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Abstract: In the coal phase-out era, achieving sustainable mine closure is significant and prioritizes
targets for the mining industry. In this study, the already closed lignite mine of Kardia, North Greece,
is investigated, where the mine void left is naturally filled with water. The viability of different
repurposing land uses is evaluated, and the natural water level development inside the mine pit is
investigated concerning its future uses. The potential for solar photovoltaic (PV) panels developed
on mining land and its surrounding area is evaluated in combination with the application of pumped
hydro storage (PHS) technology, utilizing pit lake water. Except for electricity system planning,
other end-uses that offer multiple, mutually reinforcing and lasting benefits are investigated, such
as recreation parks, terrestrial wildlife, aquaculture and agriculture. All repurposing scenarios are
evaluated with regard to the spatiotemporal evolution of the lake, by generating forecasts of the
dependent variables (rainfall and temperature) via linear (autoregressive integrated moving average)
and non-linear (artificial neural network) models. The prediction of pit lake natural development
redefines the new land use layout and the land repurposing decisions. This is essential for strategic
planning, considering the Greek lignite mining industry’s priority regarding transitioning from the
current coal-based electricity to renewable energy sources (RES) technology.

Keywords: mine closure; autoregressive integrated moving average (ARIMA); artificial neural net-
work (ANN); post-mining; land use; energy; sustainability; spatiotemporal development;
economic transition

1. Introduction

In the region of the South Ptolemais lignite-bearing basin, in Macedonia, N.W.( north-
west) Greece (Figure 1), the Public Power Corporation (PPC) of Greece had developed
extensive mining activity in order to provide adequate lignite quantities for 3000 MW power
plants. However, Greece’s commitment to the European Commission’s long-term strategic
vision to achieve net-zero greenhouse-gas emissions [1,2] has provided motivations for
sustainable economic growth and spurred the modernization of the economy. The PPC
operates within the framework of corporate environmental responsibility [3] and has estab-
lished an environmental policy that reflects its commitment to comply with all applicable
national and international laws and support continuous environmental improvement.

Over the last decade, particular policy attention has been paid to the transition from
coal energy to clean energy technologies to reduce the risks of climate change impacts
and contribute to climate-resilient pathways [4] for sustainable development. The goal
is to integrate renewable sources and energy efficiency while simultaneously providing
the lowest possible cost. As a result, multi-level planning is critical to designing and
implementing effective strategies, exploring repurposing options, and making decisions
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about a post-mining future and economic transitions, considering regional and policy
contexts [5].
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Figure 1. Research area and location of the Kardia Lignite Mine (LM), Greece. Basemap obtained 
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GGRS87/Greek Grid). 
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uses to be sustainable [6] in the long term. In this context, the PPC is planning to transition 
from coal-based electricity to renewable energy. Specifically, the PPC’s research is focused 
on the sustainable post-mining development of different RES plant types in the remaining 
post-mining landscapes and consequently evaluating whether implementing such tech-
nology could fulfill the electricity demand. 

Regarding RES technology application, it is essential to consider the intermittent 
power outcome. In such a case, integrating energy storage technology with renewable en-
ergy production could be an effective solution. Therefore, the PPC uses a holistic approach 

Figure 1. Research area and location of the Kardia Lignite Mine (LM), Greece. Basemap obtained
from https://www.esri.com/en-us/home accessed on 30 March 2022 (Coordinate Reference System
GGRS87/Greek Grid).

Recently, the PPC has investigated and evaluated alternative repurposing options
to produce energy using renewable energy sources (RES) and has planned post-mining
land uses to be sustainable [6] in the long term. In this context, the PPC is planning to
transition from coal-based electricity to renewable energy. Specifically, the PPC’s research
is focused on the sustainable post-mining development of different RES plant types in the
remaining post-mining landscapes and consequently evaluating whether implementing
such technology could fulfill the electricity demand.

Regarding RES technology application, it is essential to consider the intermittent power
outcome. In such a case, integrating energy storage technology with renewable energy

https://www.esri.com/en-us/home
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production could be an effective solution. Therefore, the PPC uses a holistic approach to
mine transition planning by examining energy storage technology, such as pumped hydro
storage (PHS) technology.

A considerable volume of literature has been published on applying PHS technology
in closed mines in combination with renewable energy sources, such as photovoltaic (PV)
parks. According to Bódis et al. [7] the post-mining available landscape area for installing
PV systems is abundant in the coal regions of the European Union. In addition, solar
PV systems could replace the current coal-fired power plants, provided storage-flexible
units with sufficient capacities are added. The first innovative project of a hybrid energy
system, which combines PHS technology with multi-stage solar and wind renewable energy
units in an abandoned mine, is the Kidston Clean Energy Hub Project [8] in Kidston, Far-
North Queensland in Australia, which is expected to be in operation by 2024. According
to Holcombe, pit voids in abandoned mines could become an asset underpinning RES
development at mining sites and creatively reusing them [9]. Regarding economic feasibility,
Wessel et al. reported that hybrid PHS–RES projects could be developed and operated at
reasonably low costs [10].

Except for the production of electricity using RES, there is also a growing body of
literature on other post-mining transitions and repurposing land-use scenarios [3,11,12],
such as wildlife habitat, parks for recreation, eco-tourism and rehabilitation practices
concerning pit lakes, i.e., development of fishing farms, recreational sport fisheries, angling,
diving, hiking around the lake and even using pits for water storage and flood protection.

Therefore, water quality is an important parameter that could enable new beneficial
end uses. Poor water quality could be significantly improved by rehabilitation prac-
tices, such as permanent flushing with river water, diverting seasonal floods into the pit
lake [13,14], or even permanent river flow-through [15], which can mitigate the risk of eu-
trophication. Other rehabilitation practices have been reported in post-mining areas, such
as appropriate landscaping of the pit lake banks with gentle sloping to emulate natural lakes
if possible, filling the bottom of the open pit with alkaline substances such as re-excavated
waste lime materials and application of riparian zone vegetation [14,16,17]. These rehabili-
tation practices could help the development of crucial aquatic biodiversity. Thus, a closure
monitoring program is a prerequisite in post-mining areas to ensure long-term pit lake
quality, since improving long-term environmental outcomes [18] could enhance pit lake
ecosystem development and mitigate environmental damage.

Open pits include large areas that could also be used for waste disposal. Woodlawn is
another innovative hybrid electric power project and an example of a circular economy,
where the abandoned open pit was repurposed and is now converted into a bio-reactor
landfill [12]. In this example, municipal wastes are disposed into the pit, and bio-gas
power is produced, feeding the electricity grid. At the same time, other land repurposing
is also applied in the surrounding area of the mine. It includes the development of RES
technology using wind and solar farms to generate electricity, agricultural operations for
farming practices, aquaculture and horticulture operations utilizing captured waste heat
in hydroponic horticulture and to cultivate fish, and also the operation of a biological
treatment facility to extract the organic content from waste and select recyclable materials
or produce compost [19].

Another post-mining land-use transition is transforming mining landscapes into
memorial pathways and places of remembrance, demonstrating historical artifacts to
memorialize the local mining legacy [12]. In addition, these landmarks could become
symbols of the region and thus help the development of tourism and recreation in the
area [20].

This study aims to provide a case analysis to examine and evaluate land use repur-
posing scenarios in a mined-out pit of a closed mine. For this purpose, the mined-out pit
of the already closed lignite mine of Kardia, northern Greece, was used as the case study.
According to the planning studies for the closure of the lignite mines of western Macedo-
nia [6], rehabilitation includes the development of lakes inside the open pits, photovoltaic
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(PV) parks developed in the surrounding area, areas used for agriculture or recreational
activities and forest areas. In the Kardia mine, the construction of a PHS facility is proposed
to work as an energy storage unit due to the major setback in the performance of PV
panels, i.e., the difficulty in adjusting to power demands at all times [7,12,21,22]. More
specifically, the pit lake is repurposed as a PHS plant. It is used as an energy storage
unit to supplement variable renewable capacity and enhance the proposed photovoltaic
panels’ performance, increasing the PV park’s capacity factor. The conceptual idea is to
utilize the pit lake that will start to develop after the end of mining activities, ensure the
cessation of dewatering measures (dewatering wells and pumping stations) and create
another or use an existing upper reservoir at higher altitudes. Then, taking advantage of
the head difference between the pit lake (lower reservoir) and upper reservoir, the whole
system could be used as a storage battery, releasing power when needed to compensate for
renewable energy fluctuations.

In this framework, the feasibility of applying PHS technology is examined concerning
the prediction of the natural development lake inside the open pit. In addition, considering
the lake’s potential growth, the application of different land repurposing scenarios in
the Kardia mine is evaluated. Finally, all potential repurposing land uses are evaluated
regarding the energy transition potential in the specific region, long-term socio-economic
viability and successful adaptation. The intent of this paper is to recommend strategies for
improving post-mining land use transition and transforming abandoned surface lignite
mines—including pit lakes—into post-mining assets for the communities. In addition, our
intent is to contribute to further advancing successful pit lake end uses, as pit lakes could
become assets to the clean energy sector.

2. Materials and Methods
2.1. Research Area—Morphology of the Basin

The Ptolemais Lignite Field is located in Kozani Prefecture in north Greece, surrounded
by the mountains Vermion, Askion and Skopos (Figure 1). The northern side of the basin is
bounded by Komanos horst. The Public Power Corporation of Greece has exploited three
lignite reserves in this area: Mavropigi, Kardia, and South Field. The Kardia deposit lies in
the middle, with exploitable reserves of 273 million tons (since January 2020) that hosted a
1250 MW lignite-fired power plant for almost 40 years. Inside dumping was conducted
mainly with spreaders (continuous surface mining) and, in some cases, with trucks and
loaders (non-continuous surface mining). The internal waste dumps are estimated in the
order of ≈1.0 billion m3. Currently, the region’s economy depends on agriculture and
energy fuel reserves.

The deepest part of the Kardia mine excavation was +450 m a.s.l. when lignite
exploitation activities terminated in 2021. By the end of 2022, backfilling of the bottom of
the mine pit is planned to achieve slope stability conditions, and thus, the bathymetry of the
Kardia excavation will alter, with the deepest part forming at approximately +523 m a.s.l.
(Figure 2). The range of ground elevations in the pit is between ≈+523 m and +670 m a.s.l.
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Figure 2. Kardia lignite mine geomorphology, Greece (Coordinate Reference System GGRS87/Greek 
Grid): (a) digital elevation model (DEM) of the open pit; (b) slope model (in degrees). 
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2.2. Hydrological and Hydrogeological Setting

The broader research area is part of larger lignite basins of western Macedonia, formed
during the Pliocene. The region has a complex of natural lakes (Chimaditida, Zazari, Petron
and Vegoritis) (Figure 1). Vegoritis Lake is located in the homonymous closed hydrological
basin in western Macedonia, Greece, and is the final receiving body of the basin runoff,
with a total area of 2000 km2. Vegoritis Lake is also the surficial feature of a major karstic
aquifer [23]. Therefore, any alteration in the surface or groundwater conditions within
this area would affect the level of the lake. The primary water discharge into the lake is
achieved via the Soulou River [24,25]. Therefore, the main priority of the PPC is not only
the protection of the natural lakes but also the monitoring of the artificial lake evolution
developed in the open voids of the closed lignite mines, as well as the evaluation of the
chemical properties of lake water and of the new aquatic ecosystem that is formed.

Kardia open pit is an exhausted mine located on the western margins of the South
Ptolemais lignite-bearing basin (Sarigiol basin) in the foothills of Askion Mountain. Qua-
ternary sediments are met on the broader area, which consists mainly of intercalations of
sands, clays, sandy marls and conglomerates. These formations overlie Paleozoic schists,
ophiolites and granite formations. In addition, Mesozoic dolomitic limestones, volcanic
sediments and flysch overlay the Paleozoic formations [6,26]. The lignite sequence under-
lies the Quaternary sediments and consists of impermeable Pliocene formations of marls
and lignite. Lignite sequence formation is significant for the South Field Lignite Mine (LM)
and Kardia LM operations due to the potential slope instabilities associated with sliding
along a sub-horizontal lignite-to-clay/marl interface, mainly caused by the groundwater
pressures [27].

Regarding the hydrolithological conditions in the area of the Kardia mine, two aquifers
are generally recognized, the upper (Sarigiol aquifer) and the lower (Komanos aquifer).
These aquifers are separated via the impermeable lignite sequence. The upper unconfined
aquifer consists of high permeability layers (sands, conglomerates) with intercalations of
low permeability layers (clayey interlayers, fluvial deposits). This unit consists of a unique
hydraulically connected network that behaves as one aquifer [24].

The hydrogeological basin of Ptolemais South Field (Sarigiol basin) is surrounded
by the Vermion (east side), Askion (west side) and Skopos (south side) mountains. The
northern part of the basin is bounded by the Komanos tectonic horst. Most of the streams
originate from the surrounding mountains, where the general water flow direction is
towards the Soulou River. Part of the surface run-off is discharged into the Soulou River via
the consolidated sediment channels formed on the ground surface, while part of the water
is infiltrated inside the sediment formations. The stream network and the Soulou River
are presented in Figure 3. The recharge area of the Sarigiol aquifer is mainly the Vermion
and Askion foothills conglomerates and talus cones, whereas the Soulou River is the main
outflow channel of the basin, which directs the water flow into Vegoritis Lake, north of the
Kardia lignite mine (Figure 1).

Regarding the Sarigiol aquifer, the piezometric surface is conducted by considering
the water levels measured in the boreholes. Based on the piezometry in the area of interest,
the piezometric level is met at elevations between ≈+640 m and +660 m a.s.l. (Figure 3).
The predominant direction of groundwater flow in the Sarigiol aquifer body south of the
Kardia mine is generally NW to SE, while locally, next to the open pit Kardia mine location,
the direction that prevails is S to N. It is noted that in the same area, the lignite sequence
is met at elevations between ≈+350 m and +500 m a.s.l., while during excavations inside
the Kardia open pit, the bottom of the lignite sequence was not revealed. Thus, in the
conceptual model of Kardia pit lake formation, the simulation was oriented only in the
aquifer above the lignite sequence, i.e., the Sarigiol aquifer.

In Figure 4, the methodological approach is presented briefly illustrating the modeled
processes.
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The renewable resource of the aquifer is the rainfall infiltration through the Quaternary
sediments. Meteorological data (temperature, rainfall) were obtained from Kozani WMO
No 16 632 weather station, recorded by the Hellenic National Meteorological Service, and
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spanning a period of 44 years, from 1970–1997 and 2006–2021 (Figure 5). This station is
approximately at the same elevation as the Ptolemais lignite field, located 14 km south of
the Kardia LM. Meteorological data were also obtained from Ptolemaida LG26 weather
station, recorded by the National Observatory of Athens (NOA), and spanning a period of
15 years, from 2006–2021.
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Figure 5. Mean annual: (a) rainfall and (b) temperature from the Kozani weather station (blue color)
and Ptolemaida weather station (green color), northern Greece.

According to the meteorological stations’ data, the study location in the Kardia lignite
mine, in Ptolemais, had a Köppen climate classification of Cfa (moist with mild winters,
wet all seasons with a hot summer), which is consistent with the updated 1-km resolution
global maps of the Köppen–Geiger climate classification [28]. The average annual rainfalls
at Ptolemais were 498.1 mm (±132.1 mm s.d.), and November was the wettest month with
average monthly precipitation of 56.7 mm, while August was the driest month with an
average monthly precipitation of 31.7 mm. The average annual temperature was 13.3 ◦C
(±0.8 ◦C s.d.), with January being the coldest month, with an average temperature of
2.4 ◦C and the highest temperature of 6.1 ◦C. According to the meteorological data, there
is a visible trend of long-term increase in temperature, presenting an average increase of
approximately 2.2 ◦C over the last 50 years. Regarding precipitation, there seems to be an
increasing trend during the period of the last 30 years.

Thornthwaite’s water balance method [29,30] was used to predict the mean annual
runoff for the unsaturated zone in the pit’s catchment area and the Sarigiol hydrological
basin. This method can provide mean annual estimates in close agreement with measured
values [31]. The unsaturated zone’s water balance during the time interval (t, t + dt) is
described through the moisture content B. The moisture content B(t + dt) at the end of
time dt is described by the following equation [30]:

B(t + dt) = B(t) + (N −V − R− SL ) dt (1)

where all quantities are expressed to the unit area, and B (t) is the water content stored
inside the unsaturated zone at the time t (mm), N is the precipitation rate (mm/month), V
is the real evaporation (mm/month), R is the surface runoff outflow (mm/month), SL is
the percolation rate (mm/month).

In the calculations, it was considered that deep percolation takes place when soil
moisture reaches 70% of the field capacity (FC) [32], where FC is the amount of water
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remaining when downward drainage has markedly decreased. Therefore, the following
equations were applied for the different cases [30]:

B(t) + (N −V − R)dt ≤ 0.7 FC then (SL)dt = 0 (2)

F ≤ B(t) + (N −V − R)dt ≥ 0.7 FC then (SL)dt = 0.1 (N −V − R)dt (3)

B(t) + (N −V − R)dt ≥ FC then (SL)dt = B(t) + (N −V − R)dt− FC (4)

The real evaporation V was estimated as a portion of Thornwaite potential evaporation
P. It was assumed that real evaporation takes place when soil moisture reaches 70% of the
field capacity, and thus, the following equations were applied for the different cases:

B(t + dt) ≥ 0.7 FC then V = P (5)

B(t + dt) ≤ 0.7 FC then V = P
[
0.188 + 2 (B/FC)− 1.2 (B/FC)2

]
(6)

The potential evaporation P is derived by the following equation:

P = 1.6 (10 tn/I)a (7)

where tn is the mean temperature of month n, I is a temperature coefficient of monthly
temperature coefficients in summation (I = ∑12

n=1 in), where in = (tn/5)1.514 and a value
can be determined as a polynominal function of the temperature coefficient I, where
a = 0.49239 +

(
1792 × 10(−5) I

)
−
(

771 × 10(−2) I2
)
+
(

675 × 10(−9) I3
)

.
In addition, in the hydrological model it was assumed that real evaporation can-

not exceed the available water derived from precipitation and soil moisture and thus,
(V)dt ≤ (N − R)dt + B(t).

Considering the climate conditions in Greece, for the specific area, it is expected that
soil moisture content reaches FC in April and thus, regarding the initial conditions of the
unsaturated water balance at the time t = 0, then B(0) = FC for April.

Sensitivity analysis performed towards field capacity FC for the unsuturated zone
water balance Thornwaite model revealed the following linear relation between FC and
percolation coefficient as SL percentage (%) of rainfall, which is taken as a percentage of
precipitation, presenting a coefficient of determination R2 = 0.964 (Figure 6):

SL = 32.429− 0.0903 FC (8)

Water 2022, 14, 3558 10 of 26 
 

 
Figure 6. Sensitivity analysis of percolation rate 𝑆𝐿, as a percentage of precipitation 𝑵, towards 
field capacity 𝐹𝐶 at the wider area of Ptolemais lignite field, northern Greece. 

Table 1. Mean annual water balance for the unsaturated zone of the Sarigiol loose sediment basin. 

Hydrological cycle in Sarigiol basin 
(2006–2021) 

mm/yr 106 m3/yr Precipitation (%) 

Mean annual precipitation 584 123 100 
Mean annual real evaporation 425 90 73 
Mean annual percolation 86 18 15 
Mean annual runoff 72 15 12 

2.3. Conceptual Model for the Pit Lake Long-Term Water Balance 
In order to calculate the spatiotemporal evolution of the lake inside the Kardia open 

pit, a simplified conceptual hydrogeological model was developed (Figure 7), following 
the hydrogeological conceptual model of Louloudis et al. [33], in which the different ori-
gins of water inflows into the pit lake’s body are presented. The inflows include (a) the 
groundwater inflows from the slope seepage face, (b) the surface runoff into the open pit, 
considering the open pit as a catchment area, and (c) water losses from the lake surface 
that occur due to direct evaporation processes which result in reducing the net recharge 
over the lake surface area (i.e., the hydrological processes of precipitation minus evapora-
tive losses over the lake surface area). 

 
Figure 7. Hydrogeological conceptual model for Kardia pit lake, Greece (the location of the cross 
section A-A’ is shown in Figure 3). 

y = −0.0903x + 32.429
R² = 0.9639

0

5

10

15

20

25

30

0 100 200 300 400

Pe
rc

ol
at

io
n,

 SL
(%

 o
f p

re
cip

ita
tio

n,
 N

)

Field Capacity, FC

Figure 6. Sensitivity analysis of percolation rate SL, as a percentage of precipitation N, towards field
capacity FC at the wider area of Ptolemais lignite field, northern Greece.

This relation helped in transforming FC values (deduced from NDVI values) into
percolation rate values SL.
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According to the results (Table 1), for the hydrological cycle in the Sarigiol basin
(2006–2021), the mean annual precipitation that the loose sediment basin receives is approx-
imately 584 mm, while the real annual evaporation is estimated to be approximately 425
mm. Also, based on the 15-hydrological year annual water balance output, only 86 mm per
year percolates down and recharges the unsaturated zone, which constitutes the long-term
renewable recharge of the aquifer. Therefore, there is only one discharge from the Sarigiol
basin, i.e., the surface runoff that occurs through the outflow of the Soulou River. In differ-
ent historical time periods, either the Sarigiol aquifer discharges into the Soulou River or
the Soulou River recharges the Sarigiol aquifer, depending on the groundwater level.

Table 1. Mean annual water balance for the unsaturated zone of the Sarigiol loose sediment basin.

Hydrological Cycle in
Sarigiol Basin
(2006–2021)

mm/yr 106 m3/yr Precipitation (%)

Mean annual precipitation 584 123 100
Mean annual real evaporation 425 90 73
Mean annual percolation 86 18 15
Mean annual runoff 72 15 12

2.3. Conceptual Model for the Pit Lake Long-Term Water Balance

In order to calculate the spatiotemporal evolution of the lake inside the Kardia open
pit, a simplified conceptual hydrogeological model was developed (Figure 7), following
the hydrogeological conceptual model of Louloudis et al. [33], in which the different
origins of water inflows into the pit lake’s body are presented. The inflows include (a) the
groundwater inflows from the slope seepage face, (b) the surface runoff into the open pit,
considering the open pit as a catchment area, and (c) water losses from the lake surface that
occur due to direct evaporation processes which result in reducing the net recharge over
the lake surface area (i.e., the hydrological processes of precipitation minus evaporative
losses over the lake surface area).
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Figure 7. Hydrogeological conceptual model for Kardia pit lake, Greece (the location of the cross
section A-A’ is shown in Figure 3).

2.3.1. Groundwater Inflows

Since the dewatering measures adopted for mine protection will cease after the mine
closure by the end of the year 2022, the inflowing groundwater will then begin to increase.
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As a result, the open pit will fill with groundwater rebound, and the groundwater level will
rise. The discharging water derives from the upper aquifer (i.e., above lignite stratification)
and the confined aquifers inside the recently developed internal dumps.

For the initial conditions of the model in the year 2022 (q(2022)) the groundwater inflow
was calculated by Darcy’s law [34] to be around 1.7 × 106 m3. This quantity was cross-
validated by the records of the water sump pumped quantities during the summer period
in 2020, considered as baseflow of surficial hydraulic protection. Specifically, approximately
1.2× 106 m3 of groundwater inflow is pumped from the sumps, and 0.5× 106 m3 is pumped
from the dewatering wells during the summer period. In addition, the seepage face of
groundwater inflow into the excavation is also subjected to an evaporation procedure at
mine’s benches. For the Kardia mine, it is estimated that 70% of this quantity is evaporated;
thus, only 30% of the groundwater inflow finally reaches and recharges at the pit lake’s
water body (i.e., around 0.6 × 106 m3).

For each year i of the prediction period, the groundwater inflow q(i) was estimated
with respect to the surface lake water level h increase. More specifically, the groundwater
inflow rate Q per unit face length A is calculated according to the following equation [35]:

q(i) = Q/A = K
(

H2 − h2
)

/2L (9)

where K is the hydraulic conductivity, H is the aquifer’s thickness, L is the influence radius
of the open pit and h is the height of the lake water level calculated from the surface of the
lignite sequence (considered as impermeable formation).

Hydraulic conductivity K ranges from 1.03 to 25.92 m/day, according to pumping
tests analysis [36], with an average value of 13.48 m/day. The upper aquifer’s thickness H
is estimated in the order of 100 m [24,36] and thus, transmissivity T presents an average
value in the order of 50 m2/day on the west side of Kardia excavation and a range of
200–1200 m2/day in the south region, while the average hydraulic gradient towards the
excavation is approximately 2%, as depicted in Figure 3.

To delineate the groundwater inflow rate in the future, groundwater attenuation is
considered due to the excessive irrigation consumptive use in the area. In the method-
ology followed for estimating the aquifer’s depletion, the groundwater recharge of the
Sarigiol aquifer around Kardia excavation was considered and the specific consumptive
use SCU of irrigation water. The renewable recharge of the aquifer was estimated via
Thornthwaite’s water balance method (Table 1), while the SCU was derived from the
evapotranspiration ET.

For the calculation of the crop water needs PC, i.e., the water amount needed to meet
the water loss through evapotranspiration, the following general relationship between the
reference crop and the crop actually grown was used:

PC = Kc× ETo (10)

where ETo is the reference crop evapotranspiration calculated by using the Blaney–Criddle
method (mm/month) [37], while Kc is the crop factor derived from the normalized differ-
ence vegetation index (NDVI) [38] which was estimated equal to Kc = 0.58:

ETo = 30 p (0.46 Tmean + 8) (11)

Kc = 1.18 NDVI + 0.04 (12)

NDVI = (NIR− RED)/(NIR + RED) (13)

where Tmean is the mean daily temperature (◦C), and p is the mean daily percentage of
annual daytime hours depending on the latitude of the area. In addition, satellite-based
NDVI is computed from the red and near-infrared bands of the satellite by processing a
satellite image acquired in 2018, as presented in Figure 8.
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Figure 8. Spatial distribution of: (a) runoff coefficient by processing CN European raster; (b) spectra
indices of NDVI using Landsat-8 (image acquired in July 2018); (c) irrigation-specific consumptive
use SCU (m3/m2); (d) annual drawdown in m, corresponding to the deficit of groundwater recharge
due to excessive irrigation consumptive use of groundwater in Kardia lignite field, northern Greece
(Coordinate Reference System GGRS87/Greek Grid).

The crop water need PC is supplied to the crops by a combination of irrigation and
rainfall. Therefore, the irrigation water need (IN, mm of water column/month) is the
difference between the crop water need PC and the effective rainfall Ne, i.e., the part of the
rainfall effectively used by the plants:

IN = PC − Ne (14)

where Ne is estimated based on an empirical relationship presented by the Greek Land
Reclamation Service of the Ministry of Agriculture [39] for the irrigation period from May
to October:

Ne = N − (12 + 0.125 N) (15)

where N is the precipitation rate (mm/month).
Subsequently, the specific consumptive use SCU (m3/m2) was derived from the

irrigation water need IN (mm/ month), using the methodology used by Louloudis and
Stathopoulos [40]. A statistically significant correlation between irrigation water SCU
(m3/m2) and NDVI is shown in the Figure 9, presenting a coefficient of determination
R2 = 0.781. The linear regression analysis was performed by using the electric power
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consumption of irrigation pumps in the area of the Sarigiol basin for 2018 and also by using
a Landsat image acquired in July 2018 (Landsat-8: 15 July 2018). Based on the results, the
following relationship between the irrigation water SCU (m3/m2) and NDVI was used for
the calculation of the SCU spatial distribution (Figure 8) for the Sarigiol basin area:

SCU = 1.539 NDVI − 0.150 (16)
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Figure 9. (a) Irrigation-specific consumptive use (m3/m2) versus NDVI using Landsat-8 (image
acquired in July 2018) and (b) Percolation, irrigation and groundwater deficit time series during the
period 2006–2021 in Sarigiol basin, Greece.

In addition, the deficit of groundwater recharge due to excessive irrigation consump-
tive use of groundwater near Kardia lignite field is presented in Figure 9, and its spatial
distribution for the Sarigiol basin area is shown in Figure 8. The aquifer’s annual drawdown
due to the irrigation for the period from July to September was calculated as a difference
between annual percolation and irrigation water need, divided by the storage coefficient
considered equal to 0.1.

2.3.2. Surface Runoff

Surface runoff is the most essential inflow to the lake’s body. Surface runoff also
appears to be the more sensitive parameter in the lake’s filling model so there is a need
for precision in surface runoff coefficients introduced to the model. In order to achieve
a reliable estimation of the surface runoff coefficient, Cr, in the hydrologically ungauged
Kardia area, CN European raster file [41] was processed and the following equations were
used [42,43]:

Cr =
(

Pvol − 0.2
(

25, 400
CN

− 254
))2

/Pvol

(
Pvol + 0.8

(
25, 400

CN
− 254

))
(17)

Pvol = ITC TC (18)

where Pvol is the volume of rainfall in mm, CN is the curve number, ITC is the mean rainfall
intensity (mm/h) for the time of the concentration TC (h) which is described by Giandotti
equation [44].

In Figure 8 spatial distribution of the runoff coefficient using CN European raster file
is presented. Based on the results, inside the active mine area, high values of the runoff
coefficient are calculated, in the order of 30% to 40%, whereas outside the perimeter of the
excavation, in the zone of the loose sediments between Kardia excavations and Askion
Mountain the calculated values hardly exceed 15%. In the western area on the consolidated
sediments of Askion Mountain, a runoff coefficient of 20% in magnitude is calculated,
while northern of this area near Mavropigi village insignificant values in the order of 5%



Water 2022, 14, 3558 14 of 26

are revealed. Also, Lefkotopos and Lagorema streams in the region of Skopos Mountain
consolidate carbonate sediments with a considerable runoff coefficient of 10% up to 20%
in magnitude.

2.3.3. Water Losses from the Lake’s Surface

There are many expressions to evaluate evaporation from the lake’s water surface. The
well-known, and highly accurate, Penman–Monteith approach involves many variables (air
temperature, solar radiation, relative humidity, wind speed) [45–47] which in some cases
may not be available. In these cases, adjusted equations with fewer weather parameters are
used. Eagleman proposed a simple correlation between these parameters [48]:

EA = 0.035 eS (100− RH)1/2 (19)

where EA is the adjusted pan evaporation in inches per month (free surface evaporation),
eS is the saturation vapour pressure [49] corresponding to the mean monthly temperature
in millibars (mb), and RH is the mean monthly percent relative humidity:

RH = (eS /e)× 100 (20)

eS = 6.11 exp [17.269 T/(273 + T − 36)] (21)

e = 6.11 exp [17.269 T/(273 + T − 36)] (RH/100) (22)

In the case of the Kardia mine, mean values are used, i.e., the mean monthly tempera-
ture (◦C), the mean monthly rainfall (mm) and the mean monthly relative humidity (%).

2.3.4. Spatiotemporal Development of the Pit Lake

A crucial research question that arises from this study is whether the pit lake can
be naturally filled in a reasonable time frame or is there a need for artificial recharge
by flooding with river water. Thus, the spatiotemporal development of the water level
inside the Kardia pit void was assessed by generating forecasts of the dependent variables
(rainfall and temperature) via linear (autoregressive integrated moving average—ARIMA)
and non-linear (artificial neural network—ANN) models, following the same methodology
described by Louloudis et al., for the Amynteon mine pit lake [33].

2.4. Energy Transition Strategies in the Post-Mining Era

In the Kardia mine, the PPC energy transition strategy is based on the PV parks that
will be developed in the surrounding area, inside and outside the mining exploitation area.
Thus, energy storage units are required to supplement the variable renewable capacity. In
this mine, the best conditions prevail for a PHS facility installation thanks to its morphology,
high exploitation depth of approximately 150 m, and sizable pit lake volume. Therefore,
a PHS facility could be used as a storage battery and would provide sufficient storage
capacity to compensate for renewable energy fluctuations.

Analyzing the electricity demand is a prerequisite for optimal planning of a hybrid
PHS system. Figure 10 presents a representative scheme for the hybrid pumped hydro
storage (HPHS) plant operational schedule during daytime hours for the case study area
of the Kardia mine. This scheme presents the integration of RES electricity production
and the utilization of a hybrid plant. A linear programming optimization model using the
simplex method [50] has been developed, where the objective function value addressed
to the capacity factor [51] of the PV park is maximized. The main restriction is that the
sum of the PV power produced, the energy released in PHS and the grid supplementary
power should meet load demands. Another restriction concerns the water balance in the
PHS system, where the quantity of the water pumped into the upper reservoir equals the
quantity of the water released downstream into the lower reservoir.
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Figure 10. Representative scheme for the hybrid pumped hydro storage (HPHS) plant operational
schedule during daytime hours and photovoltaic (PV) integration, considering the installation of a
270 MW PV plant in the Kardia mine.

In this idealized model, no legislative restrictions are taken into account regarding the
deployment of energy storage by the PHS plant. According to the National Law provision
(Law 3468, Government Gazette 129/A/27 June 2006) the total amount of electricity taken
in from the network on an annual basis does not exceed 30 percent of the total amount
of energy consumed for the filling of the storage system in that station. Thus only 30%
of the energy produced by the PV plant is allowed to be stored using the PHS plant by
utilizing the potential energy of water. Another assumption considered in the optimization
problem is that the load demand distribution during daytime is set directly proportional to
the electrical power distribution network flow [52]. In addition, the distribution system per-
formance of the PV park during the daytime is set directly proportional to the distribution
of the solar radiation production [53] during the daytime.

As depicted in Figure 10, the operation of the HPHS system dictates a pumping
procedure between 7:00 and 16:00 and energy production in the rest of the 24 h cycle. The
designed energy system for the PHS plant must be credible to cover the demand load of
electricity during the whole day, providing efficient energy generation and a guaranteed
rate. Consequently, when the energy system supplies more power than that required by
the users (i.e., the total load produced is higher than the demand load), then this additional
load is used to supply the PHS plant, and thus, some additional water can be stored in
the upper reservoir of the plant. However, the “real” PHS storage load is lower due to
energy losses.

For this purpose, representative synthetic time series, including load prediction data,
must be generated during the design phase for the optimal planning of the HPHS system,
aiming at the prediction of the potential energy storage. The potential energy storage Pe
in a PHS complex required to supplement the PV park can be estimated by calculating
the pumping energy consumption via the following formula, which is an expansion of
Bernoulli’s equation [54,55]:

Pe = (Q H)/(102 n) (23)

where Pe is the total power required (kW), Q is the flow rate (lt/s), H is the total head, i.e.,
the pressure head and elevation head (m), n is the combined effect of pumping efficiency
and derating, and 102 is a unit conversion factor value. Pumping efficiency and derating
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account for the operating efficiency of pumps, and efficiency losses between the energy
required at the pump shaft and the total energy required [54].

The total power required to be stored in order to return it to the electric grid when
needed can be obtained using two alternatives: (a) either by having a great hydraulic
difference between the upper and lower reservoir, with a relatively small quantity of water
per daily cycle uplift, (b) or by having a smaller hydraulic difference between the reservoirs,
though with a larger quantity of pumped water. In addition, the head difference influences
the efficiency of pumps and turbines [56]. The selection between the two options is mainly a
financial decision since the magnitude of the project (mainly the number of units of pumps
and generators, excavation volume of both reservoirs and area covered for PHS facilities
to be mounted) is proportional to the required quantity of stored water. Thus, it affects
the total cost. So, the option of a significant head difference could have the advantage of
minimum fixed cost.

The required quantity of stored water and the head difference set the limits for the
pit lake level variation LLV, which is a critical component in the design [10]. Based on
this acknowledgment, a diagram that can help to select the appropriate altitude of the
PHS upper reservoir water level can be the total power required Pe per unit m of water
level daily fluctuation LLV in relation to the pit lake’s level, as presented in the Section 3.
This approach could help in the decision-making process and achieving a PHS plant’s
economic viability.

2.5. Economic Value

The prediction of the spatiotemporal evolution of the lake is crucial for achieving
the financial efficiency of the HPHS project, by evaluating different levels of the lake’s
filling. The financial efficiency of each water level in the pit lake can be determined via
performance indicators, i.e., net present value (NPV) and net cash recovery (NCR) of a
cash flow series.

In the case of the Kardia pit lake, initial calculations of the economic feasibility of
a PHS plant were performed with the help of the NPV method, where the values of
alternative scenarios were evaluated. The NPV value indicates whether the overall lifetime
costs of the project (benefits and costs of different scenarios), i.e., the investment, is less or
more than the income generated. For example, for an investment project with a minimum
design operational lifetime of up to 50 years, the following equation was used to estimate
NPV [10]:

NPVreal = −Io +
50

∑
t=1

{
(Rt − Ct)/qt

r
}

(24)

where NPVreal is the NPV in real terms, considering also the inflation rate r and the interest
rate i, Ct; Rt are costs and revenues at different points in time t, Io is the initial investment
at time t = 0 and qt

r is the discounting factor which reflects the value of money in time t:

qt
r = {(1 + i)/(1 + r)}t (25)

The component qt
r in the equation above helps make the different cash flows in time

comparable [10].

2.6. Geotechnical Issues to Be Considered in the Post-Mining Design

Several studies have sought to determine successful and unsuccessful cases of pit lakes
in the post-closure mine phase. It has been documented that stability is improved as water
levels increase inside the pit lake. Kavvadas et al. investigated the stability conditions that
prevailed in decommissioning surface lignite mines in Greece [57], using the Amyntaion
mine as a case study, where the pit is gradually filled with water. According to this report,
it is shown that stability conditions are reinstated when the depth of water (critical depth)
reaches approximately 15–35% of the final equilibrium condition, whereas, at higher lake
levels, the safety factor is expected to increase significantly due to the beneficial effect of
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the lake water pressure acting on the slope. Table 2 presents preliminary predictions in
slope stability for different scenarios of lake water development inside the open pit [57].

Table 2. Variation in slope stability conditions related to the pit lake development in decommissioning
surface lignite mines in Greece, used for preliminary prediction.

Lake Water Depth (Hw)/Height of the Slope (H) FS/FSo*

0 1.0
0.1 <1.0
0.2 1.0
0.4 1.075
0.6 1.25
0.8 1.6

Note(s): * FS = Safety factor, FSo = initial FS when water depth Hw = 0. Source: [57].

In addition, in the early stages of the lake’s development, more favorable slope stability
conditions are expected to be achieved in only a few years. This result is associated with
the fact that the surface area of the pit is smaller at deeper levels; thus, the depth of the
water inside the pit increases rapidly in the early stages of the lake development.

Regarding the operation of the HPHS complex facility, in the daily cyclic process in
the lower reservoir (i.e., the pit lake), excessive weathering and corrosion of the lake banks
could appear, caused by the daily fluctuation of the head difference between the lower
and the upper reservoir. Furthermore, the daily fluctuation induces an increase in water
pressure at the pit lake banks; thus, slope instabilities could appear due to the fatigue
effect. Consequently, adopting protection measures at the pit lake banks is a prerequisite,
which could also affect the excavation volume and, as a result, the magnitude of the PHS
complex facility.

3. Results and Discussion
3.1. Water Flux Trends and Forecast of Lake’s Spatiotemporal Development

Predictive models to forecast rainfall in the near future, as well as surface runoff,
evaporation, percolation rates and consumptive irrigation rates are generated for the next
decade, from which the water balance of the lake’s surface is derived. The results from the
implementation of the NNAR model (neural network autoregression) with no seasonal
participation are presented in Figure 11.

According to the NNAR predictions for the next decade, the maximum expected
groundwater attenuation of the Sarigiol aquifer is estimated at 10 m (i.e., approximately
one meter per year on average). This drawdown is due to excessive irrigation water
demands [40], which allows the expectation that the groundwater level will be successively
lowered below the elevation +635 m during our conceptual model of the lake filling time
interval. Time series forecasts of annual drawdown for the next two decades are computed.
This groundwater level attenuation was incorporated into the mathematical model for
predicting the lake’s water balance, where a 20% reduction in groundwater influxes to the
lake’s water body was introduced.

In addition, the lake’s surface balance is displayed in Figure 11, as a result of the
difference between evaporation and precipitation over the lake’s surface. The results
showed an increasing trend of yearly water losses in the lake’s surface water balance due
to a gradual increase in the water surface, as evaporation also increases.

Figure 12 displays the lake’s spatiotemporal development based on the model de-
veloped in this study and the results from implementing the NNAR model. To highlight
the influence of the time variable datasets, the different water inflows into the pit lake’s
body have been plotted together and are associated with the time component. The results
indicate that, the filling of the lake model is very sensitive to surface runoff, which is
described by an average value of 0.3 for the area inside the open pit (Figure 8). There
is a clear decreasing trend of annual surface runoff due to the gradual decrease in the
watershed area.
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Figure 11. Artificial neural network prediction (NNAR) implemented for the Kardia lignite field
area, northern Greece. NNAR results of the annual: (a) rainfall; (b) runoff; (c) water balance of
lake’s surface (precipitation minus evaporation on lake’s surface); (d) percolation rate; (e) specific
consumptive irrigation use; (f) drawdown (percolation minus groundwater attenuation as a result of
irrigation consumption); (g) groundwater level in the Sarigiol aquifer (i.e., above the lignite sequence).

As the pit lake level and volume increase with time, the surface area of the pit decreases
and thus, the surface runoff decreases. It is interesting, though, that, during the last phase
of the lake’s development, surface runoff still exceeds the lake’s surface losses (water
balance of lake’s surface, i.e., precipitation minus evaporation on lake’s surface). Despite
the large water losses (in mm/m2 of lake’s surface) compared to surface runoff (in mm/m2

of watershed surface) (Figure 11), the total annual surface runoff quantities exceed the
water losses in the early stages of the lake’s development (Figure 12).

The results of the lake’s development displayed in Figure 12 indicate that the natural
recharging of the lake is feasible. In the early stages, the lake expands rapidly, while in the
last phase it does so very slowly. On the contrary, the lake’s water body volume increases
almost steadily. As a result, the maximum natural lake growth inside the pit can potentially
cover almost 50% of the pit’s total surface (Figure 2) in approximately 80 years, with a
depth of approximately 117 m.
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Figure 12. Forecast of the spatiotemporal development of the Kardia pit lake: (a) lake surface vs
surface runoff decrease; (b) annual inflows and outflows; (c) the absolute elevations and gradual
increase in stored water volume vs. time; (d) the absolute elevations and gradual increase in stored
water volume vs. lake depth.

3.2. Evaluation of Potential Land Use Repurposing Scenarios

For the already closed lignite mine of Kardia, a preliminary evaluation was conducted
for potential land use repurposing scenarios, by evaluating the landscape formed after
the lignite exploitation activities terminated. Generally, in abandoned open pits, the pit
void will eventually be filled with water at a specific time period. Thus, the viability of any
repurposing land use scenarios should be evaluated concerning the spatiotemporal lake
level development and the water coverage area compared to the pit’s total surface.

In evaluating different land use scenarios, the energy transition potential in the specific
region is of primary importance. It is considered with respect to long-term socioeconomic
viability in the area. At the same time, the transition should be in line with the holistic
policy framework developed by Greece to further develop renewable technology in the
electricity sector and eventually achieve net-zero greenhouse-gas emissions. Consequently,
repurposing land uses includes RES technology application in the remaining post-mining
landscapes. Moreover, “Smart Post-mining” has to be developed in concert with “Green
and Climate Smart Mining” [58], in a holistic approach so that the climate-driven clean
energy transition is managed responsibly and sustainably.

Based on topographical criteria, from the digital elevation model (DEM) and the slope
model implemented (Figure 2), it can be seen that the area between elevations +650 m and
+680 m could be characterized as relatively flat. The flatness of this area makes it ideal for
installing PV parks. Consequently, lake growth should not exceed the elevation of +650 m.
Also, based on preliminary predictions as described in Table 2, stability conditions are
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expected to be reinstated when the depth of lake water reaches approximately 22 m to 29 m,
i.e., for pit lake elevations +545 m up to 552 m. Thus, adopting lower lake levels increases
the risk of failure.

From the model developed in this study and the results from the implementation of the
NNAR model, the maximum lake water level cannot exceed elevations +640 m ~ +650 m,
as it is presented in Figure 12. This condition is due to hydraulic reasons, as this level is
related to the groundwater level in the loose sediment aquifer overlying the lignite sequence.
Considering the lake growth limitation, the flat area between elevations +650 m and +680 m
could be examined for installing PV parks (Figure 13). This area is approximately 5 km2,
with an average inclination of approximately 3.5%.
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In addition, the area between elevations +570 m and +620 m on the lake’s northeast
side could be repurposed for active (such as swimming, diving, etc.) and passive recreation
(such as biking trails, recreation forest park, road access network to the lake, entertainment
facilities, etc.). This area appears to have gentle slopes presenting average inclinations in
the order of 12~17% and covers approximately 3 km2 of the surface.

An important issue emerging from these findings is that repurposing a PHS dam at
the elevation of +545 m is feasible and can be achieved by naturally filling the pit lake for
approximately three (3) years. Artificial recharging is also feasible if a fast filling is required
to implement the PHS Project. More specifically, pumped water from Mavropigi and South
field sumps could be diverted inside Kardia pit lake and, thus, fill the pit lake within a year.

Another alternative could be forming the lake water surface level at +570 m to imple-
ment the PHS and PV project. The findings from the implementation of the NNAR model
suggest that this could be realized by naturally filling the pit lake in approximately seven
(7) years. In the case of fast filling of the pit lake, this could be achieved in approximately
three (3) years, i.e., four (4) years earlier.

The area on the southwest side of the lake is proposed for the upper reservoir in-
stallation of the PHS project. This area could be ideal for the location of the upper
reservoir due to the proximity to both the lake (lower reservoir) and the Soulou River,
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where, after the PHS operational start, the required discharge of overflow is prospected
to be rejected. This area covers approximately 0.5 km2 of the surface, with an average
inclination of approximately 3%.

Based on these results, our findings indicate that the level + 570 m could cover the
needs of a hybrid PHS plant (HPHS) and PV park while providing enough space for
recreation projects on the lake banks and simultaneously ensuring slope stability. The
stabilizing effect of the lake water pressure ensures more favorable slope stability conditions
at higher lake levels. In addition, the stability conditions are further improved in case the
PHS upper reservoir is mounted outside the mine exploitation area, at a safe distance from
the excavations’ slopes.

However, water pumping is required in such cases to maintain the level of the pit
lake at a certain elevation. Thus, the pit lake water quality is an important parameter
that could enable new beneficial end uses, such as exploiting the overflow of the pit lake
water for irrigation purposes. For example, Figure 14 shows that the pit lake water is
expected to have good quality and thus could be suitable for irrigation purposes. Moreover,
waters are marked by salinization risk (measured on the x-axis by conductivity) rather than
alkalinization risk (measured on the y-axis by sodium).
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Figure 14. Classification of groundwater and the mine’s internal sump water for irrigation pur-
poses: (a) diagram of sodium hazard (sodium adsorption ration) and salinity hazard (electrical
conductivity) [59,60]; (b) suitability of water for irrigation use, according to Wilcox diagram [61].

3.3. PHS Plant Efficiency Potential

Figure 15 displays the potential energy storage Pe per unit m of the daily water level
fluctuation (MW/ m of water fluctuation) in relation to the pit lake’s elevation and volume,
considering two different scenarios: a) in the case of the upper reservoir mounted inside
the mine at the elevation +640 m a.s.l. and b) in the case of the upper reservoir mounted
outside the mine exploitation area (i.e., +670 m a.s.l.). The graph shows that in the case of
the Kardia mine and for a specific pit water level at + 570 m a.s.l., the estimated potential
energy storage Pe is 40% higher in the case of a 30 m increase in the total head (H). In this
example, lake level variation (LLV) at the pit lake was considered 1.0 m.
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Figure 15. (a) Potential power of storage provision (MW/ m of water fluctuation) in relation to pit
lake volume and water level, considering 1.0 m for the pit lake level variation (LLV), in the case of
the upper reservoir mounted inside the mine (+ 640 m a.s.l.) and outside the mine exploitation area
(+ 670 m a.s.l.) and, (b) indicative net present value in real terms (NPVreal) in alternative scenarios of
the pit lake’s elevation and filling procedure, inside the Kardia mine, Greece.

In a cash flow of revenues and expenses, net present values in real terms are evaluated
for the next 20 years, as presented in Figure 15. Specifically, in the case of natural recharging
of the pit lake, it is evident that an increase in the net present value in the order of 34% is
estimated for the pit lake elevation +545 m, compared to the scenario where the pit lake
elevation is formed at +570 m. In addition, in the case of artificial recharging of the pit lake,
an increase in the net present value in the order of 18% is estimated for the pit lake elevation
+545 m, compared to the scenario where the pit lake elevation is formed at +570 m, due
to the late recovery of investment capital. In this initial economic feasibility evaluation,
constant values of inflation r = 0.07 and rate of interest i = 0.10 were considered, whereas
the same value of the investment Io was considered in all scenarios.

4. Conclusions

In the abandoned Kardia lignite mine, the evaluation of land potential and resources is
assessed regarding the lake water development inside the open pit area. Thus, the natural
development of the lake is predicted, and different repurposing land uses are considered,
concerning the energy transition potential in this specific region.

Initially, the spatiotemporal development of the lake in the final pit is calculated, and
subsequently, land use repurposing is evaluated with regard to lake growth. Considering
the energy transition strategies at this specific mine, it is concluded that on the east side of
the lake, there is a relatively flat area of approximately 5 km2, with an average inclination of
approximately 3.5%. Therefore, this area is considered ideal for the installation of PV parks.

In addition, a hybrid PHS plant and PV park are examined to make provision for the
energy surplus produced by the photovoltaic parks, aiming to meet electricity demand 24 h
a day. Concentrating the solar power surplus with a PHS storage unit can provide flexible,
renewable energy. This study has shown that repurposing a PHS dam at the elevation
of + 545 m is feasible by naturally filling the pit lake for approximately three (3) years.
Another scenario considering the elevation of +570 m could be achieved by recharging the
pit within seven (7) years. Artificial recharging is also feasible in case fast filling is required
due to the proximity of the Kardia lignite mine to two (2) other mines, the Mavropigi and
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South field lignite mines. Therefore, a fast filling could be achieved in less than one (1) year
for a lake elevation of +545 m and less than three (3) years for an elevation of +570 m.

From an engineering point of view, forming the lake at the level of +570 m is considered
a better option for implementing the HPHS plant, as the stabilizing effect of the lake water
pressure ensures more favorable slope stability conditions at higher lake levels. Moreover,
the slope stability conditions are further improved in case the PHS upper reservoir is
mounted outside the mine exploitation area, at a safe distance from the excavations’ slopes.

Based on these results, our findings indicate that the surface lignite mine under
investigation could cover both the needs of a hybrid PHS plant and PV park and, at the
same time, provide enough space for activities (such as swimming, diving, etc.) and passive
recreation (such as biking trails, recreation forest park, road access network to the lake,
entertainment facilities, etc.) on the lake banks.

Forecasting the spatiotemporal development of a pit lake could help plan post-mining
land repurposing, evaluate different scenarios, and find the optimum water level of the
lake surface. The aim is to optimize land use repurposing in terms of economical design,
efficiency and sustainability. In addition, the proximity of the Kardia lignite mine to the
Mavropigi and South Field lignite mines is a crucial component to consider in the final
design of the hybrid electric power project to make this project more economical, efficient
and effective.

However, further studies need to be conducted to evaluate land repurposing, such as
forecasting future water quality problems. In addition, different land repurposing projects
are prospected to be developed under unfavorable geological settings of an abandoned
open pit. This implies the need for detailed geotechnical (slope stability, bank erosion,
corrosion, etc.) studies with the implementation of appropriate stability measures, in
combination with a careful geotechnical monitoring application. To this end, continuous
monitoring of ground movements is imperative. Therefore, this research question is an
issue for further investigation and future model calibration when designing different
repurposing land uses.

The whole system—pit lakes and alternative land repurposing scenarios—should be
incorporated into a rational resources management program to optimize benefits to the
land, water and electricity demands.
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