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Abstract: Renewable energy sources, due to their direct (e.g., wind turbines) or indirect (e.g., hy-
dropower, with precipitation being the generator of runoff) dependence on climatic variables, are
foreseen to be affected by climate change. In this research, two run-of-river small hydropower plants
(SHPPs) located at different water districts in Greece are being calibrated and validated, in order
to be simulated in terms of future power production under climate change conditions. In doing
so, future river discharges derived by the forcing of a hydrology model, by three Regional Climate
Models under two Representative Concentration Pathways, are used as inputs for the simulation
of the SHPPs. The research concludes, by comparing the outputs of short-term (2031–2060) and
long-term (2071–2100) future periods to a reference period (1971–2000), that in the case of a significant
projected decrease in river discharges (~25–30%), a relevant important decrease in the simulated
future power generation is foreseen (~20–25%). On the other hand, in the decline projections of
smaller discharges (up to ~15%) the generated energy depends on the intermonthly variations of
the river runoff, establishing that runoff decreases in the wet months of the year have much lower
impact on the produced energy than those occurring in the dry months. The latter is attributed
to the non-existence of reservoirs that control the operation of run-of-river SHPPs; nevertheless,
these types of hydropower plants can partially remediate the energy losses, since they are taking
advantage of low flows for hydropower production. Hence, run-of-river SHPPs are designated as
important hydro-resilience assets against the projected surface water availability decrease due to
climate change.

Keywords: small hydropower plants; HEC-ResSim; run-of-river dams; climate change; hydrologic
simulations; hydroelectric energy; Kalamas River; Axios River

1. Introduction

Hydropower is the most mature renewable energy source (RES), as it was operationally
commissioned at the beginning of the 20th century [1]; it thus has the biggest penetration
percentages in the energetic grid in comparison to other renewable energy sources. In
the year 2020, and on a global scale, hydropower represented the highest share among
all renewables in electricity generation; i.e., it accounted for 57.72% among renewable
energy sources (4.034 TWh out of 6989 TWh of all RES) [2] and for more than 16.0% of
the world’s net electricity production [3]. The 4.034 TWh/y of hydroelectricity come from
an installed capacity of 1120 GW, demonstrating an increase of 13.6% in comparison to
the 3551 TWh/y generated in the year 2009 [1]. On the European Union (EU) scale and
according to data from 2019 [4], about one third, i.e., 30.2%, of the 2778 TWh of generated
electricity came from RES, in comparison to 18.3% of the year 2009, with the highest
shares of 13.0%, 12.2%, and 4.5% (out of 30.2%) to be attributed to wind, hydropower,
and solar sources, respectively. The current energy generation bloom from renewables
in EU is mainly connected to solar and wind technologies, since solar power grew from
0.5% in 2009 to 4.5% in 2019, and wind turbines power increased from 4.5% in 2009 to
13% in 2019 [4], while at the same time the hydroelectricity generation is stabilized around
650 TWh with a total installed capacity of 230 GW [5].
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The dependence of RES, including hydropower, on climatic variables, which are going
to be radically altered spatiotemporally due to global climate change [6,7] impose new
externalities on RES projects’ viability. The latest outputs of the Intergovernmental’s Panel
on Climate Change (IPCC) Sixth Assessment Report (AR6) [8] set the Mediterranean basin
as a hot spot in terms of climate change impacts, as did the previous assessment report
(AR5) [9]. Specifically, there is high confidence that the projected summer temperature
increase will be larger than in the global mean, resulting in an increase in agricultural and
ecological droughts (medium confidence), as well as that the precipitation decline will
enforce the trends towards augmented hydrological droughts (high confidence). AR6 also
depicts that reduced summer precipitation in southern Europe is projected, starting from
a 2 ◦C global warming level (high confidence). The foreseen alterations in the climate
system will induce changes in the hydrological cycle, i.e., changes in temperature and
precipitation patterns will modify the annual water budget as well as the timing and
seasonality of river flows, affecting, amongst other impacts, the operation of hydropower
plants (HPPs). For new HPPs, changes in water availability could either lead to the
malfunction of the infrastructure or result in lost opportunity cost, by not taking advantage
of higher water volumes [10]. Cherry et al. [11] conclude that the increasing number of
studies on hydrologic impacts due to climate change have now established a solid scientific
base that should be integrated into hydropower scoping, design, and management.

The derived uncertainties of climate change on HPPs, especially on large ones that
have an immense capital investment cost, together with the undoubtable environmental
and social impacts of conventional hydroelectric dams at basin scale [12,13], have pro-
claimed small hydropower plants (SHPPs) and, particularly, the run-of-river (ROR) type
as the new alternative. SHPPs have an installed capacity that usually varies from 0.1 to
10 MW, although this range may vary from country to country [14]; e.g., in Greece the
max capacity is 15 MW. Small hydro (<10 MW) currently contributes over 40 GW of world
capacity, with its potential estimated at more than 100 GW [15], while on a EU level the
current overall installed capacity of SHHP is 19,699 MW, with Greece contributing 1.18% to
this figure (232 MW of installed capacity) [16]. ROR SHPPs are installations with no water
storage reservoir, except a small head pond capacity (a) directly constructed on the river or
(b) diverting (by-pass) a small portion of the river’s water, and all diverted water returns
to the stream just below the powerhouse [17]. What is of particular importance is that ROR
SHPPs can easily be constructed/adjusted to the left or right riverbanks of existing ROR
irrigation dams, i.e., dams used for water stage elevation and diversion to adjoining canals;
hence, a smaller environmental and social footprint is established. On the other hand, there
is research questioning the eco-friendliness of small hydro [18].

Near-real-time data on produced energy on a EU scale, including hydropower from
big HPPs, are available online by the European Network of Transmission System Oper-
ators for Electricity (ENTSO-E), with Skoulikaris and Krestenitis [19] proposing specific
methodology for automatically retrieving energy datasets and then converting them to
water discharge outflows; however, the ENTSO-E online repository does not include data
from SHPPs that could further be exploited for research purposes. Various scholars have
addressed issues related to the sitting and sizing of small hydropower plants [17,20,21],
operation optimization techniques and optimal design [22,23], and the contribution of ROR
SHPPs on covering emerging energy demands [15,24,25]. Additional studies focused on
identifying the costs of SHHP related to other energy sources [1], while others are con-
cerned with the economics and maximization of the return on investment [26,27]. Moreover,
although numerous studies have been performed on the operation of hydropower plants
(HPPs) with storage capacities under climate change conditions [28–32], far fewer studies
exist for large ROR HPPs [33,34]; while, to the author’s knowledge, the investigation of
climate change on run-of-river small hydropower plants is sparsely addressed within the
literature. Kelly-Richards et al. [35], in whose research 248 articles were reviewed, among
which 43 were related to ROR hydroplants, also concluded that low-head ROR SHPPs,
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i.e., ROR plants without diversion structures, are not examined in terms of impacts in
the literature.

Inspired by this literature gap, the research aims at proposing and implementing a
specific methodology for run-of-river small hydropower plants, modelling under climate
change conditions. For that purpose, two ROR SHPPs located in different water districts of
Northern Greece are calibrated and validated with the use of a hydropower simulation
model and, thereafter, are simulated under climate change conditions. The future river
discharges used as input to the hydro plants’ simulations come from a pan-European
hydrological model, forced by three different Regional Climate Models under the 4.5 and
8.5 Representative Concentration Pathways for a short-term future (2031–2060) and a
long-term future (2071–2100) period. Both the rivers’ discharges and the generated energy
outputs are compared to the relevant data of a reference period, to identify potential
correlation patterns between the fluctuations of discharges and energy production and to
analyze the behavior of the two hydrosystems under climate change. The applicability
of the research to any ROR SHPPs on a European scale constitutes this contribution a
useful methodological framework for assessing climate change at river basins, where
water-energy-agriculture nexus schemes with SHPPs installations are prevailing.

2. Materials and Methods
2.1. Case Study Areas

The two SHPPs under investigation are located in Northern Greece but in different wa-
ter districts (WD) with different hydroclimatic characteristics. The Gitani SHPP, hereinafter
SHPP-A, is constructed on the Kalamas River, which is a national river located in the WD of
Epirus (EL05) (northwestern Greece), Figure 1. The specific WD receives the highest annual
precipitation volumes on a national scale, with the mean annual rainfall on the mountain-
ous parts of the basin exceeding 2000 mm [36]. The Eleousa SHPP, hereinafter SHPP-B,
is located on the Axios River approximately 28.0 km upstream of the river estuaries in
the North Aegean Sea, Figure 1. The Axios River, which forms part of the transboundary
Vardar/Axios River that is shared with North Macedonia (upstream country) and Greece
(downstream country), belongs to the WD of Central Macedonia (EL10) (north-central
Greece) with the annual rainfalls in this area ranging from 400–600 mm; hence, the river’s
runoff highly depends on the transboundary water inflows [37]. The main hydrological
characteristics of the two rivers are depicted in Table 1 [38–40].

Table 1. Characteristics of the River Basins that supply the case study SHPPs with water.

River WD Length
(km)

Basin
Area
(km2)

Mean
Elevation

(m)

Annual
Precipitation

(mm)
Seasonal Precipitation (mm) 4

Annual
Discharges
(×106 m3)

Averaged Seasonal Discharges
(m3/s)

DJF MAM JJA SON DJF MAM JJA SON

Kalamas EL05 115 2523 544

1000–1200
(coastal area)

1800–2200
(mountainous

area)

487.8 260.6 487.8 481.8 2049
92.8 55.8 8.7 46.4

870.1 438.5 870.1 705.6

Axios 1 EL10 76 3327 2 180

400–600
(Greek part)
700 (North

Macedonian part)

103.6 152.7 103.6 68.6 4400 3
143.2 206.3 84.6 75.9

- - - -

1 The provided figures are referred to as the Greek part of the basin. 2 It includes the extent of the Loudias River Basin according to the
SSW 2013b. 3 The provided annual discharge volume reflects the inflows from North Macedonia (3600 × 106 m3) and the one drained in
the Greek part of the basin (800 × 106 m3). 4 DJF: December-January-February, MAM: March-April-May, JJA: June-July-August, SON:
September-October-November.
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Figure 1. Case study SHPPs locations within the relevant river basins.

Both SHPPs were constructed on the right side of existing run-of-river irrigation dams
that were built in the late 1950s and early 1960s, in order to elevate the rivers’ water level
and divert specific water volumes to adjoining irrigation channels. In both cases, the SHPPs
make use of the elevation difference caused by the irrigation dams to satisfy the required
hydraulic head for their operation, Table 2. The irrigation water, which equals 5.25 m3/s
and 45.0 m3/s for SHPP-A and SHPP-B, respectively, is diverted from mid-April to the end
of September (irrigation period), through irrigation channels located just upstream of the
plants’ intake structures, while no other important water abstractions occur during the rest
of the year. The operation of the Gitani and Eleousa SHPPs were initiated in 2006 and 2008,
respectively, with their technical characteristics presented in Table 2 [14,41].

Table 2. SHPPs technical characteristics.

SHPP River
Capacity
(MW) per

Unit

No. of
Units

Annual
Produced

Energy
(GWh)

Turbines’
Type

Max Water
Discharges
(m3/s) per
Turbine

Min
Discharges
(m3/s) for
Operation

Hydraulic
Head (m)

Dams’
Overflow

Height (m)

Dams’
Length (m)

Gitani Kalamas 2.1 2 15.2 Kaplan 60 6.0 ±7.12 13.77 152
Eleousa Axios 3.4 2 29.7 Kaplan 70 15.0 ±5.68 12.90 1170

2.2. Simulation of Hydropower Generation

The simulation of the SHPPs was implemented with the use of the Reservoir System
Simulation model, the HEC-ResSim model (https://www.hec.usace.army.mil/software/
hec-ressim/) (accessed on 17 June 2021) of the U.S. Army Corps of Engineers, Institute for
Water Resources, Hydrologic Engineering Center (CEIWR-HEC) (Davis, CA, USA) [42].
The model simulates reservoir operations for flood and water resources management, low
flow augmentation, and water supply as well as hydropower production, either for detailed
operational plan investigations or real-time decision support [43]. The model represents
large- and small-scale reservoir systems through a network of elements (junctions, routing
reaches, diversions, reservoirs) that are customed defined by the modeler. What is of

https://www.hec.usace.army.mil/software/hec-ressim/
https://www.hec.usace.army.mil/software/hec-ressim/
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particular importance is that the model can simulate both single events and long-term
operation using available time-steps.

HEC-ResSim consists of three main modules: the watershed setup, the reservoir net-
work, and the reservoir simulation [42]. Within the watershed setup, the schematization
of the hydrographic network together with the structural elements consisting of the hy-
drosystem, such as reservoirs, diversions, levees, and gauge location, are defined. The
technical (e.g., the dam’s crest elevation and height, the number and type of turbines, the
spillways characteristics, etc.) and operational (e.g., operation schedule of power plant,
elevation-related decisions, designation of flood control, conservation and inactive zones,
etc.) characteristics of the elements are specified within the reservoir network module.
Potential various operational alternatives, such as the use of one or two turbines for specific
inflows and scenarios related to the input flows, are also defined within this module. Fi-
nally, the reservoir simulation module is the interface for defining the simulation time and
computation interval for simulating the produced alternatives and scenarios. As denoted
in the literature, HEC-ResSim has successfully been applied in various time scales and case
studies, both for current and climate change conditions [44–50].

2.3. Watershed Hydrologic Simulations

The Kalamas and Axios Rivers’ discharges were derived from the Hydrological Pre-
dictions for the Environment (HYPE) semi-distributed basin model [51], and, particularly,
from the European version, i.e., E-HYPEv3.1.1, of the model [52]. E-HYPE simulates river
flow generation from rainfall distribution and temperature by dividing the European terri-
tory at 35,408 catchments of mean size of 215 km2, and by taking into consideration the
topography, the soil and land use characteristics, the irrigation and crop demands on water,
the snow coverage, and the evapotranspiration at each catchment [52]. The applicability
of the model for present, as well as climate change, conditions is peer reviewed in the
literature [53–57]. In the research, simulated historical daily discharges from 1981 to 2010
(https://hypeweb.smhi.se/explore-water/historical-data/europe-time-series/) (accessed
on 10 May 2021) and discharges under climate change conditions (https://hypeweb.smhi.
se/explore-water/climate-change-data/europe-climate-change/) (accessed on 15 May
2021) were retrieved by E-HYPE’s online data repository for (a) validation of the E-HYPE
hindcast simulations against the rivers’ gauged discharges and (b) assessment of the SHHPs’
operation under climate change conditions.

2.4. Climate Change Datasets

The climatic parameters, used as forcing for the hydrologic model, are attributed to
three high-resolution Regional Climate Models (RCMs) with a spatial resolution of 0.11 cor-
responding to 12.5 km grid spacing. All utilized RCMs, Table 3, have been developed
and implemented in the framework of the Coordinated Regional Climate Downscaling
Experiment for the European domain (Euro-CORDEX) [58]. The evaluation of climate
change on the SHPPs’ future power production was conducted for the Representative
Concentration Pathways (RCPs) RCP4.5 and RCP8.5 and for the future periods 2031–2060
(hereinafter Short-Term Future (STF)) and 2071–2100 (hereinafter Long-Term Future (LTF)).
RCP4.5 corresponds to stabilization of radiative forcing after the 21st century at 4.5 W/m2

and represents a “moderate” future climate, while RCP8.5 poses a “worst case scenario”
where rising radiative forcing crosses 8.5 W/m2 at the end of 21st century [59]. Finally, to
interpretate the future climatic variability in comparison to the past, the RCMs hindcasts
for the reference period 1971–2000 (hereinafter REF) and the resulting river discharges
were also used.

https://hypeweb.smhi.se/explore-water/historical-data/europe-time-series/
https://hypeweb.smhi.se/explore-water/climate-change-data/europe-climate-change/
https://hypeweb.smhi.se/explore-water/climate-change-data/europe-climate-change/
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Table 3. Regional Climate Models utilized to trigger the hydrologic simulations and the future hydropower production in
the case study areas.

RCM Global Model Institute RCMs Short Description

CSC-REMO2009 MPI-M-MPI-ESM
MPI-Max Planck Institute for
Meteorology Climate Service
Center, Hamburg, Germany

It is a limited-area three-dimensional
atmospheric circulation model based on

the ‘Europa-Modell’ of the German
Weather service and on the physical

parameterizations of the global
three-dimensional atmospheric circulation

model ECHAM-4 [60].

KNMI-RACMO22E EC-EARTH
KNMI-Royal Netherlands

Meteorological Institute, De
Bilt, the Netherlands

It combines the dynamical core of the High
Resolution Limited Area Model (HIRLAM)
numerical weather prediction model with
the European Centre for Medium-range
Weather Forecasts (ECMWF) Integrated

Forecast System (ISF) physics [61].

SMHI-RCA4 HadGEM2-ES

SMHI-Swedish
Meteorological and

Hydrological Institute,
Norrköping, Sweden

It is originally based on the numerical
weather prediction model HIRLAM, and in

the current version all data used for a
simulation are read from globally valid

physiography databases [62].

3. Results
3.1. Hydropower Model Calibration and Validation

SHPPs were calibrated and validated against measured produced power, with gauged
discharges upstream of the plants to be used as input data while the technical characteristics
of the plants and their operational schedule were obtained by the SHPPs’ management
authorities. The calibration and validation of both SHPPs were conducted for the periods
2015–2018 and 2019–2020, respectively.

Focusing on SHPP-A, a high degree of correlation between measured and simu-
lated power during the calibration (Pearson correlation coefficient (PCC) = 0.917, Nash–
Sutcliffe efficiency coefficient (NSE) = 0.798, coefficient of determination (R2) = 0.841, and
Root Mean Square Error/max measured power (RMSE/max) = 14.01%) and validation
(PCC = 0.916, NSE = 0.794, R2 = 0.839 and RMSE/max = 15.07%) phases was obtained, as
depicted in Figure 2a. Regarding SHPP-B, a similar good performance was also achieved
during the calibration (PCC = 0.851, NSE = 0.592, R2 = 0.723 and RMSE/max = 16.61%)
and validation (PCC = 0.838, NSE = 0.355, R2 = 0.731, and RMSE/max = 17.05%) periods,
as demonstrated in Figure 2b. In SHHP-A, as proved by the correlation coefficients, the
simulated power follows the same trend with the measured one, with the occurrence of
maximum and minimum power production in March and August, respectively, at interan-
nual scale, to be successfully captured by the hydropower model. Moreover, maximum
and minimum measured power values are accurately simulated by HEC-ResSim, since
the mean deviation between simulated and measured maximums equals 0.10 MW and
0.16 MW, and the mean deviation for the minimums equals 0.04 MW and 0.02 MW for the
calibration and validation periods, respectively. In SHPP-B, the maximum power produc-
tion does not follow a clear pattern, with the maximums to be presented either in November
or December or March or May. The simulated power, nevertheless, successfully captures
this dissimilarity, with the mean deviation between measured and simulated maximums
being 0.17 MW and 0.19 MW for the calibration and validation periods, respectively.
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measured power data for (a) SHPP-A (Gitani) and (b) SHPP-B (Eleousa).

3.2. Validation of Hydrological Model on the Case Study Basins

To use the E-HYPE hydrological model for the simulation of the river discharges under
the various climate models and scenarios, the a priori validation of the model’s behavior
on the Kalamas and Axios Rivers was initiated. For this purpose, the available historic
runoff simulation outputs derived by the hydrological model and based on observed
precipitation and temperature datasets covering Europe, as well as on streamflow data
from the European Water Archive (EWA) and the Global Runoff Data Base (GRDB) [63],
were retrieved by the E-HYPE online repository for the two case study rivers covering a
period of 30 years, i.e., from 1981 to 2010. However, for the Kalamas River, continuous
gauged discharges exist from 2007 till currently, while continuous flow measurements
on the Axios River are available for the period 1971–1990 and from 2010 till currently.
Hence, the evaluation of E-HYPE model on simulating the Kalamas and Axios Rivers was
conducted for the periods 2007–2010 and 1981–1990, respectively, with the outputs to be
illustrated in Figure 3a,b.
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Figure 3. Validation of the E-HYPE model’s historic runoff simulations against gauged data on (a) the Kalamas River for the
period 2007–2010 (n = 48 months) and (b) the Axios River for the period 1981–1991 (n = 120 months).

In the case of the Kalamas River, the implemented goodness of fit tests (PCC = 0.922,
NSE = 0.829, R2 = 0.850, and RMSE/max = 10.28%) demonstrates the high accuracy of
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the E-HYPE model in simulating the runoff. The implemented indices for the Axios River
(PCC = 0.791, NSE = 0.378, R2 = 0.625 and RMSE/max = 18.45%), although less high than the
one of the Kalamas River mainly due to its large extent and its transboundary nature, also
designated the ability of the hydrological model to represent the river discharges. Especially,
the fact that RMSE/max in both cases is less than 20.0%, a figure that is considered relatively
low, together with the high correlation figures supports the further utilization of the model
with forcing by climate change models.

3.3. River Discharges under Climate Change

The simulation of the rivers’ discharges under climate change derived from the
E-HYPE hydrological model triggered by the CSC-REMO2009, KNMI-RACMO22E, and
SHMI-RCA4 RCMs under the RCP4.5 and RCP8.5 climatic scenarios for the STF
(2031–2060) and LTF (2070–2100) periods, respectively. Hindcast rivers’ discharges, also
coming from the forcing of the hydrological model by the three RCMs’ hindcast variables,
covering the reference period (REF) 1971–2000, were used for the assessment of the future
rivers’ runoff fluctuations. The outputs of the simulations are presented in Figure 4.
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Figure 4. Runoff characteristics of the Kalamas (first row of boxplots) and Axios (second row of
boxplots) Rivers under climate change conditions, with the hydrologic simulations to be forced by
the CSC-REMO2009 (light grey boxplots), KNMI-RACMO22E (grey boxplots), and SHMI-RCA4
(dark grey boxplots) RCMs for the STF (2031–2060) and LTF (2071–2100) periods, in comparison to
the REF (1971–2000) period.

In the Kalamas River, where the SHPP-A is located, the ensemble discharges for the
REF period, i.e., the averaged mean discharges derived by the forcing of E-HYPE with
the three RCMs’ hindcasts, equal 26.15 m3/s with a mean deviation of ±0.29 m3/s. For
the STF period and the RCP4.5 scenario, forcing by the REMO2009 model present a small
discharges’ increase of up to 5.9% (in comparison to the REF period), the outputs for
the RACM022E model demonstrate a decrease of 6.3%, while the outputs attributed to
RCA4 show no alterations in the mean discharges, shown in Figure 4 and Table 4. For the
same climatic scenario but for the LTF period, discharges’ decrease of 12.7% are presented
for both the REMO2009 and RCA4 models’ simulations, while those produced by inputs of
the RACM022E model demonstrate a negligible decrease of 0.5%. On the other hand, the
outputs for the RCP8.5 scenario are more homogeneous. Particularly, for the STF period the
ensemble discharges’ reduction is 9.67%, with the mean deviation among the simulations’
outputs equal to ± 1.08 m3/s. For the LTF period, significant discharges reduction of
around 30% are presented for both the REMO2009 and RCA4 models’ simulations, while
an important but less severe decline of 13.4% is forecasted for the simulations forced by the
RACM022E model.



Sustainability 2021, 13, 14001 9 of 19

Table 4. The Kalamas and Axios Rivers simulated discharges (m3/s) and differences (%) with the REF period per RCP and
time periods under the three RCMs.

River Model
Forcing By

Discharges (m3/s) Per
RCPs/Time Period

% Difference with REF
Per RCPs/Time Period

Historical/
REF 4.5/STF 4.5/LTF 8.5/STF 8.5/LTF Historical/

REF 4.5/STF 4.5/LTF 8.5/STF 8.5/LTF

Kalamas
REMO2009 25.84 27.37 22.53 23.72 18.06 0 5.9 −12.8 −8.2 −30.1
RACMO22E 26.59 24.92 26.54 24.05 23.02 0 −6.3 −0.2 −9.5 −13.4

RCA4 26.02 26.15 22.76 23.09 18.73 0 0.5 −12.6 −11.3 −28.0

Axios
REMO2009 134.06 139.34 110.46 127.19 79.35 0 3.94 −17.60 −5.12 −40.81
RACMO22E 137.98 129.40 135.80 135.94 116.86 0 −6.22 −1.58 −1.48 −15.31

RCA4 135.08 129.96 111.17 115.63 98.05 0 −3.79 −17.70 −14.40 −27.41

In the case of the river where SHPP-B is located, i.e., the Axios River, the ensemble
discharges for the REF period are 135.70 m3/s with a mean deviation of ±1.52 m3/s. A
slight increase of 3.94% of the river discharges is only presented for one model and one sce-
nario, i.e., for the REMO2009 model under the RCP4.5 for the STF period, while in all other
combinations of models and scenarios a decline of the future river’s runoff is projected.
Particularly, for the RCP4.5 and the STF period, the simulations for both the RACMO22E
and RCA4 models show discharges’ decreasing from 3.79% to 6.22%, while for the LTF
period the reduction of the discharges is 17.65% for the REMO2009 and RCA4 models,
respectively, and around 2.0% for the RACMO22E model, as shown in Figure 4 and Table 4.
The most severe river discharge’s declines are projected for the RCP8.5 scenario and
the LTF period, where the ensemble discharges equal 98.08 m3/s, i.e., 27.73% less than
the ensemble ones of the REF period. Focusing on each RCM model separately, de-
creases of 40.81%, 15.32%, and 27.40% are foreseen when the simulations forced by the
REMO2009, RACMO22E, and RCA4 models, respectively, for the later climatic scenario and
simulation period.

In terms of intermonthly variations of the river discharges for the 30-year periods,
Figure 5, data analysis showed that for the Kalamas River and the simulations forced
by the REMO2009 climatic model, Figure 5a, a significant decrease in the river’s runoff
for both the STF and LTF periods and both climatic scenarios is apparent in February (at
least <10.0 m3/s compared to the REF period, i.e., ~22.1% discharges’ reduction), in April
(~24.8% discharges’ reduction), and in June–July–August (~26.21% discharges’ reduction).
Moreover, apart from the RCP4.5 scenario and the STF period (light grey-colored column
bars of Figure 5) where discharges’ increases are observed during various months, e.g., in
January, March, October, November, and December, the outputs for the RCP8.5 scenario
as well as the STF and LTF periods (bars with horizontal stripes and black-dotted bars
of Figure 5, respectively) indicate runoff decreases in almost all months. Simulations
related to the RACMO22E model, Figure 5b, demonstrate that the discharges’ decrease
occurs mainly from September to November (mean decrease for both climatic scenarios
and both simulation periods equals ~33.6%), while from January to May the projected
increases of the river runoff depends on the climatic scenario and simulation period, e.g.,
in March the runoff increase equals 18.47% and 0.2% for the STF and LTF periods under
the RCP8.5 scenario, respectively. Discharges simulations triggered by the RCA4 climate
model, Figure 5c, revealed that the most significant discharges reductions occur in February
(at least 9.6% regardless the simulation period and scenario), in October (~18.5%), and in
December (mean discharge reduction of 26.0%). On the other hand, from March to May,
the variation between the future discharges and the REF period is negligible.
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Figure 5. Intermonthly discharge variations of the Kalamas River (a–c) and of the Axios River (d–f) for the evaluated 30-year
periods, where the black-colored bars correspond to the REF periods, the light-gray columns to the RCP4.5 scenario and
the STF periods, the bars with the vertical stripes to the RCP4.5 scenario and the LTF periods, the bars with the horizontal
stripes to the RCP8.5 scenario and the STF period, and the black-dotted bars to the RCP8.5 and the LTF periods of each
RCM, respectively. (a,d) Attribute the hydrologic simulations forced by the REMO2009 model, (b,e) the ones forced by the
RACMO22E model, and (c,f) the ones forced by the RCA4 model.

In the Axios River, where the river discharges are quite bigger than those of the
Kalamas River, the simulations attributed to the REMO2009 model, Figure 5d, showed that
for the RCP4.5 scenario, regardless the simulation period, the simulated river discharges
are bigger than those of the REF period for January to February and from October to
December. The higher decreases in the same scenario are presented form May to August.
In all cases, the simulations corresponding to the RCP8.5 and the LTF period are at least
22.3% lower than those of the REF period, while in June, July, and August the discharges
decrease from 89.2 m3/s to 38.2 m3/s (~57.1% reduction), from 61.01 m3/s to 21.32 m3/s
(~65.0% reduction), and from 54.11 m3/s to 14.45 m3/s (73.3% reduction), respectively. As
depicted in Figure 5e, which corresponds to forcing by the RACMO22E model, regardless
of the scenario and simulation period the larger monthly runoff decline does not exceed
20.0% in comparison to the REF period, while during the winter, i.e., from December to
February, all the outputs demonstrate runoff augmentation at least of 9.4%, in comparison
to the REF period. A clear reduction of the discharges varying from 15.0% to 20.0% is
only presented from July to September for all the scenarios and both the STF and LTF
periods. Finally, and regarding the RCA4 model, Figure 5f, a clear decreasing trend of river
discharges varying from 18.5% to 33% is noted from March to September, while November
is the only month when no runoff reduction is observed. During the winter months, the
simulations related to the RCP8.5 and the STF period are approximately the same as those
of the LTF period, e.g., in February, the reductions of 22.1% and 21.0% are presented for the
LTF and STF periods, respectively, compared to the REF period. On the other hand, and for
the same climatic scenario, during the summer months the discharges linked to the LTF
period are much smaller than those of the STF period, e.g., in August reductions of 57.2%
and of 27.3% are presented for the LTF and STF periods, respectively, compared to the
REF period.

3.4. Energy Generation Projections

The analysis of SHPP-A future-generated energy demonstrated a clear decreasing
trend in comparison to the REF period. In terms of absolute values, the larger mean energy
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decrease for the 30-year periods of 2.56 GWh is depicted by the simulation driven by the
REMO2009 model, followed by a decrease of 2.28 GWh attributed to the RCA4 model.
In case of the simulations forced by the RACMO22E model, the maximum 30-year mean
energy reduction is up to 0.75 GWh, as shown in Table 5. Moreover, as depicted in Table 5,
the HEC-ResSim simulations attributed to the REMO2009 model show an escalating energy
reduction of 9.25% for the RCP4.5 scenario and the LTF period, and of 16.70% and 25.79%
under the RCP8.5 scenario and the STF and LTF periods, respectively, when compared
to the REF period. The only case that an energy increase is foreseen is attributed to
the RCP4.5 scenario and the STF period, with this small increase of 3.28% connected to
the aforementioned discharges’ increase (see Section 3.3) that was found for the same
scenario and simulation period. For the simulations triggered by the RACMO22E model,
the larger energy decreases of 7.57% and 7.55% are presented for the STF period under
the RCP4.5 and RCP8.5 scenarios, respectively. On the other hand, for the LTF period
the simulated energy reduction is approximately 2.85% for both climatic scenarios. As
for the outputs connected with the RCA4 climatic model, the larger energy declines are
related with the LTF period, i.e., decreases of 12.03% and 21.97% for the RCP4.5 and
RCP8.5 scenarios, respectively. For the STF period, the larger energy diminution of 10.31%
is presented under the RCP8.5 scenario, while for the RCP4.5 scenario the relevant decrease
of 1.56% is much smaller.

Table 5. HEC-ResSim model results of mean produced energy (GWh) and of differences (both in GWh and %) between
historical and future energy generation by different forcing inputs as REMO2009, RACM022E, and RCA4 for the SHPP-A.

Mean Produced Energy (In GWh) Difference with REF (In GWh) % Difference with REF

Scenario Period Forcing by
REMO2009

Forcing by
RACMO22E

Forcing by
RCA4

Forcing by
REMO2009

Forcing by
RACMO22E

Forcing by
RCA4

Forcing by
REMO2009

Forcing by
RACMO22E

Forcing by
RCA4

Historical REF 9.91 9.94 10.38 0 0 0 0 0 0
RCP4.5 STF 10.23 9.19 10.22 0.32 −0.75 −0.16 3.28 −7.57 −1.56
RCP4.5 LTF 8.99 9.66 9.13 −0.92 −0.28 −1.25 −9.25 −2.86 −12.03
RCP8.5 STF 8.25 9.19 9.31 −1.66 −0.75 −1.07 −16.70 −7.55 −10.31
RCP8.5 LTF 7.35 9.66 8.10 −2.56 −0.28 −2.28 −25.79 −2.84 −21.97

Focusing on the SHPP-B case study, the simulation outputs revealed an important
lessening of the future produced energy, especially for the LTF period (2071–2100) of the
RCP8.5 climatic scenario, as shown in Table 6. Particularly, the mean energy production
of 30.41 GWh of the REMO2009 model’s REF period is projected to be 20.38 GWh, i.e., a
decrease of approximately 33.0%; the 30.27 GWh of the RACMO22E model’s REF period is
projected to reach 25.43 GWh, i.e., ~16% decrease, while the 30.41 GWh that were simulated
with forcing by the RCA4 model will equal to 24.00 GWh, i.e., a decrease of ~21.0%. A
more detailed view of the figures of Table 6 shows that the energy production associated to
the REMO2009 model presents an escalating decrease, i.e., for the STF period the decrease
equals 3.82% and 15.81% for the RCP4.5 and RCP8.5 scenarios, respectively, while for
the LTF period the decrease is more than doubled (8.26% and 32.98% for the RCP4.5 and
RCP8.5) than the relevant one of the STF period. Regarding the RACMO22E model, for
the STF period the projected reduction varies between 6.74% and 7.51%, as shown in
Table 6, while for the LTF period a negligible energy reduction of 1.80% is projected under
the RCP4.5 scenario, and a rather significant reduction of 15.98 is foreseen under the
RCP8.5 scenario. Finally, the outputs produced by the forcing of the HEC-ResSim model
with river discharges attributed to the RCA4 model, show that under the STF period the
energy decline is up to 5.28% and 12.53% for the RCP4.5 and RCP8.5 scenarios, respectively,
and under the LTF period these figures reach up to 13.97% and 21.06% for the same climatic
scenarios, respectively. A graphical representation of the mean produced energy for all the
examined models, scenarios, and time periods (30 simulations in total) is given in Figure 6,
where the important lessening of the future produced energy associated to the LTF period
and the RCP8.5 scenario is clearly depicted for both SHPPs.
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Table 6. HEC-ResSim model results of mean produced energy (GWh) and of differences (both in GWh and %) between
historical and future energy generation by forcing different inputs as REMO2009, RACM022E, and RCA4 for the SHPP-B.

Mean Produced Energy (In GWh) Difference with REF (In GWh) % Difference with REF

Scenario Period Forcing by
REMO2009

Forcing by
RACMO22E

Forcing by
RCA4

Forcing by
REMO2009

Forcing by
RACMO22E

Forcing by
RCA4

Forcing by
REMO2009

Forcing by
RACMO22E

Forcing by
RCA4

Historical REF 30.41 30.27 30.41 0 0 0 0 0 0
RCP4.5 STF 29.25 28.23 28.80 −1.16 −2.04 −1.61 −3.82 −6.74 −5.28
RCP4.5 LTF 27.90 29.72 26.16 −2.51 −0.54 −4.25 −8.26 −1.80 −13.97
RCP8.5 STF 25.60 27.99 26.60 −4.81 −2.27 −3.81 −15.81 −7.51 −12.53
RCP8.5 LTF 20.38 25.43 24.00 −10.03 −4.84 −6.40 −32.98 −15.98 −21.06
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Figure 6. Schematic representation of the future generated energy under the STF and LTF periods for the RCP4.5 and
RCP8.5 climatic scenarios, as well as the generated energy in the REF period for (a) the Gitani SHPP (SHPP-A) and (b) the
Eleousa SHPP (SHPP-B).

4. Discussion

The modeling and simulation of ROR SHPPs located in rivers with different hydrologic
characteristics under various climate change models and scenarios, as well as different
time frames, forms the subject of the research. The current contribution sheds light on
this thematic area, which is negligibly addressed within the literature. The proposed
methodology, i.e., the coupling of freeware hydropower simulation models (e.g., the HEC-
ResSim model) with large scale hydrologic models (e.g., the E-HYPE model) and big-data
simulations (e.g., the Euro-CORDEX climate data), is also conceived as an innovative part
of the research, which can be applied to numerous case studies on the European scale.
Finally, the simulation of the two case study SHPPs is conducted for the first time, and the
energy and river discharges’ outputs can be assessed both on the regional and national
level for the sustainable management of the hydrosystems under investigation.

4.1. Interpretation of Findings

The research, amongst others, investigates the impact of climate change on the Kala-
mas and Axios hydrosystems, an issue that is rather limited in its address within the
literature. Focusing on the Axios River, very few scholars are identified to have worked
on the thematic of water resources and climate change, e.g., Kapetas et al. [64] evaluated
the way that climate change (use of CMIP5 climate model under the RCP4.5 scenario),
by altering the river flow and precipitation patterns, could affect the coastal aquifers of
the Axios basin in terms of salinization, or Poulos et al. [65] assessed the consequences
of future sea-level rise (by using two customed scenarios of 1.0 and 0.5 m of sea-level
rise) on the coastal plain of the Axios River. At the upstream part of the Axios River in
North Macedonia (aka the Vardar River) there exists relevant literature; exceptions are
Monevska [66], demonstrating precipitation and runoff decreases of 13.0% and 18.8%,
respectively, by 2100 based on averaged ensemble values from four General Circulation
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Models (CSIRO/Mk2, HadCM3, ECHAM4/OPYC3, NCAR-PCM) scaled to six emission
scenarios (SRES A1T, A1Fl, A1B, A2, B1, and B2) and Granados et al. [67], where the aver-
aged values of the utilized Water Availability and Adaptation Policy Analysis (WAAPA)
model triggered by eight model runs for the A2 scenario, four model runs for the B2 sce-
nario, three model runs for the A1B scenario, and five model runs for each RCP-2, RCP-4,
RCP-6 and RCP-8 scenario, demonstrated a decrease in the Vardar/Axios’s river runoff
of 23.0%. For the Kalamas River, despite its importance at regional scale, apart from the
Regional Adaptation Action Plans to climate change [68] where a vulnerability analysis for
various environmental sectors, economic, and social activities is conducted, no relevant
scientific publications were identified.

The current research demonstrates that although future discharges’ decreases are fore-
seen for both rivers, the projected reduction is larger in the Axios River than in the Kalamas
River, especially under the RCP8.5 climatic scenario, as shown in Figure 4 and Table 4. In
both river basins and under the RCP4.5 scenario and the STF period (2031–2060), a small
raise of the runoff (varying from 3.94% to 5.9%) is presented for the REMO2009 model;
however, this is the only combination of models-scenarios-simulation period that a dis-
charges increase is presented. The simulations linked to the same model demonstrate
that the larger impacts are presented during the LTF period (2071–2100), where the de-
crease in the Kalamas River discharges equals 12.8% and 30.1% and the decrease in the
Axios River discharges equals 17.6% and 40.81% for the RCP4.5 and RCP8.5 scenarios,
respectively. In both cases, the figures demonstrate a more-than-double runoff decrease
when the RCP8.5 climatic scenario is applied. Research on the Drin Basin, which is in
proximity with the two case study basins, validates the current outputs, since Papadaki
and Dimitriou [69] concluded that the discharges trend slope expressed in percent per
year equals −0.14% and −0.5% under the REMO2009 RCP4.5 and RCP8.5 simulations,
respectively. In case of the E-HYPE simulations triggered by the RACMO22E model, the
outputs are very similar in both rivers for the RCP4.5 scenario, i.e., runoff reduction of
about 6.3% for the STF period and runoff reduction < 1.6% for the LTF period; while for
the worst-case scenario (RCP8.5/LTF), the projected discharge decline is approximately
15.0% for both rivers in comparison to the REF period. Likewise, less severe results of
climate change on water resources attributed to the RACMO22E model are also presented
in the literature [70,71]. As far as the simulations connected to the RCA4 climatic model are
concerned, the discharges are projected to decrease less than 3.79% and about 12.6–17.7%
for the STF and LTF periods, respectively, under the RCP4.5 scenario for both rivers. Under
the RCP8.5 scenario, a doubling of the runoff decrease is foreseen between the STF and LTF
periods, e.g., in the Axios River the STF simulated runoff decrease of 14.4% turns to 27.41%
for the LTF period; this is an argument about the model predictions that is supported by
the literature [69].

An additional contribution from the research is the simulation of ROR small hy-
dropower plants under climate change conditions. The projected rivers’ runoff decrease is
bound to have direct impact on the SHPPs energy production. As depicted in Table 5, for
the SHPP-A case study the larger energy decreases of 25.79% and 21.97% are connected to
the REMO2009 and RCA4 models, respectively, for the RCP8.5/LTF. For the same models
and the RCP4.5/LTF, the maximum energy reduction is projected to be ~12.0% in compar-
ison to the REF periods. For the RCP8.5/STF combination of simulations, the only case
where the energy decrease will be bigger than 15.0% is attributed to the REMO2009 model
(reduction of 16.7%), while the other two models show a much smoother reduction (max
reduction of ~10.0%). It should be noted that all the simulations forced by the RACMO22E
model demonstrate small energy production lessening (up to ~7.5%). For the SHPP-B
case study, the results in Table 6 show that the most important impacts on hydroelectricity
generation are connected to the RCP8.5/LTF simulations, with the projected decrease to
equal ~33.0%, ~16.0%, and ~20.0% for the REMO2009, RACMO22E, and RCA4 models,
respectively. The second-largest impacts, in terms of energy production, are also linked
to the RCP8.5 scenario but for the STF period, where the energy decrease will be approxi-
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mately half (Table 6) the one simulated for the LTF period. For the RCP4.5 scenario and
the LTF period, although representing the end of the 21st century where the most severe
impacts are anticipated, the reduction of energy generation is less important (or almost
equal for the RCA4 model) than the one simulated in the RCP8.5/STF.

An important output of the research is the connection between the produced en-
ergy of ROR SHPPs and river discharges as well as the role of runoff’s intermonthly
distribution and occurrence. As expected, large discharges’ decreases are linked to sig-
nificant reductions of energy generation, e.g., a 30.1% decrease in the Kalamas River’s
discharges coincides (Table 4) with an energy decrease of 25.79%, and a 40.81% decrease
in the Axios River’s discharges matches with an energy reduction of 32.98% under the
REMO2009/RCP8.5/LTF simulations (Tables 5 and 6). However, the detailed analysis of
the results demonstrated that this in not always the case, i.e., there is not an analogical
pattern between river discharges and energy reductions because there are cases where
quite big discharges’ decreases coincide with small energy reduction, or small discharge
declines cause large energy generation lessening. For example, in the Kalamas River and
the simulations related to RACMO22E/RCP8.5/LTF, discharges’ decrease of 13.4% causes
an energy reduction of 2.84%, or, on the contrary, in the Axios River and the simulations
related to REMO2009/RCP8.5/STF, discharges’ decrease of 5.12% causes an energy decline
of 15.81%. This non-correlation between river discharges and generated energy is due to
the structural elements of run-of-river small SHPs, where the lack of reservoir for water
stockage does not permit water releases from the reservoir in low flow periods [22] and, due
to the unpredictable seasonality of the river discharges [72], even at the monthly level. The
latter means that if the decrease of an important river’s discharges occurs during periods of
high flows (usually from November to March for Mediterranean rivers [73]), the available
water volumes still cover the hydropower demands and the SHPPs’ generated energy
is slightly affected. The monthly distribution of the runoff triggered by the RACMO22E
model (Figure 5b,e) validates this argument, particularly for the RCP8.5/LTF case. On the
other hand, significant runoff decreases during the dry period (from May to September),
which also coincide with the irrigation period and, thus, water volumes are diverted before
the plants’ intake structures, affect the energy generation. For example, in the Axios River,
and under the REMO2009/RCP8.5/STF simulation, the averaged discharges from May
to September equal 53.5 m3/s (Figure 5d), while the irrigation water diversions equal
45.0 m3/s; hence, the remained low flows are marginal for power production.

4.2. Run-Of-River Small Hydropower Plants and Sustainable Development

Sustainable development, i.e., development without jeopardizing future generations’
viability, together with climate change mitigation and adaptation policies, set renewable
energy sources as the cornerstones to this effort. Hydropower, as well as all renewables,
by default contributes to the reduction of greenhouse gas (GHG) emissions; it is, thus,
considered a climate change mitigation asset. In comparison to conventional coal power
plants, hydropower prevents the emission of about three GT of CO2 per year, or about 9%
of global annual CO2 emissions [74], with clearness on the debate of hydropower GHG
emissions to be given in the literature [75]. At the same time, HPPs, particularly those with
reservoirs, are important tools for climate change adaptation; they not only produce clean
energy, but they also act as buffers in extreme events imposed by climate change, covering
the water demands in case of droughts and protecting the downstream areas in case
of floods.

However, the coupling of sustainable development and climate change is a challeng-
ing equation still to be solved [76]. Hydropower generation, although a well-established
renewable that in many countries is used as a pivotal instrument for sustainable devel-
opment [15], is mainly conducted through large HPPs whose important environmental
and social impacts contradict the sustainable development concept. The European En-
vironment Agency reports that precipitation variability could create uncertainty when
investing in hydropower, and, particularly, the increased silting of sediment into reser-
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voirs caused by increased erosion and sediment displacement as a consequence of climate
change can radically reduce the lifespan of the project [77]. ROR SHPPs, on the other
hand, are more so considered as hydro-resilience facilities with minimum dependence of
hydraulic head variations [78], as well as installations that could produce energy even in
low flows. As friendlier projects with fewer impacts on the environment, e.g., non-affection
of the physico-chemical values of the water quality indicators [79], ROR SHPPs have been
gaining interest from policymakers and investors during the last few decades [35], with
sustainability indicators for ROR hydroplants to be presented in the literature [80].

5. Conclusions

Severe induced climate change impacts on rivers’ runoff, as specific climatic models
and scenarios foreseen for the end of the 21st century, are bound to affect all hydropower
types and schemes. However, run-of-river hydropower plants can produce power even in
low flow conditions, thus being able to emerge as hydro-resilience solutions for perennial
rivers. Moreover, due to their minimal affect on streamflow timing and volume, they
have fewer impacts on the water resources as well as on the dependent anthropogenic
and natural environments than other types of SHPPs designs. To sum up, the following
concluding remarks may be drawn from this paper:

• ROR SHPPs can easily be adopted in existing irrigation dams without burdening the
existing environmental and social footprint caused by the existing dam structures, with
modern projects to compulsorily integrate structures for fish passage, as denoted in the
European Commission’s guidance document on the requirements for hydropower in
relation to EU nature legislation, and thus partially restoring the river’s discontinuity;

• Simulations triggered by climate change projections; although showing a future
decreasing trend of the river discharges in the Mediterranean basin, the attributed
impacts to power production differs among the climate models particularly at the
seasonal level;

• Since ROR hydro plants have no reservoir for water storage, the timing of the runoff
perturbations during the year plays an important role in energy generation. At any
case, a large-scale river’s discharge decrease (>25.0%) causes important reduction on
the generated energy (>20.0%), while for a smaller river’s discharge decline (up to
15.0%) no correlation pattern between the discharge decline and the energy generation
lessening can be exported.

• In both case study areas, the discharges’ decrease occurrence during the wet months
partially affects the power production. (e.g., the Kalamas River discharges’ decrease of
13.4% cause energy reduction of 2.84% under the RACMO22E/RCP8.5/LTF simulation);

• On the contrary, the impacts on power production are getting higher if the discharge
lessening coincides with the dry periods of the year, where the river’s runoff is low
and competitive water uses such as irrigated agriculture need to be satisfied. (e.g., the
Axios River discharges decrease of 5.12% causes an energy decline of 15.81% under
the REMO2009/RCP8.5/STF simulation).

To conclude, the proposed outputs shed light on two regions where minimum research
have been conducted in terms of climate change: water resources and power generation;
while the proposed methodology, which demonstrates the impacts of climate change on
run-of-river small hydropower plants, is applicable to all EU basins fragmented with
small hydro.
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Root Mean Square Error; ROR: Run-of-river; REF: Reference period; RES: Renewable energy sources;
SHPP: Small Hydropower Plant; SHPP-A: Gitani SHPP on Kalamas River; SHPP-B: Eleousa SHPP on
Axios River; STF: Short term future; WD: Water District.

References
1. Kumar, A.; Schei, T.; Ahenkorah, A.; Rodriguez, R.C.; Devernay, J.M.; Freitas, M.; Hall, D.; Killingtveit, Å.; Liu; Branche, E.;

et al. Hydropower IPCC Special Report on Renewable Energy Sources and Climate Change Mitigation; Cambridge University Press:
Cambridge, UK; New York, NY, USA, 2011.

2. International Energy Outlook 2021. Available online: https://www.eia.gov/outlooks/ieo/data/pdf/ref/E01gen_r.pdf (accessed
on 25 October 2021).

3. Balkhair, K.S.; Rahman, K.U. Sustainable and economical small-scale and low-head hydropower generation: A promising
alternative potential solution for energy generation at local and regional scale. Appl. Energy 2017, 188, 378–391. [CrossRef]

4. Eurostat. Electricity Production, Consumption and Market Overview for Year 2019. Available online: https://ec.europa.
eu/eurostat/statistics-explained/index.php?title=Electricity_production,_consumption_and_market_overview (accessed on
13 October 2021).

5. Hydropower Europe. Available online: https://hydropower-europe.eu/about-hydropower-europe/hydropower-energy
(accessed on 1 November 2021).

6. De Lucena, A.F.P.; Szklo, A.S.; Schaeffer, R.; de Souza, R.R.; Borba, B.S.M.C.; da Costa, I.V.L.; Pereira Júnior, A.O.; da Cunha, S.H.F.
The vulnerability of renewable energy to climate change in Brazil. Energy Policy 2009, 37, 879–889. [CrossRef]

7. Wachsmuth, J.; Blohm, A.; Gößling-Reisemann, S.; Eickemeier, T.; Ruth, M.; Gasper, R.; Stührmann, S. How will renewable power
generation be affected by climate change? The case of a Metropolitan Region in Northwest Germany. Energy 2013, 58, 192–201.
[CrossRef]

8. IPCC. Summary for Policymakers. In Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change; Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S.L., Péan, C.,
Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M.I., et al., Eds.; Cambridge University Press: Cambridge, UK, 2021; in press.

9. IPCC. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change; Core Writing Team, Pachauri, R.K., Meyer, L.A., Eds.; IPCC: Geneva, Switzerland,
2014; 151p.

10. Sridharan, V.; Broad, O.; Shivakumar, A.; Howells, M.; Boehlert, B.; Groves, D.G.; Rogner, H.-H.; Taliotis, C.; Neumann, J.E.;
Strzepek, K.M.; et al. Resilience of the Eastern African electricity sector to climate driven changes in hydropower generation. Nat.
Commun. 2019, 10, 302. [CrossRef] [PubMed]

11. Cherry, J.E.; Knapp, C.; Trainor, S.; Ray, A.J.; Tedesche, M.; Walker, S. Planning for climate change impacts on hydropower in the
Far North. Hydrol. Earth Syst. Sci. 2017, 21, 133–151. [CrossRef]

12. Mayor, B.; Rodríguez-Muñoz, I.; Villarroya, F.; Montero, E.; López-Gunn, E. The Role of Large and Small Scale Hydropower for
Energy and Water Security in the Spanish Duero Basin. Sustainability 2017, 9, 1807. [CrossRef]

13. Cernea, M. Hydropower Dams and Social Impacts: A Sociological Perspective; The World Bank: Washington, DC, USA, 1997.
14. Skoulikaris, C.; Kasimis, K. Investigation of climate change impacts on hydropower generation: The case of a run-of-river small

hydropower plant in western Greece. IOP Conf. Ser. Earth Environ. Sci. 2021, 899, 012026. [CrossRef]
15. Dursun, B.; Gokcol, C. The role of hydroelectric power and contribution of small hydropower plants for sustainable development

in Turkey. Renew. Energy 2011, 36, 1227–1235. [CrossRef]
16. Liu, D.; Liu, H.; Wang, X.; Kremere, E. (Eds.) World Small Hydropower Development Report; United Nations Industrial Development

Organization: Vienna, Austria, 2019.
17. Anagnostopoulos, J.S.; Papantonis, D.E. Optimal sizing of a run-of-river small hydropower plant. Energy Convers. Manag. 2007,

48, 2663–2670. [CrossRef]

https://hypeweb.smhi.se/explore-water/climate-change-data/europe-climate-change/
https://www.eia.gov/outlooks/ieo/data/pdf/ref/E01gen_r.pdf
http://doi.org/10.1016/j.apenergy.2016.12.012
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Electricity_production,_consumption_and_market_overview
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Electricity_production,_consumption_and_market_overview
https://hydropower-europe.eu/about-hydropower-europe/hydropower-energy
http://doi.org/10.1016/j.enpol.2008.10.029
http://doi.org/10.1016/j.energy.2013.06.035
http://doi.org/10.1038/s41467-018-08275-7
http://www.ncbi.nlm.nih.gov/pubmed/30655521
http://doi.org/10.5194/hess-21-133-2017
http://doi.org/10.3390/su9101807
http://doi.org/10.1088/1755-1315/899/1/012026
http://doi.org/10.1016/j.renene.2010.10.001
http://doi.org/10.1016/j.enconman.2007.04.016


Sustainability 2021, 13, 14001 17 of 19

18. Premalatha, M.; Abbasi, T.; Abbasi, S.A. A critical view on the eco-friendliness of small hydroelectric installations. Sci. Total
Environ. 2014, 481, 638–643. [CrossRef]

19. Skoulikaris, C.; Krestenitis, Y. Cloud Data Scraping for the Assessment of Outflows from Dammed Rivers in the EU. A Case
Study in South Eastern Europe. Sustainability 2020, 12, 7926. [CrossRef]

20. Hounnou, A.H.; Dubas, F.; Fifatin, F.X.; Chamagne, D.; Vianou, A. Multi-objective optimization of run-of-river small-hydropower
plants considering both investment cost and annual energy generation. World Acad. Sci. Eng. Technol. Int. J. Energy Power Eng.
2019, 13, 17–21.

21. Tamm, O.; Tamm, T. Verification of a robust method for sizing and siting the small hydropower run-of-river plant potential by
using GIS. Renew. Energy 2020, 155, 153–159. [CrossRef]

22. Kuriqi, A.; Pinheiro, A.N.; Sordo-Ward, A.; Garrote, L. Flow regime aspects in determining environmental flows and maximising
energy production at run-of-river hydropower plants. Appl. Energy 2019, 256, 113980. [CrossRef]

23. Yildiz, V.; Vrugt, J.A. A toolbox for the optimal design of run-of-river hydropower plants. Environ. Model. Softw. 2019, 111,
134–152. [CrossRef]

24. Sachdev, H.S.; Akella, A.K.; Kumar, N. Analysis and evaluation of small hydropower plants: A bibliographical survey. Renew.
Sustain. Energy Rev. 2015, 51, 1013–1022. [CrossRef]

25. Paish, O. Small hydro power: Technology and current status. Renew. Sustain. Energy Rev. 2002, 6, 537–556. [CrossRef]
26. Aggidis, G.A.; Luchinskaya, E.; Rothschild, R.; Howard, D.C. The costs of small-scale hydro power production: Impact on the

development of existing potential. Renew. Energy 2010, 35, 2632–2638. [CrossRef]
27. Skoulikaris, C.; Ganoulis, J. Multipurpose hydropower projects economic assessment under climate change conditions. Fresenious

Environ. Bull. 2017, 26, 5599–5607.
28. Adynkiewicz-Piragas, M.; Miszuk, B. Risk Analysis Related to Impact of Climate Change on Water Resources and Hydropower

Production in the Lusatian Neisse River Basin. Sustainability 2020, 12, 5060. [CrossRef]
29. De Souza Dias, V.; Pereira da Luz, M.; Medero, G.M.; Tarley Ferreira Nascimento, D. An Overview of Hydropower Reservoirs in

Brazil: Current Situation, Future Perspectives and Impacts of Climate Change. Water 2018, 10, 592. [CrossRef]
30. Ehrbar, D.; Schmocker, L.; Vetsch, D.F.; Boes, R.M. Hydropower Potential in the Periglacial Environment of Switzerland under

Climate Change. Sustainability 2018, 10, 2794. [CrossRef]
31. Maran, S.; Volonterio, M.; Gaudard, L. Climate change impacts on hydropower in an alpine catchment. Environ. Sci. Policy 2014,

43, 15–25. [CrossRef]
32. Qin, P.; Xu, H.; Liu, M.; Du, L.; Xiao, C.; Liu, L.; Tarroja, B. Climate change impacts on Three Gorges Reservoir impoundment and

hydropower generation. J. Hydrol. 2020, 580, 123922. [CrossRef]
33. Savelsberg, J.; Schillinger, M.; Schlecht, I.; Weigt, H. The Impact of Climate Change on Swiss Hydropower. Sustainability 2018,

10, 2541. [CrossRef]
34. Totschnig, G.; Hirner, R.; Müller, A.; Kranzl, L.; Hummel, M.; Nachtnebel, H.P.; Stanzel, P.; Schicker, I.; Formayer, H. Climate

change impact and resilience in the electricity sector: The example of Austria and Germany. Energy Policy 2017, 103, 238–248.
[CrossRef]

35. Kelly-Richards, S.; Silber-Coats, N.; Crootof, A.; Tecklin, D.; Bauer, C. Governing the transition to renewable energy: A review of
impacts and policy issues in the small hydropower boom. Energy Policy 2017, 101, 251–264. [CrossRef]

36. Efthimiou, N. Hydrological simulation using the SWAT model: The case of Kalamas River catchment. J. Appl. Water Eng. Res.
2018, 6, 210–227. [CrossRef]

37. Koutsoyiannis, D.; Mamassis, N.; Efstratiadis, A.; Zarkadoulas, N.; Markonis, Y. Floods in Greece. In Changes of Flood Risk in
Europe; Kundzewicz, Z.W., Ed.; IAHS Press: Wallingford, UK, 2012; pp. 238–256.

38. Skoulikaris, C.; Zafirakou, A. River Basin Management Plans as a tool for sustainable transboundary river basins’ management.
Environ. Sci. Pollut. Res. 2019, 26, 14835–14848. [CrossRef] [PubMed]

39. Special Secretariat for Water (SSW). The River Basin Management Plan of Epirus Water District (GR05); Ministry of Environment and
Energy: Athens, Greece, 2013. (In Greek)

40. Special Secretariat for Water (SSW). The River Basin Management Plan of Central Macedonia Water District (GR10); Ministry of
Environment and Energy: Athens, Greece, 2013. (In Greek)

41. Krestenitis, Y.N.; Kombiadou, K.; Androulidakis, Y.S.; Makris, C.; Baltikas, V.; Skoulikaris, C.; Kontos, Y.; Kalantzi, G. Operational
Oceanographic Platform in Thermaikos Gulf (Greece): Forecasting and Emergency Alert System for Public Use. In Proceedings of
the 36Th IAHR World Congress, The Hague, The Netherlands, 28 June–3 July 2015; pp. 5388–5399.

42. US Army Corps of Engineers (USACE). HEC-ResSim Reservoir System Simulation User’s Manual; Project Report PR-100; Klipsch,
J.D., Hurst, M.B., Eds.; US Army Corps of Engineers Institute for Water Resources Hydrologic Engineering Center (HEC): Davis,
CA, USA, 2013; p. 556.

43. Kim, J.; Read, L.; Johnson, L.E.; Gochis, D.; Cifelli, R.; Han, H. An experiment on reservoir representation schemes to improve
hydrologic prediction: Coupling the national water model with the HEC-ResSim. Hydrol. Sci. J. 2020, 65, 1652–1666. [CrossRef]

44. Ozkaya, A.; Zerberg, Y. Water storage change assessment in the Seyhan Reservoir (Turkey) using HEC-ResSim model. Arab. J.
Geosci. 2021, 14, 504. [CrossRef]

45. Beheshti, M.; Heidari, A.; Saghafian, B. Susceptibility of Hydropower Generation to Climate Change: Karun III Dam Case Study.
Water 2019, 11, 1025. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2013.11.047
http://doi.org/10.3390/su12197926
http://doi.org/10.1016/j.renene.2020.03.062
http://doi.org/10.1016/j.apenergy.2019.113980
http://doi.org/10.1016/j.envsoft.2018.08.018
http://doi.org/10.1016/j.rser.2015.06.065
http://doi.org/10.1016/S1364-0321(02)00006-0
http://doi.org/10.1016/j.renene.2010.04.008
http://doi.org/10.3390/su12125060
http://doi.org/10.3390/w10050592
http://doi.org/10.3390/su10082794
http://doi.org/10.1016/j.envsci.2013.12.001
http://doi.org/10.1016/j.jhydrol.2019.123922
http://doi.org/10.3390/su10072541
http://doi.org/10.1016/j.enpol.2017.01.019
http://doi.org/10.1016/j.enpol.2016.11.035
http://doi.org/10.1080/23249676.2016.1265471
http://doi.org/10.1007/s11356-019-04122-4
http://www.ncbi.nlm.nih.gov/pubmed/30617898
http://doi.org/10.1080/02626667.2020.1757677
http://doi.org/10.1007/s12517-021-06882-1
http://doi.org/10.3390/w11051025


Sustainability 2021, 13, 14001 18 of 19

46. Calvo Gobbetti, L.E. Application of HEC-ResSim®in the study of new water sources in the Panama Canal. J. Appl. Water Eng. Res.
2018, 6, 236–250. [CrossRef]
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