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Abstract: The achievement of the long-term national energy targets in Greece for large-scale inte-
gration of wind and solar energy may be facilitated by the development of hydro-pumped storage
projects. In light of the above, technical aspects related with the operation of the Greek power system
and its ability to absorb renewable energy are analyzed in connection with the role of hydro-pumped
storage and relative economic aspects. The aim of this work is to assess the potential contribution of
hydro-pumped storage projects and estimate the capacity magnitude order to support large-scale
wind and photovoltaic (PV) integration in Greece. For this purpose, scenarios for the Greek power
system with focus on Wind and PV development, in conjunction with hydro-pumped storage capac-
ity, are developed, and results for current situation and reference years 2030 and 2050 are presented.
For the simulation, among others, high resolution mesoscale wind data for a typical year in the whole
Greek territory are used for the steady state simulation of the Greek power system, in order to better
estimate the power that could be generated from installed wind turbines, taking into consideration
technical characteristics of a typical commercial wind turbine. Results indicate the need of gradual
development of hydro-pumped storage in parallel with the large-scale integration of wind and
PV capacity into the Greek power system. In addition, the feasibility of the examined scenarios is
supported from the low cost of wind and PV generation. In the case of Greece, thanks to the complex
morphology and hydraulic conditions of the country, hydro-pumped storage composes an efficient
and low-cost storage solution.

Keywords: wind energy; photovoltaics; wind curtailment; mesoscale atmospheric model; hydro-
pumped storage

1. Introduction
1.1. Background

The consequences of climate change due to energy production from traditional energy
sources, the growing energy demand and the EU decarbonization targets lead to a need for
replacement of conventional resources with renewable ones.

However, in the power sector, large-scale integration of intermittent output renewable
sources is a great challenge, especially in non-interconnected or saturated grids. For
this reason, the growth of large-scale wind and solar integration is a prerequisite for the
simultaneous development of energy storage infrastructure.

Storage infrastructure may be a decisive factor for the size of wind and solar energy
integration in the power system, as energy storage can act as a balancing component of the
system. The energy storage technology that has met the biggest development, is applicable
at large scale and has a considerable rate of efficiency is hydro-pumped storage.
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Hydro-pumped storage attracts the attention of the scientific community. In par-
allel, the role of storage solutions is drawing towards large-scale non-dispatchable re-
newable energy penetration [1]. The policy framework for large-scale electricity storage
to use wind energy surplus has been comparatively analyzed in France and Germany
for 2020 and 2030 [2]. Additionally, hydro-pumped storage has been widely examined
as a solutionto reduce wind energy curtailment in the cases of Ireland [3], China [4,5],
Greece [6–8] and in some North European Smart Islands [9]. A special research interest on
the combination of hydro-pumped storage with wind energy was shown for autonomous
islands, like Azores [10], Gran Canaria [11], El Hierro [12], Crete [13,14] and other Greek
islands [7,13,15].

Concerning this paper’s case study, the Greek energy supply system is characterized by
the oddity that it is not a cohesive system. In particular, it consists of the mainland’s electric
grid and small non-interconnected power systems on the islands. The interconnections
of Greece with the neighboring countries have a relatively small capacity, and the power
supply of the system is mainly based on the production of lignite and natural gas power
plants, with lignite power plants being gradually phased out and natural gas power gaining
a larger production share.

Moreover, the potential of energy production from renewable sources is considered to
be high due to the geographical location and the weather conditions that prevail across the
country. The instability and the deficiency that could be caused to the Greek power system
with the higher integration of renewable sources, inhibit their integration, as the system
depends mainly on inland production, and security of supply cannot be compromised. For
that reason, hydro-pumped storage or other energy storage systems should be integrated
into the power system, in order to facilitate the share increase of power produced from
renewable sources and in parallel diversify the energy mix of the country, introducing
storage capacity.

A literature review of barriers related to large-scale market integration of Variable
Renewable Energy Sources in European electricity markets design has been included in the
discussion of the storage facilities’ importance underlying the barriers of their high capital
cost and the unsound business case due to the lack of scarcity price [16]. However, the role
of storage is analyzed in large-scale wind and PV integration in Germany showing that
integration level up to 50% could be achieved if flexible back-up power plants are used [1].
Different storage technologies (batteries, pumped hydro storage, adiabatic compressed air
energy storage, thermal energy storage, and power-to-gas technology) and their role have
been investigated in the transition path towards a 100% renewable energy power sector
by 2050 in Europe [17]. The synergy between storage and balancing is analyzed in a fully
or highly renewable pan-European power system, based on 8 years solar—wind demand
data, with focus on the forms of hydro-pumped storage and hydrogen [18].

The sitting of hydro-pumped storage is a critical parameter from the social, environ-
mental and energy points of view. A review of the existing types of pumped-hydro storage
plants, highlights the advantages and disadvantages of each configuration and proposes
innovative arrangements in order to increase the possibility to find suitable locations for
building large-scale reservoirs for long-term energy and water storage [19]. A global analy-
sis identifies 616,000 sites for closed-loop off-river hydro-pumped storage, based on high
resolution global digital elevation models [20]. Off-river pumped hydro energy storage
together is also proposed as an effectual solution to support 100% renewable energy in
East Asia [21]. Finally, underwater pumped storage has been proposed as an alternative
emerging technology with significant potential [22].

1.2. Recent Situation and Trends

In 2019, 60 GW of wind power capacity was added globally, with the cumulative
capacity reaching 650 GW. Costs have fallen rapidly for both onshore and offshore wind
power, increasing dramatically the amount of bid prices in auctions around the world,
especially in the past year. This development can be explained considering the constant
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technology innovation, the reduced financing costs and the ever-growing competition in
the industry, with electric utilities and large oil and gas companies continuing to invest
further in that direction. Additionally, incentives such as robust regulatory reforms, wind
energy’s cost-competitiveness and its potential environmental benefits show that there
is no expected deceleration in the wind power sector progress. Finally, the world’s first
commercial floating wind park has been commissioned in Scotland, while the sizes of
turbines continued to increase, with some manufacturers producing turbines of up to
10 MW.

Meanwhile, development in solar PV sector is even faster, with almost 100 GW of
new capacity added and increased the global capacity to 580 GW at the end of 2019.
This growth can be explained mainly due to the raised awareness of the technology’s
potential to alleviate pollution, reduce carbon dioxide emissions and provide energy access
to developing countries. Subsequently, intense competition, increasing efficiencies and
reduction in energy costs have led to record-low auction prices.

Hydro-pumped storage advancements over the past few years continue to upgrade an
already proven and reliable technology that represented more than 95% of all energy storage
solutions globally, in terms of cumulative capacity. These include improved efficiencies
with modern reversible pump-turbines, adjustable-speed pumped turbines, advanced
equipment controls such as static frequency converters and generator insulation systems,
as well as innovative underground construction methods and design capabilities, leading
to faster response times of load follow for intermittent renewables more efficiently and cost
effectively. Globally, there are approximately 270 pumped storage plants either operating
or under construction, representing a combined generating capacity of over 127,000 MW.
Of these total installations, 36 units consist of adjustable speed machines, 17 of which are
currently in operation, totaling 3569 MW and 19 of which are under construction, totaling
4558 MW [23].

2. The Greek Power System
2.1. Current Power System Situation in Greece

The annual electricity demand in the Interconnected System of Greece, with reference
year 2019, was 52.17 TWh. The total nominal capacity of conventional plants was 8806 MW
(December 2019), comprising 3904 MW of lignite power plants and 4902 MW of natural
gas [24]. Conventional power plants possess a significant share of electricity production
which reaches approximately 51% on the annual electricity production (2019). Wind
installations represent a capacity of 3283 MW, while the capacity of photovoltaics including
roof-top PVs reaches 2639 MW [25]. Both technologies contributed in 2019 with 14% of
generated power [24]. Moreover, the nominal capacity of large and small hydroelectric
power plants was 3411 MW, biomass units accounted for 87 MW, while Combined Heat
and Power (CHP) 105.47 MW [25]. During 2019, the interconnections balance, i.e., net
imports, contributed to the 19% of electricity consumption in Greece. Overall, lignite units
are gradually being phased out, while the share of electricity produced by natural gas
and lignite power plants combined has been reduced compared to past years. Renewable
sources have a smaller share in the energy mix, increased compared to the past, and will
further increase in the future [25].

2.2. Prospects for the Future

The National Energy and Climate Planning (NECP) was issued in 2019 with the view
to present the long-term energy targets set for the country’s energy sector, in accordance
with the recent European Directives. Among the targets set is the reduction of greenhouse
gases up to 56% (with reference levels of year 2005), the gradual decommissioning of lignite
power plants by 2028 and the increase of the share of Renewable Energy Sources (RES) in
gross electricity consumption up to 60% [26].

The installed capacity of hydropower plants is not expected to increase significantly,
since hydropotential has been already exploited to a great extent and environmental
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constraints prevent its further development in Greece. However, there is a potential for
development of reverse hydro-pumped storage, since reverse pumped storage units could
be constructed within the facilities of existing hydropower plants without raising major
environmental issues. The installation of storage facilities is essential, in view of the excess
energy due to the higher penetration of intermittent renewable energy sources and may
provide more flexibility to the system. The interconnection of mainland’s power system
with the small autonomous ones on the islands is essential, in order to construct a unified
system, exploit further the abundant Renewable Energy Sources (RES) potential, withdraw
local oil stations and secure power supply on the islands. In parallel, it is expected that
the power supply in Greece will be based more on renewable energy sources, while the
role of lignite will be reduced and eventually eliminated by 2028. Overall, the main
target set towards 2050 is the gradual decarbonization of the power generation sector and
its transition to a more sustainable future through the higher integration of renewable
sources [26].

2.3. Wind and PV Development

Renewable energy sources shall substantially contribute towards the achievement
of decarbonization targets set for the energy sector. One of the main objectives of energy
planning is the increase of renewable energy sources’ share in the energy mix, in order to
substitute part of the conventional units’ production. In the renewable sources capacity
development scenarios, reference is mainly made to large penetration of wind and pho-
tovoltaic systems. In the corresponding studies, wind installations’ capacity is projected
to reach, according to Ministry of Environment and Energy in 2030, approximately 7 GW,
while by 2050 11–18 GW (off-shore wind installation included) [27]. According to a study
conducted by European Commission, by 2030, wind installations’ capacity may reach 6 GW
and by 2050 7.8 GW [28]. In addition, World Wide Fund for Nature (WWF) estimates that
the wind installations will account for 5 GW, in 2030, and 6.7 GW, in 2050 [29]. Moreover,
the increase of PV capacity is projected, according to the Energy Roadmap by the Ministry
of Energy (the National Energy and Climate Plan and the Long-term strategy towards
2050), for 2030 at 7.7 GW, while for 2050 it is estimated at 8–12 GW, depending on the
scenario considered [26,27]. According to a study conducted by the European Commission
for Greece, in 2030, it is estimated that 5.6 GW of PV will have been constructed, while
by 2050 9 GW [28]. Furthermore, according to WWF’s projections, PV capacity will reach
4.8 GW by 2030 and 7.1 GW by 2050 [29]. Table 1 presents forecasts on the cumulative
capacity of PV and Wind in Greece by 2030 and 2050 [26–29].

Table 1. Forecasts for the cumulative capacity of PV and Wind capacity in Greece by 2030 and
2050 [26–29].

Ministry of Environment and Energy WWF European Commission

PV (GW) Wind (GW) PV (GW) Wind (GW) PV (GW) Wind (GW)

2030 7.7 7 4.8 5.0 5.6 6

2050 8–12 11–18 7.1 6.7 8.9 7.8

There are significant differences between the figures predicted for wind and PV
capacity by the competent bodies. In order to achieve a comparative assessment of the
various development scenarios, the ratio of the forecasted wind and photovoltaic capacity
by the annual mean load of the country is presented in Figure 1. In 2030 the wind and PV
capacity lies between 150–205% of the annual mean load demand, while in 2050 between
200–255%. The ratio between Wind and PV in terms of installed capacity is almost 1 by 1 in
most of the forecasts. More PV than Wind capacity is expected by 2050 according to the
Energy Roadmap of the Ministry of Energy.
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3. Methodological Approach
3.1. A Simplified Simulation of the Greek Power System

In this connection, a simplified simulation of the Greek power system is proposed
to calculate the RES electricity that can be absorbed directly, the energy surplus and the
ability of Hydro-pumped storage to exploit it.

Methods for solving units commitment and optimization algorithms for economic
dispatch in power systems with high wind penetration have been extensively analysed and
proposed in previous works [30–33]. In most of these cases, wind generation is obtained by
the use of forecasting tools and unit scheduling is estimated in order to meet demand with
a high probability over the scheduling horizon. It is out of the aims of the current approach
to optimize the load dispatch and units commitment. The proposed methodology is based
on the analysis of the steady-state operation of the Greek power system and takes into
account the specific characteristics of demand, the technical features of conventional and
hydropower plants and the technical constraints for the smooth and safe operation of the
system. Hourly time series are used instead of a probabilistic approach [34], due to the fact
that the sequence of events is essential for the simulation of hydro-pumped storage [35].

The large-scale Wind and PV integration is challenging for the power system operator
due to their variable power output, the difficulty to predict wind power output accurately
and the limited capacity of Greek power system with neighboring countries. However,
flexible conventional and hydro units are able to cover any sudden or expected deficit,
which may occur to the system. Additionally, the landscape of Greece constitutes an ideal
topography for the construction of hydro-pumped storage units which could contribute
significantly to the stability of the system and increase renewable peak demand supply.

For the simulation of the Greek power system a steady state analysis is performed
based on hourly timeseries data. Alternative scenarios for reference years 2019, 2030
and 2050 are comparably presented in terms of energy flows and Levelized Cost of En-
ergy (LCOE).

For the simplified simulation all the corresponding data of the power units (load
factors, technical constraints, maintenance periods, stochasticity) are taken into considera-
tion. The main target of this simulation is the accomplishment of energy balance, giving
priority to renewable energy sources. All the relative assumptions are conservative in
order to ensure the safe operation of the power system, with respect to all the technical
constraints. The contribution of interconnections is not taken into consideration due to
their limited capacity, and the Greek power system is considered as a remote power system.
This assumption gives results on the safe side, while in reality, the management of the
system could be easier with interconnections.

The innovation of the analysis is based on the use of simultaneous mesoscale typical
wind year data for the representation of the wind resource in the whole Greek territory.
Ninety points are used to provide high geographical resolution and cover current and
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future possible sites for wind farms. At each point, hourly wind power output is calculated
for one year on the basis of hourly wind speed and wind power installed capacity. Then
the aggregated hourly wind power in the whole Greek territory is used as an input for
the simulation of the Greek power system. Typical wind turbines power curves are used
to calculate wind power output, given the wind installed capacity and the time series of
wind speed at each point under consideration. Then the aggregated wind power output(

PWprod

)
for every hour is resulted.

The main principles of the methodology, units’ commitment and load dispatch are
presented in this section in four steps. In the first step PV power is absorbed in priority; in
the second one, conventional units commitment is defined; in the third one, wind power
absorption is calculated, and in the last one, Hydro and Hydro-pumped storage output
is resulted.

3.1.1. Step 1. PV Power Absorbed in Priority

In the step 1 PV power is absorbed in priority. Wind and PV will gradually represent
the mainstream of electricity in the Greek power system; then the management rules and
operational principles of the power system should be reformed in comparison with the
recent practices [35]. One of the prime assumptions of the current approach is that PV
energy is absorbed in priority. PV production is considered as a predictable source of
energy, and it is allowed to be absorbed in priority without any constraints, unless it
surpasses the load demand. In a large area under consideration, like Greece, geographical
distribution of PV has a positive effect on the smoothing of PV power output fluctuations
and on the predictability of PV aggregated power output. For every hour i of the year
(i = 1 to 8760), given the initial actual demand PD and subtracting the PV power output
PPV, the residual load PD-PV is calculated (Equation (1)) to be used as the basis for the
commitment of conventional units:

PD-PV(i) = PD(i) − PPV(i) (1)

3.1.2. Step 2. Conventional Units Commitment

Lignite power plants are used today as a base load units. They are not flexible to switch
on and switch off, and their operation should be scheduled in medium term. The number
of lignite power plants to be committed is estimated with respect to the expected demand
of next days, taking into consideration their non-flexible features and their high technical
minimums of the order of 50%. The criterion is that the technical minimums of lignite units
to be committed should not exceed the minimum expected residual load of the following
seven days. Initially, there are set to operate at their technical minimums or more in case
of power deficit. Given this simulation approach, the operation of lignite power units in
the Greek power system will be gradually reduced as far as the PV capacity increases. It
should be noted that lignite power plants are considered only for reference year 2019, since
by 2028 according to national targets the lignite units shall have been decommissioned.

Natural gas units are more flexible than the lignite units, and as a result, they are
dispatched in order to support the balance between supply and demand in the short term.
The number of natural gas units operating is defined in order to be able to cover the
mean residual load of the next twenty-four hours. Initially, they are set to operate at their
technical minimums (30% of the nominal output) or more in case of power deficit. The
flexibility of natural gas units allows the efficient and rapid response to the fluctuations of
power supply.

The combined heat and power (CHP) plants and the biomass units are dispatched
hereafter. The total nominal power of these units is relatively small, and their contribution
is limited. The produced energy of both is defined using an average capacity factor of 70%.
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3.1.3. Step 3. Wind Power Absorbed and Curtailed

After the definition of conventional units commitment, the absorbed PWabs and cur-
tailed PWcurt wind energy are calculated. The wind power allowed to be absorbed by the
system is limited by technical restrictions, in order to ensure the stability of the system.
A percentage of instantaneous penetration δ of wind power to the grid is applied in the
calculations [35,36]. This is a dynamic limit which ensures the safe operation of the system
in case that all the wind power is lost, and it is related with the ability of other units (i.e.,
conventional, hydro and storage) to supply load demand [36]. On the other hand, wind
power absorption should respect the technical minimums of the committed conventional
power plants [35]. Technical minimums of lignite, natural gas, CHP and biomass are taken
into consideration. These two technical restrictions are related with power system and
define the ability of the power system to absorb wind power. Finally, the actual wind
power absorbed

(
PWabs

)
cannot exceed the available wind power

(
PWprod

)
, as it has been

calculated using the mesoscale data. Then, the actual absorbed wind energy is resulted
(Equation (2)):

PWabs(i) = min


δ·PD-PV(i)

PD-PV(i) − PTM(i)
PWprod(i)

 (2)

Meanwhile, the wind energy curtailment is calculated (Equation (3)):

PWcurt(i) = PWprod(i) − PWabs(i) (3)

3.1.4. Step 4. Hydropower Output and Hydro-Pumped Storage

Hydropower plants supply the peaks of the load curve. The power produced annually
from hydropower plants is highly dependent on the hydrological year. In a good year in
terms of hydrological conditions, the annual production could reach 5 TWh. A special
methodological approach is used for hydropower [35]. Before the integration of PV in
the Greek power system, hydropower was used for peak demand supply. At that time
peak demand occurred especially in summer period. Today, hydropower has a more
complex role. The integration of PV has shifted the need for peak supply from summer
to winter. Hydropower will continue to provide peak power supply whenever peak load
demand occurs. Additionally, hydropower will balance the variability of rest RES power
generation. Renewable power surplus and wind curtailment may occur in low demand
periods or in windy ones. During low demand hours hydropower plants are switched
off. During peak demand periods, if there is wind power surplus, hydropower plants
may reduce their operation saving water for peak demand periods of low wind. So, wind
power plants could save water in the hydro plants’ reservoirs and hydro generation will
not constrain wind power absorption. Good and bad hydrologic years occur in Greece,
with an average annual hydro energy output in Greece of 5 TWh. This energy amount is
split into the hours of peak demand using a simplified iterative approach, which finally
defines the threshold of power demand for hydropower generation. The operation of
hydroelectric power plants is defined by the “peak-shaving” method; it is defined by a
minimum power demand threshold (PT_H), when this load demand limit is surpassed
hydroelectric power is produced. This limit is determined after an iterative procedure (goal
seek function in MS Excel is used) for the whole year, so that the integral of hydro annual
production will be equal with 5 TWh (typical hydraulic year). In this step, the remaining
load demand after subtracting PV, lignite, natural gas, CHP, biomass and wind power
absorbed is used (PD-PV-CONV-W). Then, hydropower output is defined for every hour of the
year (Equations (4) and (5)) with respect to the nominal power of hydro plants in Greece.
This approach is very close to the reality, since existing hydro-plants are operated today in
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the way of seasonal storage and peak supply. Additionally, the PV’s summer peak supply
match well with the dry period of Greece from May to September.

PH(i) =


0, i f PD-PV-CONV-W(i) < PT_H

Min
{

PH_nom, PD-PV-CONV-W(i) − PT_H

}
, i f PD-PV-CONV-W(i) > PT_H

(4)

8760

∑
i=1

PH(i) = 5 TWh (5)

By this approach, the power surplus (wind curtailment and PV surplus) Psurplus is
minimized in most of the conservative scenarios. Obviously, for large-scale wind and PV in-
tegration, due to the technical constraints, power surplus occurs and could be transformed
through hydro-pumped storage to useful peak demand supply. The aforementioned excess
energy is stored in hydro-pumped storage units, by pumping water to the upper reser-
voir when there is a surplus of energy, while it is recovered through the hydro-turbines
operation when other renewable sources are not available.

Due to the distribution of the curtailed power, it is not economically feasible to exploit
100% of this energy. Such a scenario would require enormous installed capacity of pumps
and volume of the upper reservoirs which would be used only few hours per year. A
sufficient degree of annual exploitation of excess system’s power can be considered to be
70% [6]. On this basis, the required installed capacity of pumps PP_nom is defined in order
to achieve the target of 70% exploitation of the annual energy surplus. The hydro turbines
capacity is considered to be equal with the pumps’ nominal output. Therefore, the nominal
power of the pumps is calculated (Equations (6) and (7)):

PPump(i) = Min
{

PP_nom, Psurplus(i)

}
(6)

8760

∑
i=1

PPump(i) = 70%·
8760

∑
i=1

Psurplus(i) (7)

where Ppump is the power used for pumping, PP_nom is the nominal power of pumps and
Psurplus is the available power surplus (wind curtailment and PV surplus). The volume
of the upper reservoir is defined to ensure a 24-h operation of the turbines at their nomi-
nal capacity.

3.2. Wind Data—Mesoscale Modeling

Simultaneous information on wind statistics over every potential area for wind farm
development is required for this analysis. Even if a large number of wind measurements
are available, it is practically difficult to represent simultaneous data series and cover every
potential area of interest. Installation of a mast network for this purpose could lead to rather
prohibitive technical and economic restrictions. Additionally, existing wind monitoring
networks are relatively large and can provide large spatial coverage but not necessarily
high resolution [37]. On the other hand, use of wind potential maps is not a solution since
they only provide an estimation of the spatial distribution of the mean wind speed without
any information on its temporal variation. Application of a Numerical Weather Prediction
(NWP) model can effectively provide the information required.

In this connection, high resolution analytical wind data timeseries for typical wind
year are used. These data have been produced by the systematic application of a numerical
weather prediction model. Analytical presentation and description of the approach was
given in [38]. In Figure 2, the relative high resolution wind atlas of Greece is presented
in terms of power density and parameter c of Weibull distribution, which are the most
common ways to present Aeolian maps. The wind atlas of Greece was based on a typical
wind year and 12 months of weather model simulations for grid boxes 2 × 2 km2 in size.
The numerical weather prediction model used is “MM5” which is run operationally at the
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National Observatory of Athens since 2002 [39] and has been verified [40,41] for its forecast
skill over the area of interest.
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The selection of 90 representative points in the Greek territory is based on the location
of wind farms as it is expressed by investors’ interest and it is depicted in the Regula-
tory Authority for Energy (RAE) geographical information system in the Greek territory
(Figure 3). For future scenarios, spatial dispersion of wind farms and existing plans for
interconnections of Greek islands with the power system of mainland Greece are consid-
ered. Data for the selected 90 points are presented in Table 2. The duration curve of wind
power output is dependent on the spatial distribution of wind farms. Historical data of
single wind turbine power production typically show extended time periods with zero or
rated production. However, as the spatial dispersion is increased and more wind farms are
introduced, the time periods with cumulative zero or rated production are reduced [34].
The aggregated hourly wind power output is calculated on the basis of the mesoscale wind
data, and the selected points in the whole Greek territory for the current wind energy de-
velopment (2019) and the scenarios of installed capacity in each point under consideration
for 2030 and 2050 (Figure 4). In Figure 2, high resolution wind atlas are presented for the
typical wind year [38]. The indexes of Power density (W/m2) and Parameter c of Weibull
distribution (m/s) are presented. Both are widely used in Aeolian maps for representation
of the wind potential [42,43]

Figure 3 shows the overview of wind farms applications in the Greek territory and
selection of 90 representative points in the whole Greek territory.

In Table 2 the details of the 90 representative points are presented (name, location, k
and c of the Weibull distribution and wind power density) [38].
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Table 2. Mesoscale typical wind year data of the representative points [38].

Point Site Lat
(◦)

Long
(◦) k (-) c (m/s) Wind Power

Density (W/m2) Point Site Lat
(◦)

Long
(◦)

k
(Weibull

Coefficient)
c (m/s) Wind Power

Density (W/m2)

1 Othonoi 39.786 19.422 1.59 5.99 232 46 Kozani 40.368 21.545 1.58 4.78 116

2 Lefkada 38.867 20.652 1.71 5.37 146 47 Chalkidiki 39.947 23.972 1.73 5.35 143

3 Krioneri 38.292 21.602 1.21 5.78 339 48 Serres 41.296 23.317 1.49 4.63 116

4 Petalioi 38.103 24.133 1.8 7.41 369 49 Veroia 40.127 22.214 1.59 4.47 92

5 Kimi 38.599 24.221 1.75 6.68 278 50 Kilkis 41.134 22.663 1.39 4.53 127

6 Karpathos 35.417 27.039 1.91 8.92 592 51 Trikeri 39.126 23.237 1.77 5.33 137

7 Lemnos 39.951 25.573 1.69 7.62 431 52 Trikala 39.312 21.525 1.51 6.16 273

8 Ai-Stratis 39.536 25.071 1.8 7.25 344 53 Anavra 39.017 22.705 1.65 5.06 128

9 Samothraki 40.575 25.714 1.5 5.96 251 54 Ioannina 40.327 20.837 1.72 5.8 186

10 Alexandroupoli 40.726 25.977 1.63 6.4 272 55 Perdika 39.278 20.328 1.52 4.21 83

11 Fanari 40.867 25.205 1.52 5.07 150 56 Kalavrita 38.751 20.933 1.5 5.18 164

12 Thasos 40.733 24.946 1.55 5.09 145 57 Mitikas 38.417 21.773 1.75 5.2 129

13 Makronisos 37.732 24.150 1.66 7.22 379 58 Naupaktos 38.174 21.856 1.55 5.81 221

14 Ai-Giorgis 37.465 23.942 1.68 6.77 307 59 Kissamos 35.455 23.587 1.63 6.55 290

15 Gyaros 37.609 24.723 1.61 7.4 422 60 Sfakia 35.258 24.225 1.43 7.78 554

16 Erithres 38.151 23.525 1.56 6.23 268 61 Psiloreitis 35.250 24.697 1.59 7.39 429

17 Lavrio 37.755 24.058 1.7 7.25 372 62 Elounta 35.312 25.740 1.7 8.2 526

18 Geraneia 37.985 23.067 1.43 5.87 261 63 Toplou 35.239 26.250 1.74 7.34 374

19 Lemnos (Mirina) 39.983 25.043 1.73 5.95 199 64 Ziros 35.078 26.188 1.59 8.6 638

20 Lesvos (Eresos) 39.183 25.947 1.86 6.52 239 65 Malia 35.090 25.492 1.54 8.24 594

21 Chios 38.447 26.126 1.85 7.45 363 66 Irakleio
(south) 35.117 25.068 1.59 6.52 299

22 Ikaria 37.559 26.096 1.37 8.26 662 67 Mochlos 35.080 25.896 1.49 8.73 699

23 Lesvos
(Mantamados) 39.331 26.228 1.76 6.57 263 68 Alexandroupoli 41.063 25.942 1.78 6.74 280
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Table 2. Cont.

Point Site Lat
(◦)

Long
(◦) k (-) c (m/s) Wind Power

Density (W/m2) Point Site Lat
(◦)

Long
(◦)

k
(Weibull

Coefficient)
c (m/s) Wind Power

Density (W/m2)

24 Samos 37.724 26.865 1.66 7.37 402 69 Orestiada 41.418 26.481 1.45 4.39 104

25 Andros
(Kalivbarni) 37.903 24.750 1.77 7.23 349 70 Dokos 41.273 25.867 1.91 6.36 214

26 Andros (Arnas) 37.840 24.885 1.56 7.86 518 71 Drama 41.280 24.083 1.49 4.12 80

27 Tinos 37.607 25.073 1.64 7.42 417 72 Xanthi 41.298 24.828 1.63 5.52 173

28 Paros 37.009 25.178 1.61 7.07 372 73 Velanidi 36.448 23.176 1.66 7.4 408

29 Ios 36.664 25.375 1.75 7.74 433 74 Monemvasia 36.768 23.013 1.52 6.9 374

30 Naxos 37.117 25.514 1.81 7.54 386 75 Kosmas 37.038 22.730 1.49 6.37 308

31 Amorgos 36.797 25.873 1.82 8.32 510 76 Argolida 37.431 23.497 1.61 6.48 286

32 Astipalaia 36.559 26.354 1.81 7.54 385 77 Sofiko 37.737 22.794 1.44 5.02 161

33 Rodos 35.976 27.840 1.72 6.68 285 78 Tripoli 37.562 22.504 1.44 5.81 252

34 Kos 36.715 26.972 1.87 7.79 408 79 Kalamata 37.184 22.229 1.64 4.95 121

35 Karapthos
(Mesochori) 35.718 27.190 1.84 8.89 610 80 Kavo Doro 38.099 24.556 1.62 7.31 405

36 Milos 36.678 24.525 1.84 7.17 324 81 Potami 37.989 24.546 1.71 7.64 430

37 Sifnos 37.158 24.520 1.58 7.49 446 82 Stira 38.264 24.240 1.62 6.64 305

38 Serifos 37.347 24.444 1.73 7.34 376 83 Kimi 38.556 23.957 1.7 6.92 322

39 Kefalonia
(Atheras) 38.352 20.402 1.63 5.22 145 84 Larimna 38.622 23.322 1.63 4.98 125

40 Kefalonia (Ainos) 38.146 20.633 1.55 5.21 158 85 Karpenisi 39.141 21.686 1.66 6.35 258

41 Kerkira 39.747 19.856 1.37 4.34 114 86 Fourna 39.098 21.899 1.75 4.77 98

42 Kithira 36.144 22.974 1.72 7.81 455 87 Lidoriki 38.421 22.269 1.39 5.88 277

43 Lefkada 38.572 20.549 1.74 5.96 198 88 Thisvi 38.366 22.785 1.68 5.6 173

44 Naousa 40.618 21.922 1.69 4.91 112 89 Mpralos 38.791 22.264 1.72 5.63 169

45 Florina 40.614 21.360 1.69 5.48 159 90 Skyros 38.798 24.666 1.88 7.13 311
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3.3. Load Demand Data

Actual time series of load demand data for the interconnected power system have
been used (Power Public Corporation S.A. data, https://www.dei.gr/en, accessed on
15 January 2021). Corresponding adjustments to the demand time series were realized
in order to formulate the corresponding timeseries for the years 2030 and 2050. The base
year for the load demand time-series is 2006. This is the last year before the start-up of
PV development in Greece. The forecasts for annual electricity demand and peak power
demand are based on relevant studies that have been conducted for the power system of
Greece. The comparative study of the researches carried out for Greece’s future demand
concludes that, in 2030, a modest estimation is considered to be 57.2 TWh with a peak
demand of 10.5 GW, while for 2050, 74 TWh with a peak demand of 13 GW. The studies
that were taken into consideration were conducted by the Ministry of Environment and
Energy [27], the European Commission [28] and WWF [29]. A comparative representation
of the electricity demand forecasts is presented in Figure 5.
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3.4. PV Data

In terms of PV production, actual time series provided by CRES (Centre of Renewable
Energy Sources) were used with the appropriate adjustments. The adjustment is based on
PVGIS estimated annual output [44]. Table 3 present the information used from PVGIS and
representative duration curves of PV power output for four cases.

Table 3. Annual PV production [44].

Peloponnese Central Greece Thessaly-Epirus Macedonia

Annual PV production
(kWh/kWp) 1510 1550 1300 1360

C.F. 17% 18% 15% 15%

4. Application—Results
4.1. Scenarios

By 2030, the electricity demand in the country is expected to reach 57.15 TWh, with a
peak of 10 GW and by 2050, 74 TWh with a peak of 11.3 GW [27].

Lignite power plants are expected to be decommissioned by 2028, in view of the
achievement of decarbonization targets. The nominal output of natural gas units for
reference years 2030 and 2050 is expected to reach 6.97 GW [27] and 7.1 GW [29].

In this connection, the reference scenario by 2030 for wind and PV capacity refers to a
cumulative capacity of up to 16 GW (8 GW wind, 8 GW PV). By 2050, it is assumed that the

https://www.dei.gr/en
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renewable energy sources’ capacity, i.e., wind and PV, will account for 18 GW aggregated,
with wind installations of 9 GW and photovoltaic of 9 GW. The normalized wind and
PV capacities (by the average annual demand) are 1.83 by 2030 and 2.48 by 2050, close to
the relative normalized capacities in the corresponding studies discussed and presented
in Figure 1.

The percentage of instantaneous wind penetration (δ) is considered to be 50% for
2030 and 60% for 2050. The increase of the instantaneous penetration (δ) in 2050 is based
on the fact that the management of the grid renewable energy will have matured, and
weather load forecast models will be widely used operationally. However, both figures are
considered as very conservative approaches, which will keep the results on the safe side.

According to IPTO adequacy study for 2020–2030, as of December 2019, 700 MW
of hydroelectric plants have been licensed, including 590 MW of hydro-pumped storage
facilities [45].

The nominal output of power plants using as feedstock biomass is considered to reach
300 MW by 2030 and 600 MW by 2050 [27].

4.2. Energy Mix by 2030 and 2050

By 2030 and 2050, considering the developments and assumptions mentioned above,
the final energy mix could be formed as depicted in Figure 6.
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The estimated nominal output of hydro-pumped storage units reaches 1500 MW for
the reference year 2030. The capacity factor of pumped-storage units, expressed by the
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rated power of the turbines, reaches 19%. This value of capacity factor is below the lower
acceptable limit which renders the investment economically viable (a benchmark of the
capacity factor could be 25% [6]). In this study, this value is considered acceptable, since,
according to current data for Greece, large hydro units’ capacity factor varies to similar
levels (15–17%); therefore, this value could also be considered for reverse hydro-pumped
storage projects. The capacity factor of hydropower units may be lower than benchmark,
because they are used as a safety net, for cases of emergency, so they are over-dimensioned
in order to be able to support the system when a deficit occurs.

The energy contribution of wind and PV installations reaches 49%, and the energy
contribution of conventional units is lowered to 31%. The electricity sector is characterized
by a higher renewable share, and electricity production is partially decarbonized, compared
to the current situation. Hydro-pumped storage units contribute with 6% to the annual
electricity demand, by exploiting 70% of curtailed energy.

In 2050, the installed capacity of wind and photovoltaic installations is considered to
be 24 GW in total, which results in a reduction of the conventional power plants energy
contribution to 25%. Renewable energy sources possess the highest share of production, ac-
counting for approximately 60%. The energy surplus increases due to the higher integration
of renewables, and the hydro-pumped storage capacity is estimated at 2700 MW. The share
of hydro-pumped storage projects reaches 7% of the total energy produced. The capacity
factor of hydro-pumped storage units is estimated at 23%. This higher capacity factor could
be attributed to the higher integration of RES, which results in the increase of curtailed
power. Consequently, the higher integration of RES contributes to the enhancement of the
economically viable operation of hydro-pumped storage units.

4.3. Economic Assessment

To answer the question whether large-scale integration of Wind—PV with the parallel
development of hydro-pumped storage is feasible, the levelized cost of energy is used. The
levelized cost of energy is calculated as follows:

LCOE =
CAPEX·CRF + OPEX

E
, CRF =

DR

1 − (1 + DR)−N (8)

where, CAPEX is the capital expenditure, CRF the annuity factor, E the annual energy
produced, OPEX the operation and maintenance (O&M) expenditures, DR the discount
rate and N the lifetime of the investment.

The levelized cost of energy is a valuable cost indicator because of its relative simplicity
which allows the comparison of different technologies. At the same time, it is a useful
tool for benchmarking the cost of different technology units, considering the lifetime of
the units.

The levelized cost of energy has been calculated for the current power supply system
and for the examined scenarios for 2030 and 2050, based on the simulation results and the
data collected [26–29,46–65]. Studies conducted and demonstrating projections for costs
data, such as CAPEX and OPEX, have been considered for the calculation of the LCOE. The
final values used constitute an average value of the costs identified in other publications. A
discount rate DR equal to 7% is considered in all cases to secure that estimations of LCOE
are modest and relative risks are considered. After a long period of economic uncertainty
in Greece due to the economic crisis, in the last 3 years, Greek government bonds had
constantly relatively low rates, less than 3%. Tables 4–6 show the details about LCOE
components, data, assumptions and results for the years 2019, 2030 and 2050, respectively.
All the prices presented in the three tables are not harmonized. In some cases, different
sources are available and mean values are used. The extracted value of LCOE evaluates
not only the relative CAPEX and OPEX for each type of units but also their utilization,
as it is introduced by the energy output in the denominator. Then, the results of LCOE
are useful for the specific cases studies in Greece, under the assumptions of the current
methodological approach and conclusions cannot be universalized. Additionally, the
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various parameters of cost in case of hydro and hydro-pumped storage are site dependent,
and then, results are not useful for other case studies.

Table 4. Data used for LCOE calculation for 2019.

2019

Technology Lignite Natural Gas PV Wind Hydro CHP Biomass

Nominal power Pnom (MW) 3904 [27] 4900 [27] 2639 [27] 3283 [27] 3411 [27] 105 [27] 86.89 [27]

Produced Energy (GWh) 10,418 16,228 3249 6565 4052 186 362

CAPEX (€/kW) 1850 [46–48] 700 [46,47] 1100 [48–50] 1300
[47,49,50]

1800
[49,53] 1100 [53] 2650 [53]

Fixed O&M (€/KW) 35 [54] 21 [49] 22 [49] 52 [49,55] 18 [49,56] 40 [57] 79.5 [58]

Variable O&M (€/MWh) 2 [48] 2 [49] - - 2.05 [54] 2 4 [58]

Cost (€/tlignite | €/m3
Natural gas) 17.7 [59] 0.3 - - - 0.3 130 [58,60]

Lower Heating Value (GJ/ tlignite

| GJ/ m3
Natural gas)

5.3 [59] 0.03 - - - 0.03 19 [58,61]

Efficiency (%) 45% [46] 60% [46] - - - 35% [62] 30% [63]

Heat rate (GJ/MWh) 8.0 6.0 - - - 10.3 12.0

Fuel unit cost (€/MWh) 27 60 - - - 103 82

CO2 emissions (t/Mwh) 1.5 0.5 [49] - - - - -

CO2 cost (€/t) 24 [26] 5 - - - - -

Carbon Cost (€/MWh) 36 2.5 - - - - -

Life time (years) 30 30 25 25 50 30 30

CRF 0.081 0.081 0.086 0.086 0.072 0.081 0.081

LCOE (€/MWh) 133.7 97.3 94.5 81.8 127.0 161.2 156.3

Weighted average LCOE
(€/MWh) 107.59

Table 5. Data used for LCOE calculation for 2030.

2030

Technology Natural Gas PV Wind PHS Hydro CHP Biomass

Nominal power
Pnom (MW) 6970 8000 8000 1500 3411 125 300

Produced Energy (GWh) 17,086 11,293 18,624 2545 5203 705 1692

CAPEX (€/kW) 700 700 [64,65] 1000 [49] 1200 [51] 1800 1100 2650

Fixed O&M (€/KW) 21 14 40 18 18 40 79.5

Variable O&M (€/MWh) 2 - - - 2.05 2 3.2

Cost (€/tlignite | €/m3
Natural gas) 0.3 - - - - 0.3 130

Lower Heating Value (GJ/ tlignite

| GJ/ m3
Natural gas)

0.03 - - - - 0.03 19

Efficiency (%) 60% - - - - 35% 30%

Heat rate (GJ/MWh) 6.0 - - - - 10.3 12.0

Fuel unit cost (€/MWh) 60 - - - - 103 82

CO2 emissions (t/Mwh) 0.5 - - - - 0.5 -

CO2 cost (€/t) 30 [27] - - - - 0 -

Carbon Cost (€/MWh) 15 - - - - 0 -

Life time (years) 30 25 25 50 50 30 30

CRF 0.081 0.086 0.086 0.072 0.072 0.081 0.081

LCOE (€/MWh) 108.5 52.5 54 61.9 99.4 127 137.2

Weighted average LCOE
(€/MWh) 77.86
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Table 6. Data used for LCOE calculation for 2050.

2050

Technology Natural Gas PV Wind PHS Hydro CHP Biomass

Nominal power
Pnom (MW) 7100 12,000 12,000 2700 3565 125 600

Produced Energy (GWh) 18638 16,924 25,620 5334 5203 402 1929

CAPEX (€/kW) 700 500 [64,65] 800 [49] 1200 1800 1100 2650

Fixed O&M (€/KW) 21 10 32 18 18 40 79.5

Variable O&M (€/MWh) 2 - - - 2.05 2 3.2

Cost (€/tlignite | €/m3
Natural gas) 0.3 - - - - 0.3 130

Lower Heating Value (GJ/ tlignite

| GJ/ m3
Natural gas)

0.03 - - - - 0.03 19

Efficiency (%) 60% - - - - 35% 35%

Heat rate (GJ/MWh) 6.0 - - - - 10.3 10.3

Fuel unit cost (€/MWh) 60 - - - - 103 70

CO2 emissions (t/Mwh) 0.5 - - - - 0.5 -

CO2 cost (€/t) 88 [27] - - - - 0 -

Carbon Cost (€/MWh) 44 - - - - 0 -

Life time (years) 30 25 25 50 50 30 30

CRF 0.081 0.086 0.086 0.072 0.072 0.081 0.081

LCOE (€/MWh) 135.5 37.5 47.1 53.1 102.6 138.9 164.6

Weighted average LCOE
(€/MWh) 75.06

In Figure 7, the size of the bubbles corresponds to the amount of energy generated
by each type of technology, whereas on the horizontal axis the LCOE of each unit type is
presented, and on the vertical axis, the share of the cost of the different types of technologies
in the total cost of the system is depicted.

In the current power supply system, the participation of lignite and natural gas units is
crucial in order to meet electricity demand. The LCOE of the system is estimated to 107.59
€/MWh, and the largest share of the cost is due to the conventional units. Although CHP
and biomass units are characterized by high levelized costs due to their limited nominal
capacity, they do not participate significantly to the final composition of the cost of the
system.

The weighted average LCOE of the power system in Greece by 2030, according to
the calculations, is decreased to 79 €/MWh. This reduction could be attributed to the
decommissioning of lignite units, which present a higher LCOE compared to RES (wind
and PV installations) in 2019. Natural gas units gradually replace lignite ones by 2030.
Carbon dioxide allowances are expected to rise to a higher level by 2030; therefore, the
operational expenditures of conventional units are increased, resulting in a higher LCOE
for natural gas units. The expected decrease of the CAPEX required for RES installations
contribute to the significant decrease of the weighted average LCOE of the system.

By 2050, a further reduction of the system’s cost is expected; the levelized cost is
approximately 75 €/MWh, reduced by 30% compared to current levels. Increasing the
participation of renewable energy sources in the energy production with the simultaneous
significant reduction of their CAPEX leads to a decrease in the levelized cost of the system.
Hydro-pumped storage is among the technologies presenting the lowest LCOE, following
wind and PV. The CO2 prices are significantly higher compared to 2030 resulting in the
increase of the levelized cost of energy of natural gas power plants.
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5. Discussion and Conclusions

High renewable penetration could lead to a significant reduction of the system’s cost,
while hydro-pumped storage systems may contribute to the peak demand supply.

The size of the reverse hydro units should be proportional to the development of
Wind and PV installed capacity. The over-dimensioning of reverse hydroelectric projects
may lead to installed hydroelectric pumps and turbines which will be used only for a few
hours per year without ensuring their economic feasibility, while under-dimensioning
will lead to insufficient exploitation of the potential. Furthermore, the higher integration
of renewable sources (wind and PV) across the country (spatial dispersion) results in
significant energy surplus and curtailment during the year, therefore energy that could be
stored in hydro-pumped storage systems is increased. In this case, hydro-pumped storage
units can contribute significantly to the energy balance, as analyzed in the scenarios.

The economic assessment of the future power system of Greece, based on the scenarios
examined in this connection, demonstrates that the increase of RES contribution may lead
to lower costs for the system. Greater penetration of photovoltaic and wind installations
results in a reduction of the levelized cost of energy of the system, since capital expenditures
required for wind and PV systems are expected to decrease significantly over the years.
The cost of thermal units in reference years 2030 and 2050 is expected to be higher due to
the increase in the cost of carbon dioxide emission allowances. The reduction of the energy
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production share of the latter in combination with the higher integration of RES prevents
the increase of the weighted average LCOE of the power system.
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