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Abstract: Mitigating climate change, while human population and economy are growing globally,
requires a bold shift to renewable energy sources. Among renewables, hydropower is currently
the most economic and efficient technique. However, due to a lack of impact assessments at the
catchment scale in the planning process, the construction of hydropower plants (HPP) may have
unexpected ecological, socioeconomic, and political ramifications in the short and in the long term.
The Vjosa River, draining parts of Northern Greece and Albania, is one of the few predominantly
free-flowing rivers left in Europe; at the same time its catchment is identified an important resource
for future hydropower development. While current hydropower plants are located along tributaries,
planned HPP would highly impact the free-flowing main stem. Taking the Vjosa catchment as a case
study, the aim of this study was to develop a transferable impact assessment that ranks potential
hydropower sites according to their projected impacts on a catchment scale. Therefore, we integrated
established ecological, social, and economic indicators for all HPP planned in the river catchment,
while considering their capacity, and developed a ranking method based on impact categories. For
the Vjosa catchment, ten hydropower sites were ranked as very harmful to the environment as
well as to society. A sensitivity analysis revealed that this ranking is dependent upon the selection
of indicators. Small HPP showed higher cumulative impacts than large HPP, when normalized
to capacity. This study empowers decision-makers to compare both the ranked impacts and the
generated energy of planned dam projects at the catchment scale.

Keywords: dams; sediment entrapment; river fragmentation; human resettlement; river manage-
ment; small reservoirs; renewable energies; sustainable development; biodiversity

1. Introduction

Humankind faces competing tasks in meeting increasing energy demands while
mitigating global warming. During the past decades, the dominance of fossil fuels has
generated stress onto Earth’s natural systems [1,2]. Hence, mitigating global warming is
part of the Agenda 2030 within the Sustainable Development Goals 7 “Affordable Energy”
and 13 “Climate Action”.

Investments in renewables and particularly in hydropower are important steps to-
wards a sustainable future [3]. According to the International Energy Agency (IEA) report
(2018), the renewable sectors hydropower, solar energy, and wind power need to expand in
order to meet long-term climate goals as well as increasing energy demands [1].
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Globally, hydropower accounts for around 60% of the electricity supply generated
from renewables [1]. As hydropower is still the most efficient renewable energy source,
it is an irreplaceable part of the current renewable energy mix [4]. Concurrently, we
are facing a new global boom in hydropower dam development; at least 3700 dams
[≥1 megawatt (MW)] are either planned or under construction worldwide [5].

At present, 37% of rivers longer than 1000 km remain free-flowing, and this proportion
will further decrease in the near future [6]. Hydropower is a renewable electricity source,
but not per se climate-neutral; furthermore, it has multiple ecological, social, economic,
and political ramifications (Figure 1).
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ger earthquakes [18]. Moreover, cost overruns are common due to wrong site selection 
and inadequate planning, which again provokes major economic and political impacts 
[19]. Hydropower facilities change existing landscapes and affect public perception which 
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The ecological, social, economic, and political ramifications of HPP are diverse and 
vary with time and space. For example, the future development of hydropower and its 
related impacts depend on global warming because changes in temperature and precipi-
tation influence the production, consumption, and transmission of electricity [23]. Effects 
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Dam construction and reservoir formation impact the functioning of freshwater
ecosystems: Water and sediment connectivity are reduced, fluvial geomorphology al-
tered [7,8], biogeochemical processes truncated [9], and biodiversity threatened due to
habitat fragmentation, over-exploitation, pollution, species invasion, and inhibited animal
migration [10–12]. Furthermore, dam-induced resettlement provokes social conflicts with
resettled people remaining uninformed and not sufficiently compensated for the loss of
their livelihoods [13–16]. Dam construction affects public health too [17]; and it may even
trigger earthquakes [18]. Moreover, cost overruns are common due to wrong site selection
and inadequate planning, which again provokes major economic and political impacts [19].
Hydropower facilities change existing landscapes and affect public perception which in-
fluences national and international politics [20]. Finally, as about 60% of large rivers cross
country borders, international conflicts may emerge [21,22].

The ecological, social, economic, and political ramifications of HPP are diverse and
vary with time and space. For example, the future development of hydropower and its
related impacts depend on global warming because changes in temperature and precipita-
tion influence the production, consumption, and transmission of electricity [23]. Effects are
additive or synergistic on regional to global scales [24,25].
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So far, global research has focused on the unintended consequences of large dams,
while information on the impacts of small dams remains scarce [25–31]. However, the ca-
pacity of HPP must be considered when assessing the multifaceted impacts of hydropower
development in relation to its benefits like renewable electricity production [32]. For ex-
ample, studies in China, Norway, and Spain demonstrated that the cumulative effects of
small HPP (SHP) exceed the impact of single large HPP (LHP), when normalized to capac-
ity [33–35]. Nevertheless, SHP development gains speed globally because it is promoted
as a global warming mitigation strategy. Therefore, national regulations favor SHP even
though their ecological, social, and economic impacts are either underestimated or even
neglected [25]. In the Balkan region, Albania is a forerunner in SHP development, with
an estimated 111 power plants (<10 MW each) constructed since 2009 [36]. Susaj et al.
(2018) stated that most small HPP were approved by “relevant authorities [ . . . ] without
or fictitious EIA” (Environmental Impact Assessments), which again restricts sustainable
development [37].

The Hydropower Sustainability Assessment Protocol (HSAP) is a tool that aims to
address the impacts of an HPP during its project cycle (i.e., planning, preparation, im-
plementation, and operation). The HSAP has been developed and reviewed by different
stakeholders from the hydropower sector, environmental and social NGOs, development
banks, and governments. It was published first in 2010, and re-edited in 2018 [38]. By
including environmental, social, technical, and economic/financial perspectives, the vol-
untary and non-binding auditing tool can help score the sustainability of HPP projects.
However, the tool is lacking specific scientific guidance and standardized methods on as-
sessing specific impacts. Additionally, the project-based assessment tool does not compare
different HPP sites, nor size (capacity) options, or cumulative impacts [39,40]. Nevertheless,
the HSAP is broadening the focus by including ecological, social, and economic impacts, a
prerequisite for an adequate and comprehensive impact assessment of planned HPP on
both regional and global scales. In comparison to the existing Eco-Masterplan for Balkan
Rivers, which only covers environmental impacts, the HSAP applies a broader, integrative
assessment approach [41].

The present study aims to develop and test an integrated impact assessment approach
that supports decision makers in HPP construction on a catchment scale applying ecological,
social, and political indicators. This approach helps to balance the pros and cons with
respect to the location and the capacity of planned HPP. Taking the transboundary Vjosa
catchment (Greece, Albania) as a case study, (1) impacts were assessed and integrated for
potential dam locations and, based on the outcome, a ranking of all planned HPP was
derived, (2) the effects of the selection of indicators on the total ranking were tested, and (3)
normalized effects of several SHP were compared to the predicted effects of few LHP. This
integrated impact assessment is considered a transferable approach that can be applied
well beyond the Vjosa catchment. In addition, it is not restricted to specific placements
or size characteristics of a catchment. Indicators for additional impacts can be added and
integrated to address local catchment characteristics, which again allows a broad and
context-specific application of the present approach.

2. Materials and Methods
2.1. Study Site: Vjosa Catchment

The Vjosa River (main stem of Vjosa catchment) is among of the very few free-flowing
rivers remaining in Europe. The 272-km-long river starts in the Pindus Mountains (Greece),
crosses Southern Albania, and enters the Adriatic Sea near Vlora [42]. The high number
of intact tributaries makes the Vjosa a unique catchment system [41]. In Greece, the
80-km-long river section is called Aoos; however, for simplicity reasons, we use the term
“Vjosa” for the entire river system. The catchment covers an area of 6704 km2 (Albania:
65%; Figure 2), and the average discharge at the mouth amounts to 204 m3/s. The Vjosa
exhibits a characteristic Mediterranean flow regime, with the highest average discharge
in winter (February) and the lowest average discharge in summer (August/September).
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It is classified as a laterally active gravel-bed river that exhibits near-natural flow and
sediment regimes [42,43]. The Vjosa is of particular importance for the conservation of the
European fish fauna due to a high share of endemic species [44]. Schiemer et al. (2020)
stated that in the case of the planned dam constructions, its unique biodiversity will most
likely disappear [42,45].
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under construction, planned; size in megawatt (MW)) along the main stem and its major tributaries.

The Vjosa River system provides major social and economic benefits for nearby
residents: It provides irrigation water for crop production and livestock farming as well
as water for fisheries [46]. Currently, twelve HPP are in operation and eight HPP are
under construction along the tributaries of the Vjosa catchment in Albania (Figure 2); an
additional 51 HPP are in the planning phase that would affect the free-flowing main stem
of the Vjosa as well as the upstream catchment located in Greece. In contrast, national and
international non-governmental organizations are promoting the creation of a “wild river”
national park [47].

2.2. Methodological Approach
2.2.1. Indicator Selection

Using the HSAP as a foundation, the present work expands the impact assessment
by selecting several ecological, social, and economic indicators (see Figure 1). All planned
HPP on a catchment scale were included in order to permit comparisons among differ-
ent projects [38]. The methods applied are objective and reproducible. Indicators were
selected based on the following conditions: First, the set of selected indicators represented
measurable ecological, social, and economic impacts to underpin the idea of assessing
dam locations in the frame of sustainability. Second, comprehensive and high-resolution
spatial data were available via open access platforms. While the indicators River Regu-
lation, River Fragmentation, and Sediment Entrapment measured effects that could be
traced back directly to the construction of an HPP (including a dam wall), the indicators
Megafauna, Protected Area, Land Use Change, Resettlement, and Potential Evaporation
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depicted indirect effects that were caused by the flooding of an area (projected reservoir
areas).

2.2.2. Datasets and Calculation of Impacts (Impact Assessment) for Every Selected
Indicator

The dataset of existing and planned HPP in the Vjosa catchment was obtained by
combining available data from the Global Reservoir and Dam Database (GRanD; [48]),
the Global Geo-referenced Database of Dams (GOOD2; [49]), and the Future Hydropower
Reservoirs and Dams Database (FHReD; [5]). It was updated with additional information
from the Eco-Masterplan of Balkan Rivers and additional Riverwatch Data [41,46,50]. Only
HPP with a dam wall and the formation of a reservoir upstream of the dam were included.
For all HPP, the dataset included information on location of existing and projected reservoir
areas (Appendix A). According to Global Dam Watch, only HPP with a capacity exceeding
1 MW were considered. A list of all HPP, their locations, and characteristics can be found
in Appendix A.

Calculation of the indicators River Regulation, River Fragmentation, and Sediment
Entrapment included information on existing and planned hydropower plants. Impact
calculations of all other single indicators were based on projected reservoir areas [km2] and
considered planned HPP only. All calculations were carried out and their results visualized
with ArcMap 10.7 [51].

For River Regulation and Fragmentation, the River Regulation Index (RRI) and the
River Fragmentation Index (RFI) were calculated, including the current degree of regulation
and fragmentation caused by existing HPP, applying the methodology developed by Grill
et al. [52]. The basis for these calculations formed the HydroSHEDS database [53] and
HydroBASINS dataset (Level 4, Level 10) [54]. Additionally, WaterGAP discharge data
were used [55]. The years until the reservoir area would be fully filled with eroded sediment
were obtained by Stefani [50], considering the entire system including the existing and
the projected reservoirs. She used a revised version of the Universal Soil Loss Equation
(USLE), an empirical model to predict the annual average soil erosion from runoff using
information on soil properties, rainfall, topography, and land use [56,57], combined with a
Connectivity Index to estimate how much of the eroded soil would arrive to the fluvial
network and the Cascade Model to quantify the amount of sediment transported along
the fluvial network towards the reservoir areas [6,58]. We calculated projected reservoir
areas and volumes as follows: First, dam capacities and site-specific river discharges
from the WaterGAP model [59] were used to estimate each reservoirs’ maximum water
level. Second, reservoir areas and volumes were derived by GIS operations from the DEM
provided by the HydroSHEDS database [53,60]. The technical procedure is described in
detail by Stefani [50].

To estimate the number of megafauna freshwater species (≥30 kg) including reptiles,
amphibians, and mammals, we overlapped freshwater megafauna data with projected
reservoir areas [11,61]. Following a similar procedure, projected reservoir areas were
intersected with protected areas using a polygon layer of the World Database on Protected
Areas [62]. For the indicator Land Use Change, we used Land Cover Maps from 2015 (Land
Cover Maps v2.0.7) provided by the European Space Agency’s Climate Change Initiative
with a resolution of 300 m × 300 m [63]. The raster layer was transformed into a polygon
layer and clipped to each projected reservoir area separately. We differentiated between
land use changes in vegetation cover (forests, shrubland, and grassland) and agricultural
land, and calculated land use changes separately. This distinction was made because land
use change was classified as an economic and vegetation cover as an ecological indicator.

In order to estimate the number of people that must be resettled, we overlapped
projected reservoir areas with a population raster dataset obtained by the WorldPop Project
with a resolution of 3 arc seconds [64]. The potential evaporation values [mm/year]
were obtained by the FAO GeoNetwork database with a resolution of 10 arc minutes [65].
Evaporation values of the raster feature were bound to reservoir points, and potential
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evaporation [m3/year] was calculated by multiplying each reservoir area [m2] with its
respective evaporation value [mm/year].

More details on all calculation procedures including mathematical formulas are pro-
vided in the Supplementary Materials (S1).

The correlation between independent indicators and projected reservoir areas was
tested with R using the rank correlation coefficient Spearman’s rho.

2.2.3. Ranking of Planned HPP Considering All Indicators and Indicator Compositions

The impacts of planned HPP in the Vjosa catchment were assessed. First, indicators of
ecological, social, and economic relevance were analysed separately. Therefore, planned
HPP were ranked for one indicator at a time according to their calculated impact. Following
the ranking of each single indicator, every HPP was given the value of the respective
quartile they belonged to, from 1 representing the lowest impact to 4 representing the
highest impact. Second, quartile values were summed for each planned HPP. Every
planned HPP was ranked according to their overall impact (sum of quartiles). Because
impacts of large environmental projects occur in various sectors on different scales and
across time, it can be crucial to test if a change of a certain input parameter or an input
parameter composition changes the outcome [66]. In order to test this sensitivity of the
model to the composition of the indicators, analyses were re-run in a “leave-one-out”
fashion (one indicator was excluded at a time, local sensitivity approach [66,67]), and
then again through excluding several indicators by creating different scenarios. After the
exclusion of one or more indicators at a time, a ranking was created and compared with
the original ranking. Results of the impact assessment considering single indicators, all
indicators and indicator compositions were compared among each other (Figure 3) and
visualized with ArcMap [51].

Sustainability 2021, 13, x FOR PEER REVIEW 6 of 19 
 

More details on all calculation procedures including mathematical formulas are pro-
vided in the Supplementary Materials (S1).  

The correlation between independent indicators and projected reservoir areas was 
tested with R using the rank correlation coefficient Spearman’s rho.  

2.2.3. Ranking of Planned HPP Considering All Indicators and Indicator Compositions 
The impacts of planned HPP in the Vjosa catchment were assessed. First, indicators 

of ecological, social, and economic relevance were analysed separately. Therefore, 
planned HPP were ranked for one indicator at a time according to their calculated impact. 
Following the ranking of each single indicator, every HPP was given the value of the re-
spective quartile they belonged to, from 1 representing the lowest impact to 4 representing 
the highest impact. Second, quartile values were summed for each planned HPP. Every 
planned HPP was ranked according to their overall impact (sum of quartiles). Because 
impacts of large environmental projects occur in various sectors on different scales and 
across time, it can be crucial to test if a change of a certain input parameter or an input 
parameter composition changes the outcome [66]. In order to test this sensitivity of the 
model to the composition of the indicators, analyses were re-run in a “leave-one-out” fash-
ion (one indicator was excluded at a time, local sensitivity approach [66,67]), and then 
again through excluding several indicators by creating different scenarios. After the ex-
clusion of one or more indicators at a time, a ranking was created and compared with the 
original ranking. Results of the impact assessment considering single indicators, all indi-
cators and indicator compositions were compared among each other (Figure 3) and visu-
alized with ArcMap [51]. 

 
Figure 3. Methodological approach (2.2.1.–2.2.3.): Impact Assessment of planned HPP and ranking for every single indi-
cator (1) and for different indicator compositions (2). 

Created potential scenarios were based on an approach used by Middendorf et al. 
[67]. The “Conservationist” consisted of the indicators Protected Area, Land Use 
Change—Vegetation Cover, River Regulation, and River Fragmentation. The “Econo-
mist” combined Resettlement, Land Use Change—Agriculture, and Sediment Entrap-
ment, and the “Climate Protector” included Potential Evaporation, Land Use Change—
Vegetation Cover, Sediment Entrapment, and Protected Area. The indicator Sediment En-
trapment was included as a proxy for HPP life span within the “Climate Protector” sce-
nario. Other compositions are possible and reasonable. The created scenarios are exam-
ples that intended to show that rankings at catchment level generally depend on the se-
lection of indicators. 

2.2.4. Comparison of Small and Large Hydropower Plants 
To compare potential impacts of large hydropower plants (LHP, >10 MW) with the 

potential impacts of small ones (SHP, 1–10 MW) in the Vjosa catchment area, cumulative 

Figure 3. Methodological approach (Sections 2.2.1–2.2.3): Impact Assessment of planned HPP and ranking for every single
indicator (1) and for different indicator compositions (2).

Created potential scenarios were based on an approach used by Middendorf et al. [67].
The “Conservationist” consisted of the indicators Protected Area, Land Use Change—
Vegetation Cover, River Regulation, and River Fragmentation. The “Economist” combined
Resettlement, Land Use Change—Agriculture, and Sediment Entrapment, and the “Climate
Protector” included Potential Evaporation, Land Use Change—Vegetation Cover, Sediment
Entrapment, and Protected Area. The indicator Sediment Entrapment was included as a
proxy for HPP life span within the “Climate Protector” scenario. Other compositions are
possible and reasonable. The created scenarios are examples that intended to show that
rankings at catchment level generally depend on the selection of indicators.
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2.2.4. Comparison of Small and Large Hydropower Plants

To compare potential impacts of large hydropower plants (LHP, >10 MW) with the
potential impacts of small ones (SHP, 1–10 MW) in the Vjosa catchment area, cumulative
impacts for each indicator were calculated and normalized to the installed capacity for
scenarios with SHP only and with LHP only. For each indicator, a nonparametric Mann–
Whitney U Test for independent samples was conducted to test for significant differences
between LHP and SHP. Analyses were carried out with R [68].

3. Results
3.1. Site Selection—Impact Assessment and Ranking of Planned Hydropower Plants
3.1.1. Impact Assessment and Ranking of Planned HPP for Selected Indicators

The degree of regulation (River Regulation Index: RRI) of the Vjosa sub-catchments
would range between 3% and 382%, if all planned HPP were constructed (calculation
includes effects of existing HPP). The RRI is a discharge-weighted index for the change in
the natural flow regime by the water storage of reservoirs in the catchment. The degree
of fragmentation (River Fragmentation Index: RFI) of sub-catchments ranged from 16%
to 70%. RRI and RFI values peaked in the upper Vjosa catchment (Figures S7, S8). Along
the lower main river course, free-flowing tributaries led to a decrease of the degree of
regulation and fragmentation (Figures S7, S8, and Figure 2).

The area flooded by all HPP combined (i.e., total reservoir area) was estimated to
be 246 km2; 178 km2 cover agricultural land, 54 km2 other vegetated areas (i.e., forests,
shrubland, grassland), and the remaining area includes bare soil and urban cover (Figure
S8). Consequently, a total of 33,365 people, actually living in potentially flooded areas,
would need to be resettled (Figure S10). In the Greek catchment, planned HPP would
inundate 28 km2 of protected area (Figure S11).

Planned HPP would affect two megafauna freshwater species (Cyprinus carpio, Salmo
trutta), both common within each sub-catchment. Thus, the megafauna indicator was not
further included in the ranking assessment, because it did not affect the overall ranking of
planned HPP.

If all planned HPP were realized, it would take between 16 and 330 thousand years
until projected reservoirs would be filled with sediment (Figure S12). Moreover, projected
reservoirs would cause 4,534,351 m3/year of potential evaporation; a five-fold increase com-
pared to present potential evaporation caused by existing lakes and reservoirs (Figure S13).

Impacts of existing and planned HPP and the rankings of planned HPP per indicator
are listed in the Supporting Materials (Tables S2 and S3, Figures S7–S13).

3.1.2. Impact Assessment and Ranking of Planned HPP Considering all Indicators

Based on the eight indicators selected, the aggregated impact value could potentially
range from eight (i.e., all indicators reflect lowest impact values) to 32 (i.e., all indicators re-
flect highest impact values). For each planned HPP, the calculated total value (all indicators
combined) varied between 13 and 27 (mean: 19.5 ± 3.4, Figure 4).

All planned large HPP (LHP, >10 MW) were assessed to cause high impact (third
and fourth quartile, Figure 4). Twenty-six small HPP (SHP; ≤10 MW) were assessed to
cause low impact (first and second quartile) on their surroundings and the river system
(Figure 4), while 16 SHP were assessed to cause high impact (third and fourth quartile),
suggesting that capacity size is not a good proxy predictor for high impact HPP. A total of
26 SHP and none of the LHP were assessed to cause low impact (first and second quartile).

Not all planned and top-ranked HPP shared the same outcome for the single indicator
impact assessment: One Albanian HPP (Përmet; 25 MW) was not in the top quartile of any
indicator, but consistently ranked with high values (7 indicators upper-middle and 1 time
lower-middle quartile). In contrast, other HPP such as NN10 (10 MW, Greece) and Kaludhi
(75 MW, Albania) were within the top quartile in 5 out of 8 indicators and represented the
highest ranked HPP of the overall impact assessment (Appendix A, Table S3).
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Overall ranking of each planned HPP (i.e., sum of the indicators in quartiles) is listed
in the Supplementary Materials (Table S3). Spearman’s correlation coefficients did not
yield strong or very strong relationships among individual indicators (rs > 0.6, rs < −0.6),
with few exceptions (Table S5).

3.1.3. Impact Assessment and Ranking Considering Different Indicator Compositions

Three scenarios were created to assess the impact of different indicator compositions
on the total ranking. The scenario “Conservationist” included the indicators Protected
Area, Land Use Change—Vegetation Cover, River Regulation, and River Fragmentation.
Applying this scenario, HPP planned in the upper catchment ranked very high (i.e., located
in top quartile, Figure 5). The scenario “Economist” covered Resettlement, Land Use
Change—Agriculture, and Sediment Entrapment. It exhibited an opposing trend (Figure 5),
with HPP planned in the downstream area exhibiting the highest impact values (i.e., located
in the top quartile). The “Climate Protector” scenario included Potential Evaporation, Land
Use Change—Vegetation Cover, Sediment Entrapment, and Protected Area. All HPP
ranked high in the scenario “Climate Protector” (fourth quartile, five in total) were also
within the top quartile (fourth quartile) of one or both other scenarios (Figure 5, turquoise
symbols and asterisk).
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The HPP Kaludhi (75 MW, Greece) was assigned to the top quartile in all three
scenarios (Figure 5, asterisk), which was consistent with the results from the overall impact
assessment (Figure 4, Appendix A, Table S3).

3.2. Capacity Size Selection—Comparison of Small and Large Hyropower Plants

In total, 42 SHP (1–10 MW) and 9 LHP (>10 MW) are planned in the Vjosa catchment
area. The capacity of the LHP combined would be twice as high as the capacity of all SHP.
The reservoir area, however, would be 1.5 times of the area flooded by SHP (Figure 6a).
As expected, there was a positive relationship between planned capacity and projected
reservoir size (Figure 6b), although reservoir size of some SHP would exceed the area of
mid-sized LHP (25 to 75 MW).
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Cumulated impacts, normalized to capacity, differed significantly between LHP and
SHP in the categories Land Use Change—Vegetation Cover, Sediment Entrapment, River
Regulation, and River Fragmentation (Table 1). Even though results of all other indicators,
including the factor reservoir size (surface area), did not differ significantly between LHP
and SHP, mean values of normalized indicators were always higher for SHP.

Table 1. Results of Mann–Whitney U Test for independent variables. Cumulated impacts differed significantly between
small (SHP) and large hydropower plants (LHP) in four out of 9 indicators (including reservoir size). Mean values of
normalized indicators were always higher for SHP.

Indicator Normalized to 1 MW Mann–Whitney U p-Value Mean Value (Indicator/MW)

SHP LHP

Reservoir Size [km2/MW] 166 0.584 481,801 212,613
River Regulation [%/MW] 33 <0.001 ** 45 4

River Fragmentation [%/MW] 27 <0.001 ** 16 1
Resettlement [No/MW] 160 0.584 59 28

Land Use Change—Agriculture [km2/MW] 265 0.057 276,670 178,946
Land Use Change—Vegetation Cover [km2/MW] 103.5 0.035 * 186,339 20,752

Sediment Entrapment [years/MW] 30 <0.001 ** 8385 24
Potential Evaporation [m3/MW] 174 0.725 450,667 200,670

Protected Areas [km2/MW] 158.5 0.426 96,965 14,921

* ≤5%, ** ≤0.1%, (level of significance).

Figure 7, for example, illustrates the distribution of river regulation normalized to
capacity caused by small and large HPP in the Vjosa catchment. In contrast to LHP, impacts
of SHP are broadly distributed and often exceed impacts of LHP (Figure 7).
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LHP and SHP characteristics and impacts normalized to HPP capacity [MW] are listed
in the Supplementary Materials (Table S4).

4. Discussion

Hydropower development is subject to major discussions. Standardized impact
assessments to assess the diverse ecological, social, and economic impacts of planned
HPP on a catchment scale are scarce. If impact assessments are obligatory due to regional
regulations, they are carried out for individual cases (e.g., EIA). Potential impacts of
planned SHP are usually not assessed at all [37,69]. Indeed, integrated catchment scale
impact assessments including planned SHP and LHP are of utmost importance to assess
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potential impacts of planned HPP, because rivers are connected systems. Only if the
entire river catchment is considered as a connected system in an impact assessment can
sustainable hydropower planning be achieved. The present case study provides basic
knowledge to quantify an integrated impact assessment for the Vjosa catchment.

In Europe, hydropower planning along the Vjosa is controversially discussed because
recent studies have outlined the manifold environmental impacts of the planned HPP on
one of the least modified continental river systems [42,70]. At the same time, the planned
HPP Poçem and Kalivaç are considered as important renewable energy suppliers for the
entire region [69,71]. A recently published review demonstrated that the EIA study for the
HPP Kalivaç is based on insufficient data. At the same time, fundamental environmental
threats and impacts are not covered at all [72].

The present case study contributes important information to the discussion on sustain-
able hydropower development, using the Vjosa catchment as a case study. By integrating
ecological, social, and economic indicators for all planned HPP in the Vjosa catchment, our
results allow comparisons between individual projects considering their specific impacts
as well as the capacity they will provide.

Focusing on HPP with low social and environmental impacts, capacity size does play
a role, as all planned HPP within the lowest and lower-middle quartile will only generate
capacities up to 10 MW and are thus considered SHP (Figure 4). Many SHP are needed
to generate the energy a single LHP would generate. In the Vjosa catchment, the lowest
ranked LHP Kosina (35 MW) and Grabova (50 MW) would generate more capacity than
all planned SHP ranked in the lowest quartile together (16 SHP, 71.7 MW, Appendix A,
Table S3). The critically discussed HPP Poçem (102 MW) and Kalivaç (100 MW) would
cause major negative environmental impact (upper-middle quartile). However, compared
to other planned HPP, they would generate a significant amount of energy (202 MW,
Appendix A, Table S3).

The results reveal a general correlation between capacity and impact; however, large
impacts can result from small capacity sizes, which again highlights the importance of a
site-specific context. The 12 planned HPP with a very high impact each vary in capacity
from 1 to 130 MW, with projected reservoir areas ranging from 1 to 53 km2. Considering
location, the present assessment predicted devastating ecological, social, and economic
impacts of HPP located in the Greek catchment. This mountainous region is characterized
by Natura 2000 and other protected areas, which would be affected by planned HPP.
Additionally, the high density of planned HPP along the upper Vjosa and its tributaries
would lead to a high degree of river fragmentation and regulation.

While it is mandatory for planned LHP to carry out an EIA, impacts of SHP are often
neglected or underestimated during the planning process, which again may harm the envi-
ronment, society, and economy [30,73]. To our knowledge, integrated impact assessments
on the catchment scale are lacking. The present impact assessment enables comparison of
the manifold ramifications of all planned HPP, which again supports decision-makers in
weighing pros and cons when deciding on future hydropower dam locations. Even though
the Eco-Masterplan for Balkan Rivers realized an impact assessment for the Balkan Region,
it only considered ecological impacts, similar to the scenario “Conservationist” created in
this study.

The results of the impact assessment considering different indicator compositions
highlighted that an overall ranking is dependent upon the selection and composition
of indicators. Even though due to feasibility reasons the number of included indicators
was limited, and the created scenarios (Conservationist, Economist, Climate Protector)
empirically developed, the scenarios “Conservationist” and “Economist” supported a trend
that real-life scenarios are showing too. Namely, the Eco-Masterplan for Balkan Rivers
concluded that the entire Vjosa River system should be a “No-Go”-Area for hydropower.
This specific assessment focused on indicators of nature-conserving interest [41]. However,
an EIA realized for two planned HPP in the region and commissioned by a company
that constructs HPP came to different conclusions [69]. Through the inclusion of social
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and economic indicators, they found that the “positive impacts [of building specific HPP]
are far more numerous than the negative ones” [69]. One reason that could possibly
explain these opposing conclusions is the selection of the indicators to be considered in the
assessment. The different scenarios “Conservationist” and “Economist” came to opposing
rankings because different indicators were included (Figure 5). Even though it is important
to consider restrictions and limits of the present study, our results show that inclusion
or exclusion of impact indicators might change a ranking. If impact assessments are not
standardized, stakeholders of different interests might unconsciously prioritize and include
specific indicators in their assessments, which is likely to have a pronounced effect on the
overall impact assessment and ranking of planned HPP.

Taking the Vjosa catchment as an example, our results demonstrate the necessity
of catchment scale impact assessments for planned SHP and LHP in order to facilitate
sustainable planning. Furthermore, it is strongly recommended to include a sensitivity
analysis, as results are likely to change with selected indicators and indicator compositions.
In this study, only river regulation and fragmentation included upstream and downstream
alterations of the flow regime, while all other indicators were dependent on the projected
reservoir size. Interactions, cumulative effects, and off-site impacts as well as specific
management strategies (e.g., sediment flushing) were not considered. Indicators were
selected according to data availability and were mainly of ecological relevance. To this
point, other studies demonstrated that political and socioeconomic indicators provide
important information [74]. Additionally, cost–benefit analyses are useful too and, therefore,
frequently employed in models [75]. Calculation of direct indicators and a cost–benefit
analysis would be required for future research to complement the impact assessment for
the Vjosa. However, these limitations are case based, and it would be possible to include
additional indicators in the used methodological approach. Consequently, the integrated
methodological approach used in this study is transferable and can be applied in different
spatial and temporal contexts to improve sustainable hydropower planning. A set of
indicators should be elaborated and selected by stakeholders of different interests to ensure
that ecological, social, and economic impacts are adequately addressed.

Considering the size selection, our study adds information to an ongoing global
discussion on cumulative impacts of many small vs. several large HPP. The boom of
small hydropower construction is also key to the development along the Vjosa. Our
comparison showed higher cumulative impacts for SHP, with half of the indicators being
statistically significant. This comparably low significance level can be explained by small
differences in capacity size between SHP and LHP due to the European size definition
of hydropower (SHP ≤10 MW) and a small catchment size. It underlines the necessity
of a global standardized definition for large and small hydropower; for SHP, capacity
definitions range from ≤10 MW in Europe to ≤50 MW in China and make it difficult to
apply research and assessment outputs to a global scale. Despite these limitations, our
results are consistent with results of other studies, and they challenge the assumption that
SHP have low or even no negative ecological, social, or economic impacts [25,31–35,73].
Furthermore, LHP are more likely to withstand variabilities in streamflow caused by
fluctuating water levels over short time periods (Hurst–Kolmogorov behavior) [76–79].
These natural variabilities will even increase as climate change influences the regional
water budget [80]. Decision-makers have to consider that the probability of failure might
be higher for SHP when deciding between large and small HPP [81].

5. Conclusions

In the Vjosa catchment, the number of HPP would increase from 20 (present state) to
71 if all planned HPP were constructed. The total capacity would even increase from 93 to
983 MW. Hence, the planned dams may threaten the Vjosa as one of the last near-natural
rivers remaining in Europe.

Based on the results of the impact assessment and considering planned capacity,
construction of all SHP (1–10 MW each) ranked in the upper-middle and top quartile is
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critical and should be avoided (Figure 4). This affects 16 out of 42 SHP in total, 15 on
Albanian and one on Greek territory.

As there are no planned HPP with capacities exceeding 10 MW within the lowest and
lower-middle quartile, their construction must be evaluated on a case-by-case basis. LHP
such as Kosina (35 MW) and Grabova (50 MW), which exhibit low to moderate impact ranks,
may serve as alternative options considering trade-offs between energy production and
socioenvironmental impacts. The sensitivity analysis revealed that the overall ranking of an
HPP is related to the indicator selection. The scenarios “Conservationist” and “Economist”,
for example, showed opposing ranking outputs. HPP rankings of impact assessments thus
depend on indicator selection. To avoid stakeholders with different interests selecting a
set of indicators that may lead to their most favored outcomes (i.e., self-fulfilling results),
standardized and comparable impact assessment procedures are of utmost importance.

The comparison of small and large HPP showed that SHP exhibited higher cumulative
effects (all indicators) which is in line with findings from other studies [31–35].

In conclusion, the following recommendations for decision-makers can be made:

• Impact assessments, applying a comparable set of criteria, should be carried out for
both SHP and LHP. It is crucial to consider the additive/synergistic impacts of HPP,
especially of SHP within (sub-)catchments;

• Impact assessments should include a sensitivity analysis because ranking of planned
HPP might change with impact indicators included. Policymakers should be aware of
the role indicator selection has on impact ranking;

• When deciding for SHP or LHP, future capacity potential should be considered. SHP
are likely to generate higher impacts per installed MW. In addition, SHP have less
capabilities to withstand climatic fluctuations (e.g., increased drought frequency
induced by climate change).

Currently, hydropower is considered the most economical and efficient technique
to provide renewable energy and thus help mitigate climate change. The present study
offers a transferable integrated approach to enable sustainable hydropower planning, while
considering site and size characteristics. Still, it is of pivotal importance to carefully evaluate
if hydropower remains the most suitable and sustainable option. Both, Albania and Greece,
are already highly dependent on energy from hydropower, and this dependence would
strongly increase if planned HPP were realized. Considering climate change scenarios
for the Vjosa catchment, an expected decrease in precipitation would further increase the
pressure on hydropower energy supply [82]. To favor simultaneously resilient renewable
energy development and protection of one of the last near-natural rivers in Europe, future
research (and management actions) should not only focus on sustainable planning of
hydropower as a well-established technology, but consider alternative renewable energy
resources to broaden the regional energy portfolio.

Supplementary Materials: The following data and information are available online at https://www.
mdpi.com/2071-1050/13/3/1514/s1. S1. Calculation of single indicators (mathematical formulas);
Table S2. Absolute impacts of hydropower plants in each indicator; Table S3. Ranking of planned
hydropower plants per indicator and overall as a sum of the indicators in quartiles; Table S4.
Hydropower plant (HPP) characteristics and impacts normalized to HPP capacity [MW]; Table
S5. Spearman’s correlation coefficients for correlations between the individual indicators. Color
intensifies with decreasing degree of correlation; Table S6. Land use changes—area of different
land use types affected by projected reservoir areas; Figure S7. Results of impact assessment for the
indicator River Regulation (RRI: River Regulation Index); Figure S8. Results of impact assessment for
the indicator River Fragmentation (RFI: River Fragmentation Index); Figure S9. Results of impact
assessment for the indicators Land Use Change—Agriculture (LUC-A) and Land Use Change—
Vegetation Cover (LUC-V; including forest; grassland; and shrubland); Figure S10. Results of impact
assessment for the indicator Resettlement: Circles indicate planned (gray) hydropower plants (HPP);
Figure S11. Results of impact assessment for the indicator Protected Area; Figure S12. Results of
impact assessment for the indicator Sediment Entrapment; Figure S13. Results of impact assessment
for the indicator Potential Evaporation.
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1479 Dragot Albania 130 Planned 53102166 1187.22 

Figure A1. Location of existing (including under construction) and planned hydropower plants in
the Vjosa catchment. IDs (identifiers) refer to further characteristics given in Table A1.

Table A1. Characteristics of existing, under construction, or planned hydropower plants in the Vjosa catchment. Reservoir
area and size have been estimated based on the capacity given [49]. The location of the dams and their associated reservoirs
are given in Figure A1.

ID Name Country Capacity [MW] Stage Reservoir Area [m2] Reservoir Volume [Mio m3]

1911 Barmash Albania 3 Existing 3412127 116.15
1922 Langarica 3 Albania 28.4 Existing 3173810 133.34
6000 Rajan 1 Albania 3.7 Existing 1609847 52.42
6001 Rajan 2 Albania 3.26 Existing 1503251 46.17
6002 Lengarica (Ura e Darshit) Albania 1.2 Existing 120474 1.54
6003 Langarice 1 Albania 3.7 Existing 1223882 27.61
6004 Langarice 2 Albania 2.5 Existing 918522 16.33
6005 Radove Albania 2 Existing 940899 27.34
6006 Smokthine 2 Albania 4.6 Existing 1276104 79.60
6007 Smokthine 1 Albania 4.6 Existing 1460451 24.28
6008 Carshove Albania 1.5 Existing 18181372 429.91
6009 Leskovik 2 Albania 1.1 Existing 401211 9.90

3234 Bence Albania 2.07 Under Construction 636003 11.62
3255 Tepelene Albania 5.42 Under Construction 794078 20.43
6010 Progonat-Lekdush Albania 4 Under Construction 107488 1.53
6011 Gostivisht (Lengarica3) Albania 6.2 Under Construction 4620668 245.00
6012 Gostivisht Albania 1.3 Under Construction 221377 4.12
6013 Ura e Darshit Albania 1.44 Under Construction 587199 10.85
6014 Kendrevica 1 Albania 2.7 Under Construction 2647030 155.27
6015 Kendrevica 2 Albania 10 Under Construction 2223853 102.83
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Table A1. Cont.

ID Name Country Capacity [MW] Stage Reservoir Area [m2] Reservoir Volume [Mio m3]

1475 Badëlonje Albania 30 Planned 4335638 66.47
1479 Dragot Albania 130 Planned 53102166 1187.22
1481 Kaludhi Albania 75 Planned 34245503 1198.28
1482 Kosina Albania 35 Planned 5916653 69.99
1486 Përmet Albania 25 Planned 3612754 40.84
1489 Karbonara Albania 60 Planned 5058927 31.85
1492 Poçem Albania 102 Planned 14007837 51.87
1504 Ura e Subashit Albania 10 Planned 10350309 108.71
1506 Kapariel Albania 2 Planned 133350 2.42
1523 Suha 2 Albania 3.4 Planned 601358 12.33
1633 Kolonje 2 Albania 2 Planned 1430607 32.40
1948 Kalivaç Albania 100 Planned 20599265 437.44
6016 Selenica Albania 10 Planned 1153386 5.92
6017 Vernik 4 Albania 2.2 Planned 6293595 22.67
6018 Vernik 3 Albania 6.4 Planned 4135991 42.24
6019 Kote Albania 1.7 Planned 330199 0.94
6020 Brataj Albania 10 Planned 10208028 164.13
6021 Memeliaj Albania 10 Planned 3610583 19.87
6022 Suha 1 Albania 2.4 Planned 7125316 38.22
6023 Nivice Albania 1 Planned 65846 0.46
6024 Driza 2 Albania 2.2 Planned 134556 3.17
6025 Driza 1 Albania 2.1 Planned 244599 5.34
6027 Grabova Albania 50 Planned 8135706 111.27
6028 Mesare Albania 1 Planned 695501 2.56
6029 NN1 Greece 10 Planned 2251480 40.33
6030 NN3 Greece 10 Planned 3407385 71.51
6031 NN4 Greece 10 Planned 695174 20.88
6032 NN5 Greece 1 Planned 1646083 29.98
6033 NN7 Greece 1 Planned 958112 25.58
6034 NN8 Greece 1 Planned 529996 14.89
6035 NN9 Greece 10 Planned 903289 36.75
6036 NN10 Greece 10 Planned 6131323 244.73
6037 NN11 Greece 10 Planned 389642 9.34
6038 NN12 Greece 10 Planned 2270945 133.65
6039 NN13 Greece 10 Planned 6554585 260.52
6040 NN15 Greece 10 Planned 912627 18.99
6041 NN16 Greece 10 Planned 1201605 37.44
6042 NN17 Greece 10 Planned 1116450 31.83
6043 NN18 Greece 10 Planned 1784935 83.77
6044 NN19 Greece 10 Planned 520999 11.99
6045 NN20 Greece 10 Planned 1590415 59.60
6046 NN21 Greece 10 Planned 978742 36.22
6047 NN22 Greece 1 Planned 910987 6.28
6048 NN23 Greece 10 Planned 6771385 80.13
6049 NN25 Greece 1 Planned 466383 4.70
6050 NN26 Greece 10 Planned 754380 21.68
6051 NN27 Greece 1 Planned 25884 0.56
6052 NN28 Greece 10 Planned 1699349 78.64
6053 NN30 Greece 10 Planned 534176 23.34
6054 NN31 Greece 10 Planned 2513854 84.83
6055 NN32 Greece 10 Planned 2997797 150.97
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