which will be directly available, finally configured, and geotechnically safe,
constitutes a parameter that should be investigated. Areas that have not been exploited
(undisturbed), old, graded dumps, and building infrastructure are prioritized for photo-
voltaic park installation and industrial zones’ development. In addition, routing subsistent
voltage networks at close distances is a positive factor favoring the spatial determination
of photovoltaics installation and industrial zone development. Reserved areas for mining
works will be mainly attributed to agricultural–forest land use and recreational parks (after
their final configuration), depending on their morphological characteristics. Considering
that the economic development of Ptolemais’s broader area was based on lignite mining in
previous years, direct and indirect employment will be affected, and finally, unemployment
will be increased due to the stoppage of mining and power plant operations if no measures
are taken. For this reason, repurposing projects are of high importance.

3. Results and Discussion
3.1. Determination of Criteria Weights

As each land use was derived from the spatial distribution of criteria and a qualitative
assessment, each classification plays a specific role in its suitability for specific land use. For
instance, agricultural land use is preferably developed on mild slopes. At the same time,
the elevation criterion could be a restrictive factor if considering the kind of agriculture that
would be developed. The spatial distribution of the selected criteria is depicted in Figure 3.

Sustainability 2023, 15, 14388 9 of 19 
 

 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 3. Classification of the selected criteria (a) slope surface, (b) elevation, (c) distance from 

villages, (d) distance from rivers, (e) distance from roads, and (f) distance from transmission lines. 

Each criterion is important for each land use, and a relationship among all should be 

quantified. For this, weights were attributed to each criterion based on the experts’ 

knowledge. The weights were multiplied by each raster using the Raster Calculator tool, 

generating 24 new weighted raster datasets, six for each land use. In turn, the resulting six 

raster datasets that had been produced for each land use were overlaid using the fuzzy 

overlay of the Spatial Analyst tool in the ArcGIS environment. 

Slope surface is a very crucial criterion for the determination of land use suitability, 

and it was given priority in the weighting procedure regarding the other criteria. More 

Figure 3. Cont.



Sustainability 2023, 15, 14388 9 of 18Sustainability 2023, 15, 14388 9 of 10 
 

  
(e) (f) 

Figure 3. Classification of the selected criteria (a) slope surface, (b) elevation, (c) distance from vil-
lages, (d) distance from rivers, (e) distance from roads, and (f) distance from transmission lines. 

Each criterion is important for each land use, and a relationship among all should be 
quantified. For this, weights were attributed to each criterion based on the experts’ 
knowledge. The weights were multiplied by each raster using the Raster Calculator tool, 
generating 24 new weighted raster datasets, six for each land use. In turn, the resulting six 
raster datasets that had been produced for each land use were overlaid using the fuzzy 
overlay of the Spatial Analyst tool in the ArcGIS environment. 

Slope surface is a very crucial criterion for the determination of land use suitability, 
and it was given priority in the weighting procedure regarding the other criteria. More 
specifically, mild slopes make the land more suitable for agricultural use, as they affect 
soil properties by reducing the soil layer when the slope angle increases and controlling 
soil erosion. For instance, the development of soils is delayed when the slope degree in-
creases, and consequently, soil fertility decreases. Furthermore, with the increase in slope 
surface, land use development related to infrastructure development, such as recreational 
areas and industrial and photovoltaic parks, becomes difficult. Regarding forest land rec-
lamation, steeper slopes are considered more favorable for tree development, as mild 
slopes are considered for other uses. 

Elevation is a more flexible criterion for the mining area, meaning that at either high 
or low elevation, any one of the land uses would be attributed. Elevation could be a re-
strictive factor in a case where the agricultural land includes specific species that need 
special elevation conditions. However, within the boundaries of the research area, the el-
evation values did not have such a wide range in value. Considering the recreation parks 
and the human activities that could be developed there, the lower elevation could be a 
better choice for easier access to people there. Otherwise, industrial land use could be 
established at whatever elevation. Based on this approach, the highest elevation values 
were attributed to forest land use, as having the trees in the highest vicinity is aesthetically 
favorable. 

The distance from roads plays a crucial role, especially in infrastructure develop-
ment. More specifically, increasing the distance from roads decreases connection and con-
venience regarding the suitability for agricultural and industrial use. So, the highest val-
ues of suitability were assigned. The distance from rivers can attract anthropogenic activ-
ities, so the shortest distances were considered favorable for recreational and agricultural 
land use, while industrial use is preferable not to be developed close to rivers. For forest 
land use, a close distance to rivers was considered an advantage, as the presence of water 
favors tree development and ecosystem reservation. The distance from transmission lines 
was considered to favor only industrial development, as it decreases transportation ex-
penses. However, longer distances are considered more favorable for other land uses. The 
distance from villages was evaluated as favorable to agricultural, forest, and recreational 

Figure 3. Classification of the selected criteria (a) slope surface, (b) elevation, (c) distance from
villages, (d) distance from rivers, (e) distance from roads, and (f) distance from transmission lines.

Each criterion is important for each land use, and a relationship among all should
be quantified. For this, weights were attributed to each criterion based on the experts’
knowledge. The weights were multiplied by each raster using the Raster Calculator tool,
generating 24 new weighted raster datasets, six for each land use. In turn, the resulting
six raster datasets that had been produced for each land use were overlaid using the fuzzy
overlay of the Spatial Analyst tool in the ArcGIS environment.

Slope surface is a very crucial criterion for the determination of land use suitability,
and it was given priority in the weighting procedure regarding the other criteria. More
specifically, mild slopes make the land more suitable for agricultural use, as they affect soil
properties by reducing the soil layer when the slope angle increases and controlling soil
erosion. For instance, the development of soils is delayed when the slope degree increases,
and consequently, soil fertility decreases. Furthermore, with the increase in slope surface,
land use development related to infrastructure development, such as recreational areas and
industrial and photovoltaic parks, becomes difficult. Regarding forest land reclamation,
steeper slopes are considered more favorable for tree development, as mild slopes are
considered for other uses.

Elevation is a more flexible criterion for the mining area, meaning that at either high or
low elevation, any one of the land uses would be attributed. Elevation could be a restrictive
factor in a case where the agricultural land includes specific species that need special
elevation conditions. However, within the boundaries of the research area, the elevation
values did not have such a wide range in value. Considering the recreation parks and the
human activities that could be developed there, the lower elevation could be a better choice
for easier access to people there. Otherwise, industrial land use could be established at
whatever elevation. Based on this approach, the highest elevation values were attributed to
forest land use, as having the trees in the highest vicinity is aesthetically favorable.

The distance from roads plays a crucial role, especially in infrastructure development.
More specifically, increasing the distance from roads decreases connection and convenience
regarding the suitability for agricultural and industrial use. So, the highest values of
suitability were assigned. The distance from rivers can attract anthropogenic activities, so
the shortest distances were considered favorable for recreational and agricultural land use,
while industrial use is preferable not to be developed close to rivers. For forest land use,
a close distance to rivers was considered an advantage, as the presence of water favors
tree development and ecosystem reservation. The distance from transmission lines was
considered to favor only industrial development, as it decreases transportation expenses.
However, longer distances are considered more favorable for other land uses. The distance
from villages was evaluated as favorable to agricultural, forest, and recreational land uses,
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considering the easy access to farmlands and developing anthropogenic activities close to
forests and recreational areas, respectively.

To obtain a quantitative aspect of the importance of each criterion regarding the
already reclaimed areas, statistical correlation analysis among the already reclaimed areas
and criteria classes was employed, and the results are presented in Table 1. The parameters
with the strongest positive correlations show the most suitable classes that were selected for
the forest and agricultural land use reclamation in the already reclaimed areas. In particular,
the highest correlation was observed in the following range values per criterion: a slope
of 17–30◦, a distance from rivers of 1500–2226 m, a distance from roads of 0–400 m and
from villages of 0–1650 m, an elevation of 800–924 m, and a distance from transmission
lines of 1873–2635 m. These range values represent the conditions which were mostly
considered during the already completed reclamation works. The respective range values
for agricultural land reclamation were slopes of 0–2◦, a distance from rivers of 1000–1500 m,
a distance from roads of 400–900 m, a distance from villages of 0–1650 m, elevations of
800–924 m, and a distance from transmission lines of 1873–2635 m (Table 1).

Table 1. Weighting values’ (Wi) distribution in the criteria classes.

Criteria Class Number Class Wif Wiag

Slope (◦)

1 0–2◦ −0.415 0.247
2 2–6◦ 0.123 0.030
3 6–11◦ 0.198 −0.530
4 11–17◦ 0.327 −0.615
5 17–30◦ 0.912 −0.805

Elevation (m)

1 450–610 −2.623 0.000
2 610–680 −0.930 −2.005
3 680–750 0.361 0.722
4 750–800 0.596 0.376
5 800–924 0.912 0.902

Distance from roads (m)

1 0–400 0.238 −0.528
2 400–900 0.118 0.437
3 900–1400 −0.263 0.212
4 1400–2000 −0.769 −0.326
5 2000–3539 −0.553 −0.229

Distance from villages (m)

1 0–1650 0.360 0.865
2 1650–2850 0.264 −0.410
3 2850–4000 0.193 0.096
4 4000–5000 −0.076 0.134
5 5000–6657 −1.165 −1.850

Distance from rivers (m)

1 0–316 −0.311 −0.897
2 316–680 0.099 −0.196
3 680–1000 0.165 0.375
4 1000–1500 −0.015 0.587
5 1500–2226 0.427 0.427

Distance from transmission lines (m)

1 0–539 −0.044 −0.749
2 539–1175 0.019 −0.655
3 1175–1873 0.069 −0.039
4 1873–2635 0.048 0.822
5 2635–4049 −0.156 0.455

Analyzing the selection of the criteria classes revealed that not all the criteria had the
same importance considering land uses. In general, forest area development should not be
strictly limited to steeper slopes. However, considering the mining area, the mildest slopes
should have priority to be used for other purposes (e.g., agricultural and photovoltaic
land). Usually, the steep slopes in a mining area are situated in the slope dumps and slope
excavations for which geotechnical stability should be considered from the early beginning
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of mining operations, as well as for the reclamation stage. By reclaiming slopes with trees,
geotechnical stability is generally amplified. The agricultural land use needs mild slopes
for its growth and for people to cultivate agricultural areas. High elevations are not a
restrictive criterion in either of the two scenarios.

Regarding the criterion “distance from rivers”, the high correlation value that was
derived from the correlation analysis was attributed to the fact that the excavation and
dumping works were employed in areas around the river. As a result, the reclamation
works were unable to occur close to the river. However, in the post-mining land use
planning framework, this criterion was selected with high distances as the most suitable
only in the scenario of industrial reclamation.

Furthermore, forest development near roads or villages amplifies human contact with
nature in forest land use scenarios. In agricultural scenarios, it is essential for people
to cultivate their agricultural areas and have cultivated products directly available. The
“distance from transmission lines” is a criterion that should be considered both in forest
and agricultural development to prevent fire hazards. It is worth noting that the correlation
results are a representation of the existing conditions due to the reclamation works and not
strict values for which no deviation should exist.

The reclassification of the criteria regarding their suitability for agricultural and forest
land use was determined based on the highest positive correlations. In some cases, the
strongest correlation emerged for an intermediate criterion class. However, the general
trend was considered.

3.2. Land Use Suitability Assessment

Figures 4 and 5 depict the results of the overlay suitability analysis for each land use.
The suitability analysis was employed initially for each land use separately by overlaying
the selected criteria. Figure 4 depicts the spatial distribution of suitability classes graded
from 1 to 5, representing the very-low-suitability pixels to the very-high-suitability pixels,
respectively. In addition, the resulting suitability maps show that some areas are suitable
for more than one land use, according to the evaluated criteria. From the histograms of
Figure 5, it was observed that class 1, “very low suitability”, covered most of the area for
all the land uses, while the next largest areas were classes 3, “moderate suitability”, and
4, “high suitability”. The “very high suitability” class did not exceed 2000 hectares in any
of the cases and covered the least area in each land use. This fact was interpreted by the
weights that were given during the overlay analysis of each criterion regarding each land
use (Table 2). Priority was attributed to the slope criterion for all the investigated land uses
because, according to the engineering judgment, it is the dominant characteristic in mining
areas that is considered during reclamation.

Table 2. Relative importance of criteria (weights).

Land Use/Criteria Agriculture Forest Industrial Recreational

Slope 0.35 0.20 0.40 0.30
Elevation 0.15 0.20 0.05 0.20

Roads 0.15 0.15 0.10 0.15
Villages 0.5 0.15 0.15 0.5
Rivers 0.25 0.15 0.10 0.5

Transmission Lines 0.5 0.15 0.20 0.25
Sum 1 1 1 1
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Although four land use suitability maps were produced for specific land uses, the
main target was the allocation of different land uses in the mining area, considering the
highest suitability. For this, a further analysis was employed by overlaying the resulting
four suitability maps of Figure 4. A weighted overlay of the four suitability maps was
employed based on the weights that were attributed to each land use, according to the
experts’ judgment (Table 2). The resulting map depicted a suitability distribution in the
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study area with values of a fuzzy scale from 0 to 0.19 without declaring the type of land
use. To obtain information about the type of land use that covered each cell throughout the
suitability distribution map, subtraction was employed among the raster datasets. More
specifically, each of the four land use suitability maps in Figure 4 was subtracted from the
suitability distribution map. The possible cases were two: zero values and other values
different from zero. In the cells where the value was equal to zero, the specific subtracted
land use covered the cells with zero values. The resulting new suitability map is depicted in
Figure 6, where the red color depicts the industrial areas, including building infrastructure
and photovoltaic parks, the orange depicts the recreation parks in rather smaller areas, and
the yellow and green colors depict the agricultural and forest areas, respectively.
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Simultaneously, some geospatial mining characteristics affect the final decision on
the post-mining land uses. From the combination of the topographical criteria with the
mining characteristics was derived the final post-mining land use allocation map. Figure 7
shows the spatial distribution of the additional characteristics, which were (a) undisturbed
areas, (b) graded areas, (c) areas that currently host building and mining infrastructure
(e.g., power plants), and (d) possible final pits. Based on these characteristics and their
specifications, land repurposing was reconsidered to ensure a sustainable equilibrium for
the area. More specifically, the undisturbed areas were considered for two basic types of
land uses: (a) industrial, as it constitutes a more geotechnically suitable land for foundation
compared with the disturbed areas, and (b) agricultural, as the topographical criteria
favored this particular use in these sites. The graded areas constituted areas that were
relatively mild, which were intended either for agricultural use or photovoltaics installation.
In addition, the power plants and buildings are infrastructure that has already been founded
in undisturbed areas and is considered crucial to be maintained in the current use in the
context of the new productive–economical model, with the main target of supporting the
photovoltaics industry and employment development. Considering the filling of mining
voids as the most sustainable solution, three pit lakes are planned to be formulated in
the future.
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ity model.

The mining characteristics were imported into the suitability algorithm as spatial
information (shapefile) in the ArcGIS environment and considered spatial constraints in
the suitability analysis. More specifically, from the evaluation of the mining characteristics
based on the experts’ judgment, in combination with the physical ones, was derived the
final suitability map of the post-mining land uses of Figure 8 with the respective areas of
land uses in Table 3. As depicted in the map, the industrial land covered an important
part of the area, including photovoltaic parks, buildings, infrastructure, and power plants.
This was interpreted by the intention of the Just Transition to develop renewable energy
sources and ensure sustainable industrial development with the simultaneous target of
replacing traditional energy sources. However, the proportion of forest land in the total
area was almost like in the industrial lands, which favored equilibrium maintenance. It was
observed that the land use areas that were derived from the integration of the physical and
mining characteristics were quite like the respective areas of the initial land use allocation
model. Specifically, the industrial and agricultural land uses seemed to have very close
acreage values. However, the spatial allocation was not the same. The differences in the
spatial allocation were attributed to the incorporation of the experts’ judgment regarding
the mining characteristics in the model. According to the knowledge management of the
mining area and the experts’ judgment, the lake development in the deeper excavated
levels of the area was a sustainable solution and constituted an important characteristic
that did not exist in the initial model. As shown in Table 3, the difference among the forest
land acreages was balanced in the final model by sharing this acreage in the lakes and
recreation parks.
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Table 3. Areas of final post-mining land uses and their proportions.

Land Use Areainitial
1

(km2)
Areafinal

2

(km2)
Proportioninitial

3

(%)
Proportionfinal

4

(%)

Lake _ 7.7 _ 5.2
Recreational Parks 12.1 14.6 8.2 9.9

Industrial 51 51.2 34.3 34.6
Agricultural 28.6 29.9 19.3 20.2

Forest 56.3 44.6 38.1 30.1
Total 148 148 100 100

1 Land use areas based on the physical characteristics, 2 land use areas based on the integration of physical
and mining characteristics, 3 percentage of a land use area based on the physical characteristics within the
Environmental Permitting Limit, 4 percentage of a land use area based on the integration of physical and mining
characteristics within the Environmental Permitting Limit.

By comparing the suitability maps of Figures 6 and 8, it could be concluded that
topographic characteristics played an important role in spatial land use allocation, as most
of the areas of Figure 8 were in common with those of Figure 6. However, the mining
information was considered decisive for the final compilation of the land use suitability
map. In particular, the lakes in Figure 8 are not depicted in Figure 6, as they were not
imported into the topographical analysis, although they were planned to be formulated in
the context of possible sustainable reclamation.

4. Conclusions

Through a geospatial analysis model, the mining land suitability to host post-mining
land uses in the context of the mine closure procedures was investigated with an application
to the Ptolemais surface lignite mines in northern Greece. Four possible scenarios of land
uses were examined: forest, agricultural, industrial, and recreational parks. The algorithm
was developed in an ArcGIS environment based on fuzzy logic principles to address the
uncertainties accompanying the determination of suitability class thresholds. In this frame-
work, six criteria were adopted concerning the local topographical characteristics of the
study area and were combined with criteria related to specific mining characteristics. The
criteria included slope, elevation, and distance criteria vis-à-vis villages, roads, rivers, and
transmission lines, while the mining characteristics referred to the type of ground (undis-
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turbed by mining operations or graded areas after exploitation), the existing infrastructure,
and mine closure planning, emphasizing the final landscape of the mining area.

Several conclusions were derived concerning the previous studies that have been
elaborated upon in this field. Methods such as AHP, MDCA, and TOPSIS, etc., focus on
hierarchy, scoring, and rating systems. In particular, using the AHP method to attribute
weights to suitability criteria reflects the mean preferences of the experts that do not fit all
locations. In contrast, the methods applied in the context of the present research combine a
mathematical model with the judgment of personnel occupied in the mines on a daily basis
who have long-term professional experience. In addition, this combination is more reliable
to the proposition of post-mining land uses and was adapted to the specifications of local
mining conditions.

Considering that mining operations are dynamic processes and the respective mining
areas are always susceptible to changes, it has been shown through the present research
that the optimal land use selection for each land segment is a multi-dimensional problem
and that mathematical models must be combined with industrial knowledge to produce
more realistic results. Land use suitability evaluation plays an essential role in mining land
reclamation, and the choice of evaluation methods affects, to a great extent, the accuracy
of results and the objectivity of a decision. This fact, combined with the overall mining
knowledge incorporated into the algorithm, constitutes the innovative contribution of the
present work to the existing land use suitability approaches, and this method could be used
as a useful, integrated approach to respective land use suitability issues.

In addition, the applied land use suitability analysis showed that the selected criteria
constitute the key parameters that define the post-mining land uses, depending on their
values, spatial distribution, and importance regarding each land use. The importance of
the key parameters for each land use was configured using the mining experts’ judgment
by attributing weights to each criterion. Furthermore, the evaluation of the results showed
that the topographical–morphological criteria are the primary parameters that should
be investigated to determine the land use suitability to make an initial estimation of the
positioning for each land use. The integration of the additional mining criteria with the
topographical–morphological ones was employed by importing spatial information into the
developed suitability algorithm. Finally, it has been demonstrated that the incorporation of
the experts’ judgment regarding the mining characteristics is of high importance, as these
characteristics are related to specific mining conditions and, consequently, represent the
necessities for the reclamation of the respective areas after exploitation, and they define the
final suitability model.

In conclusion, the mining industry should always search for ways to combine pro-
duction with sustainability principles. Furthermore, in the context of decarbonization and
green energy production, the mining industry explores areas suitable for new industrial
uses in combination with forest or agricultural areas and recreational parks to achieve a
sustainable equilibrium in the broader mining region. Based on these principles, the land
use allocation proposed for the Ptolemais post-mining area represents a targeted, new
productive–economical model which aims to ensure the employment of the population
and sustainable development after mine closure.
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