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Abstract: Hydropower has been increasingly seen as a two-fold solution to the provision of
renewable energy and water storage. However, the massive deployment of both large and small
scale hydropower projects has been reported to cause important environmental impacts at the basin
scale. This study assesses the differential contributions to regional energy and water security of
large (LHP) and small (SHP) scale hydropower deployment in the Spanish Duero basin, as well as
associated cumulative environmental impacts. This is performed through a selection of indicators
measured in absolute and relative terms. The results suggest that LHP deployment contributes more
to energy and water security, performing better in 10 of the 12 indicators. It also shows higher absolute
environmental impacts on flow regime and habitat loss. Meanwhile, when analyzed in relative terms,
SHP shows greater impacts in all categories as a result of cumulative effects cascading along the
rivers system. These findings suggest that optimizing the use of existing hydropower infrastructure
would be beneficial for energy, water and environmental security. This could be implemented by
substantially reducing the number of low capacity plants with almost no impact on final energy
generation, while enhancing the pumping and storage potential of higher capacity plants.
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1. Introduction

The water and energy nexus is increasingly becoming a central concern at scientific, institutional
and user levels [1,2]. It is estimated that global demand for energy will increase by 30% by 2040,
requiring a boost in global power production [3]. Meanwhile, demands for water are projected
to increase some 55% by 2050, as compared to 2000 levels, with the highest increase coming from
manufacturing (+400%), electricity (+140%) and the domestic sector (+130%) [4]. As water scarcity
becomes increasingly acute and widespread due to climate change, future projections predict that an
increase in storage capacity equivalent to 3600 km3, or 40% of current capacity, will be needed to reach
the water and energy goals of 2030 [5].

In this context, hydropower has been increasingly seen as a two-fold solution: first, it provides
renewable, low carbon and endogenous energy; and second, it increases water storage capacity.
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After a golden age during the 1940s, 1950s and 1960s, when hydropower was considered
the revelation of clean energies, a series of large scale hydropower projects (LHP) were deployed
worldwide. However, ever since, the range of associated environmental and social impacts have
become increasingly evident, marking the start of a wide debate over its value [6]. More recently,
a countertrend towards small scale hydropower (SHP) projects has emerged, each providing similar
benefits to the larger infrastructures, but with reduced impacts due to their smaller size, land and
infrastructure requirements. This new panacea has prompted both emerging economies with high
untapped hydropower potential and countries with limited capacity for large hydropower technology
to deploy a mosaic of SHP projects along river and sub basins. Several examples can be found in
China, which has developed a strong hydropower basis in recent decades [7,8], particularly in the
Yunnan [9,10] and Tibet regions [11]. Other examples in Asia are found in Turkey [12,13], India [14],
Thailand [15] and the transboundary Mekong River region [16]. This trend has also played out
in Latin America, where SHP deployments are spreading in countries such as Brazil [17,18] and
Colombia [19]. Europe has not lagged behind, with around 21,800 operating small hydropower
plants [20] primarily concentrated in 10 European countries: Germany (7512), Italy (2427), France (1935),
Sweden (1901), Spain (1047), Poland (722), Romania (274), Portugal (155), and the UK (120) [21].
However, several studies have raised concerns over the cumulative environmental impacts posed by a
large deployment of small hydropower projects [22,23], which can match or outweigh those of large
hydropower projects providing an equivalent energy output [6,8,9,12,24–26]. As such, debate centers
around whether or not hydropower should be further promoted and, if so, whether industries should
discriminate based on the size of development, and thus their impacts on the environment and short
and long term economic sustainability [27,28]. Governments face difficult decisions to balance the
pros and cons of continued hydropower development. On the one hand, the continued promotion of
multipurpose dams could be essential to meeting future water and energy challenges [5,29], and, on the
other hand, there is strong opposition to further development based on environmental and social
concerns. Overall, there is need for more evidence-based studies to help guide decision making.

In Europe, deployment of SHP will lead to an 11% increase in energy production and a 38%
increase in installed capacity from 2005 to 2020, according to the National Renewable Energy Action
Plans (NREAPs). For the same period, an overall 16% rise in installed capacity will result in a 5%
increase in electrical generation from LHP stations [30]. In the particular case of Spain, this issue is
gaining attention and special relevance since reservoirs play a key role in water, food and energy
security, e.g., for hydroelectricity and irrigation. In Spain, a strong pro-dams policy was implemented
during the second half of the 20th century, leading to the construction of more than 1300 dams [31].
This involved enhancing the surface supply capacity from 9% to 38%, providing a total water storage
capacity of around 53,000 hm3 [31,32]. At present, surface water represents around 62% of total
water use [32]. From this 62%, up to 50% is supplied to irrigated agriculture [33], which constitutes
the main water consumer with a 68% share of total water withdrawals. Estimates of hydropower
energy production and water storage are provided at the national and basin levels by Spanish energy
and water planning. However, there are few, if any, assessments of the cumulative effects on water
and energy security within the Spanish basins, or of the environmental impacts of each type of
hydropower development.

This study aims to supply one of these knowledge gaps by analyzing the differential contributions
of large and small scale hydropower to regional water and energy security within the Spanish part of
the Duero basin, the largest transboundary basin in the Iberian Peninsula. It also aims to compare the
cumulative impacts of each type of development on the river system and surrounding ecosystems.
Finally, the authors provide reflection upon potential avenues for reducing the impacts and enhancing
the value and future resilience of the hydropower scheme.
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2. Materials and Methods

2.1. Study System Description

The Duero Basin is the largest transboundary system in the Iberian Peninsula, covering an area
of 98,073 km2 [34]. The longest river, the Duero, is born in the Iberian Mountains and runs through
770 km in Spain and 143 km in Portugal before reaching the Atlantic Ocean at the Portuguese city
of Porto [35]. The upstream part of the river flows through sedimentary, metamorphic and plutonic
rocks along the Iberian and Central Mountains. Further downstream, it crosses a wide Cenozoic basin
formed from terrigenous and evaporite deposits laid down during the Tertiary and Quaternary periods.
It reaches depths of over 2000 m and encompasses a complex groundwater system [34]. The catchment
is formed by a dendritic drainage network 83,200 km long. The main tributaries come from the
Cantabric and Leon Mountains, which flow down into the right bank of the Duero. Especially relevant
are the Pisuerga and the Esla Rivers, which provide the greatest flow contributions to the basin [36].
On its way down to the Portuguese frontier, the Duero River forms the Arribes canyon along a 100 km
stretch. This study will focus on the Spanish part of the basin, holding 80% of the surface (78,859 km2)
and supplying a population of 2,200,000 inhabitants [35]. The study area encompasses eight provinces
(some of them only partially), although 98% of its surface and population fall within the Castilla Leon
region as shown in Figure 1.
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Figure 1. Location of the Duero River Basin in the Iberian Peninsula. Source: Oficina de Planificación
Hidrológica – Confederación Hidrográfica del Duero (OPH-CHD).

The Spanish Duero basin has a continental Mediterranean climate. The average rainfall is
625 mm/year, providing a total 13,600 Mm3 of available water annually. However, rainfall patterns
are characterized by erratic inter-annual and intra-annual spatial and time variability. This is mainly
due to a changing climate, with typical Mediterranean summer droughts alternated with cold and hot
Atlantic fronts that result in intense precipitation and flooding episodes [36]. These characteristic and
long-standing summer droughts triggered the creation of the first dams for irrigation purposes during
the 19th Century [31].
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The Spanish part of the Duero River has 75 large reservoirs associated with significant dams,
and several small reservoirs associated with minor dams or irrigation diversion structures. Eighteen of
these 75 large reservoirs are owned and operated by the state for purposes including river flow
regulation, water supply and recreation, and 40 are used for hydropower generation, either as single
purpose or combined with other purposes such as irrigation or recreation.

The total consumptive (consumptive use of water is defined as “water use that permanently
withdraws water from its source; water that is no longer available because it has evaporated,
been transpired by plants, incorporated into products or crops, consumed by people or livestock,
or otherwise removed from the immediate water environment” [37]) water demand in the basin
is 4529 hm3 [36]. Agriculture and hydropower production are the most important water users,
concentrating over 85% of consumptive water demand and over 90% of non-consumptive water
demand, respectively. The basin plays an important role in national energy and food production.
Hydropower supplies almost 25% of the national energy demand, while local agricultural production of
grain contributes 24% of the national total grain [35]. However, such demands have led to competition
for water resources, particularly in dry periods, with unavoidable impacts on aquatic ecosystems.
This has resulted in stricter regulations for maintaining minimum ecological flows [38,39].

In terms of ecosystems, the basin holds considerable ecological richness with 97 areas declared
as Sites of Community Interest (SIC) under the Habitat Directive—from which 86 are water related,
and 54 Special Protection Areas exist under the Birds Directive [36].

2.2. Study Design and Data Procurement

The Spanish part of the Duero basin contains 164 hydropower stations with installed capacities
ranging from 8 to 855 MW [40]. In Spain and most European and non-European countries,
the distinction between high scale and small scale hydropower depends on the installed capacity.
The limits for “small scale” are generally set to 10 MW in Europe [6], 25 MW in the United States and
up to 50 MW in China [8]. However, despite these generalizations, there is no consensual definition
of large and small scale hydropower, nor of the threshold to separate them [8,41,42]. In this study,
the European and Spanish definition of large scale hydropower installed capacities above 10 MW and
small scale hydropower as capacities below 10 MW will be adopted. Nevertheless, the rationality
and appropriateness of using the installed capacity as the standard to differentiate between both
technologies will be further analyzed in the discussion section of the paper.

In 2011, the Duero River Basin Agency carried out a revision and update of all hydropower
concessions, their production characteristics and compliance with environmental standards—such
as the presence of fish passes and the minimum environmental flow—through a series of field visits
and on-site data collection. The outcomes of the revision were compiled in a General Report [40] and
a set of fact sheets containing information for each hydropower project, which have served as the
main data source for this study. According to this information, there are currently 23 large scale and
141 small scale hydropower plants operating in the Spanish part of the Duero basin, with total installed
capacity of 3,923.42 MW. In terms of plant typology, 122 of the 164 plants have a Run-of-River (RoR)
(Run-of-River (RoR) plant: a plant that harnesses energy for electricity production mainly from the
available flow of the river [43]) configuration, and the remaining 42 are associated with large dams and
reservoirs (hereinafter referred to as Reservoir Hydropower (RHP)) (Reservoir Hydropower (RHP)
plant: a plant associated with artificial reservoirs created by building a dam to control the natural river
flow [43]). Amongst the latter, 27 are state-owned and operated. Amongst the RoR plants, 118 have
diversion points associated with a small dam with average heights between 5 and 10 m, 12 benefit
from a waterfall created by a canal, and one utilizes the emerging water from a spring. Figure 2 shows
the distribution of small and large scale hydropower plants along the basin.

The methodology used to evaluate the LHP and SHP cumulative environmental impacts and
contributions to regional water and energy security consists of a set of assessment indicators. Water
and energy security indicators have been selected from existing conceptualizations. The selection of
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impact categories and indicators has been based upon literature review and adapted to data availability.
The outline of categories and indicators designed for the study is presented in Table 1 and described
here below.
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Figure 2. Distribution of large scale and small scale hydropower plants in the Spanish part of the
Duero Basin.

Table 1. Outline of categories and assessment indicators.

Impact Category Component Indicator Unit Source

Contributions to energy security
Resource availability

Number of installed units Number [44]

Installed capacity MW [44,45]

Annual power generation GWh/year [45]

Security of supply
Regulated capacity % [46]

Reversible capacity % [46]

Affordability Normalized energy cost c€/kWh [46]

Efficiency Energy demand covering capacity % Authors’ own

Contribution to water security

Water access and supply
Water storage capacity hm3 [47]

Water demand covering capacity % Author’s owned

Irrigation supply

Hydropower plants connected to
infrastructure providing irrigation services % [43,48]

Water storage capacity of dams with
energy-irrigation purposes hm3 [49,50]

Environmental flows Hydropower plants not meeting
environmental flows % [38,39]

Flood risk reduction Hydropower plants enabling flood regulation % [41,48]

Environmental impacts

Flow regime

Water withdrawal hm3 [35]

Water consumption hm3 [51,52]

Length of river with disturbed natural flows km [8,53]

Connectivity Number of dams or obstacles number [8]

Percentage of scalable dams % [30,42]

Habitat loss Reservoir surface area ha [8]

2.2.1. Impact Category 1: Contribution to Energy Security

Energy security has been defined and characterized in many different ways, and multiple
indicators have been proposed for its assessment. In general, the concept of “energy security”
applied to a region or country refers to the vulnerability of its energy supply to economic,
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geopolitical, environmental and performance influences [54,55]. International debate surrounds the
conceptualization of the different dimensions integrating energy security. Different categorizations
have been proposed by several authors and institutions [55–58], which mostly present a common
base (availability, economic and stewardship aspects) with slight variations depending on the
additional external factors included (social, climate change, health, and geopolitical, amongst others).
In this study, the conceptualization proposed by Sovacool and Brown (2010) [57] will be considered
and adapted for the regional river basin scale. These authors define energy security using four
base components: resource availability (independence, diversification and continuity of supply),
affordability (affordable prices, stability of prices, and quality of supply), efficiency (production costs,
demand behavior and practices) and environmental stewardship (control of environmental externalities
and shift towards renewables). The cumulative contributions of currently operating LHP and SHP to
these in the basin will be assessed through the following indicators:

Resource availability is evaluated by considering the existing potential for energy production,
continuity of supply and diversification. Since focus is placed on two particular energy sources and
not on the full mix, diversification will be assessed in terms of physical or spatial diversification of
production. Meanwhile, it is assumed that the contribution to independence of both LHP and SHP
sources is equal, as both are endogenous energy sources utilizing local resources. The indicators chosen
for this category are the following:

- Number of installed units (number): The number of installed units—in this case,
hydropower plants—is frequently used in technology and engineering literature as a measure of
the extent of technological deployment [44]. The physical distribution of units along the river
will also provide information about the spatial diversification of energy production.

- Installed capacity (MW): Another measure of technological deployment [44] is the cumulative
installed capacity for operating small and large scale hydropower plants in MW. The installed
capacity for power plants refers to the maximum electrical output of the generator, and is usually
measured in Watts (W) [45]. Data were obtained from the Duero River Basin Revision Report [39].

- Annual power generation (GWh/year): The annual power generation is the cumulative amount
of power produced over a year. It is usually expressed in GWh/year and calculated as a product
of the installed capacity and number of operating hours [45]. For the purpose of this study,
data from empirical estimations were selected over theoretical production values, when available,
as they provide more accurate cumulative estimations. Data were obtained from the Duero River
Basin Revision Report [40].

- Contribution to supply security: This contribution will be assessed from estimates of the share of
installed capacity that enables energy production control and adaptation to demand fluctuations,
thus providing supply stability [46].

- Regulated capacity (%): This is expressed as a percentage of total installed capacity, and allows
for time-controlled energy production, mainly through the presence of a dam that regulates
capacity [46].

- Reversible capacity (%): This represents the percentage of installed capacity coupled to pumping
or reversible systems. These systems do not only enable control over the timing of energy
production, but also help offset production peaks generated by other energy sources while
restoring water volume in the reservoir [46].

Affordability: Given that hydropower energy production does not directly depend on the use
of (often imported) fuels and thus on their price, it is assumed that the main technological factor
influencing the final price of electricity is the cost of energy production [59]. Meanwhile, the quality of
energy provided (such as access to electricity, fuels or primary biomass as defined by Sovacool and
Brown (2010) [57]) is assumed to be equal for LHP and SHP, since in both cases the final output is
electricity that is injected into the grid and cannot be distinguished from electricity coming from other
energy sources. Affordability is assessed through the following indicator:
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- Normalized energy cost (c€/kWh): Average normalized energy costs for power stations are
calculated for units below 10 MW and above 25 MW [46]. Data for Spain were obtained from
IDAE (2011) [46].

Efficiency: The efficiency of the energy supply will be assessed using its capacity to cover the
existing energy demand in the region. Impacts related to demand behavior are not considered, since the
assessment focuses upon supply.

- Energy demand covering capacity (%): This indicator represents the percentage of regional energy
demand that is covered by each type of hydropower production. It is obtained as a fraction of the
total annual energy production to regional energy demand. Data for regional energy demand
were approximated to the Castilla and León region, which occupies 98% of the territory of the
basin. This indicator has been defined at a regional scale to maintain coherence within the study
and provide a perspective of the region. However, it should be noted that Spain has an integrated
energy system that is regulated and managed upon a national scale.

Environmental stewardship: Environmental stewardship is assessed in the section on environmental
impacts, where the cumulative extent of impacts from each type of technological development is
estimated for certain variables. The impact of environmental stewardship is presented separately since
it influences and is influenced by both energy and water security.

2.2.2. Impact Category 2: Contribution to Water Security

Water security, as in the case of energy security, has been extensively conceptualized in the
literature. In line with key conceptual frameworks, Lautze and Manthrithilake (2012) [60] proposed an
indicator that evaluates water security using five components: water availability to meet household
demand, water availability for food production, preservation of environmental flows, risk management,
and independence. As in the case of energy security, the independence factor is considered equal
for both types of hydropower developments. Indicators for the other components have been defined
as follows.

Water access and supply

- Water storage capacity (hm3): Water storage capacity of dams is an indicator of the available
supply for human needs [47]. This indicator shows the amount of water stored in dams associated
with hydropower plants.

- Water demand covering capacity (%): Expressed as the ratio between water supplied by
hydropower dams to total water demand, this indicator shows the contribution of hydropower
dams to regional water demands.

Irrigation supply

- Hydropower plants connected to infrastructure providing irrigation services (%):
Hydropower plants can contribute to the supply of water for irrigation when they entail the
construction or contribute to the maintenance of associated infrastructure that provides water for
irrigation [43,48]. This indicator reflects the percentage of hydropower plants with associated
infrastructure, including multipurpose dams, canals and small ponds that currently provide
water for irrigation in the basin.

- Water storage capacity of dams with energy-irrigation purposes (hm3): Dams have traditionally
ensured that water is available for human supply and irrigation in periods of scarce
rainfall and river flow declines [49]. Thus, a variation to the water storage capacity
indicator [50] is proposed, depicting the water storage capacity of dams with irrigation purposes.
This indicator would therefore assess the water availability for irrigation from dams with shared
energy-irrigation purposes.
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Environmental flows

- Hydropower plants not meeting environmental flows (%): Hydropower plants can threaten the
maintenance of environmental flows if the amount of flow released downstream of the dam,
or left in the stretch between the diversion and restitution points, does not meet minimum
ecological requirements [38,39]. The Spanish Water Plan defines ecological flows as “the
minimum flow [needed] to allow a sustainable maintenance of the functionality and structure
of aquatic ecosystems and related terrestrial ecosystems, helping to achieve the good ecological
status of rivers” [35]. The proposed indicator shows the percentage of hydropower plants
where insufficient flows were identified in certain periods of the year and a special regime
of environmental flows had to be applied, as reported by the technical documentation supporting
the last review of the Duero Water Plan [36]. The indicator reflects the relative contribution of
each type of hydropower development to disrupted environmental flows in the basin where, as a
consequence, additional regulation and management measures are required.

Flood risk reduction

- Hydropower plants enabling flood regulation (%): Dams with regulation capacity reduce the risk
of extreme floods [41,48]. Severe floods can cause important economic and human losses—factors
that will be considered in the analysis of water security. The cumulative contribution of small
and large scale hydropower capacity to flood risk mitigation will be assessed as a percentage of
hydropower plants associated with dams with flood regulation functions. Data were obtained
from the last update to the Duero Water Plan [36].

It should be noted that dams also mitigate periodic regular flooding, which performs important
functions including river morphology and flood plain configuration, spatial heterogeneity—a basis for
biodiversity—aquifer recharge and natural fertilization of the alluvial soil. This has allowed humans to
settle in sites close to the riverbed which were not previously viable, but has also engendered negative
consequences to the river ecosystem and increased the risk of flooding for those communities [61].

2.2.3. Impact Category 3: Environmental impacts

Hydropower plants have several environmental impacts, including impacts on river hydrologic
variables, water quality, aquatic and connecting ecosystems, land occupation and emissions to the
atmosphere [30,41,48]. The selection of impact categories for this study has been strongly influenced
by the availability of data, time and resources, and is oriented towards river hydrology and ecosystems.
However, the authors acknowledge the importance of other categories such as greenhouse gas
emissions or water pollution, and recommend the evaluation of these impacts in further studies.

This assessment will focus on the cumulative impacts on river flow and water balance,
riverine protected habitats, river connectivity, and aquatic ecosystems, through the following indicators:

Flow regime

- Water withdrawal (hm3): Water withdrawal refers to the total water flow through the turbines
annually [35]. This is estimated using the following equation:

WW = QI x h

where QI is the mean input flow coming into the turbines (m3/h) and h is the number of operating
hours per year.

- Water consumption (hm3): Consumptive water use accounts for evaporation losses from
the surface of artificial reservoirs that feed hydropower plants [51,52]. Although the authors
acknowledge that a more complex indicator would provide a more accurate assessment of the
water footprint of reservoirs [48,51], for the purpose and conditions of this study, this method
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was regarded as optimal. Due to data limitations, only evaporation from reservoirs over 0.5 hm3

has been considered. Evaporation from smaller reservoirs or river enlargements caused by small
dams can be considered negligible, according to the Duero Water Plan estimations [35].

- Length of river with disturbed natural flows (km): The retention of water in dams and its diversion
into lateral channels impact natural river flow [8,53]. This indicator estimates the cumulative
length of river stretches with modified natural flow as a result of lateral diversion or the presence
of dams. The indicator is obtained as a sum of the distances between the catchment and the
release points for each hydropower project. In the case of hydropower plants associated with
a dam, the length of river occupied by the reservoir is also included. Distances were measured
on aerial photographs, using geographical coordinates of the catchment and release points from
CHD (2011) [40].

Connectivity

- Number of dams (number): Dams reduce the natural river flow velocity, retain transported
sediments and cause disturbances to water temperatures [30,42], thus disrupting the
upstream-downstream connectivity. This indicator shows the number of dams—either large
dams storing water in reservoirs or small dams for water diversion—associated with hydropower
plants as an indicator of cumulative river segmentation.

- Percentage of non scalable dams (%): Dams can constrain habitat connectivity [8,24,62] and
hinder the migration of certain fish species [63]. The number of dams not including effective fish
ladders is used as an indicator of cumulative segmentation and barriers to fish migration. Due to
data availability limitations, only the effects on fish have been considered. However, it should
be noted that the river biota is composed of a far more complex network of organisms that are
affected by disruptions to river connectivity.

Habitat loss

- Reservoir surface area (ha): The creation and filling of a reservoir involves the occupation of
land and the transformation of original habitats [64,65], which in the case of large reservoirs can
affect hundreds of hectares of native ecosystems. To assess this impact, the cumulative surface
occupied by reservoirs associated with each type of hydropower plant is used as an indicator of
habitat loss [8].

For water security and impact indicators, absolute and relative values are provided, except for
those already expressed as a percentage. The absolute value arises from the sum of individual values
from the different plants of each type of hydropower development and provides a macro-perspective.
The relative value expresses the normalized values per kWh, enabling a balanced comparison [8].

Initially, an additional impact category to assess the disturbance effect of hydropower projects on
conservation areas was to be included. This was based on the premise that dams and water flow
disturbances might indirectly influence off-site habitats and thus cause negative effects on nearby
protected areas [66]. This appeared relevant since the Duero basin has remarkable ecological value, with
around 16.3% of its surface designated as Sites of Community Interest (SIC) by the Habitats Directive,
and 18.35% as Special Protected Areas (SPA) by the Birds Directive, such that 23.06% of the total
surface holds some kind of protected legal status, after accounting for overlap [36]. Moreover, it was
found that 70% of LHP and 52% of SHP were located within these areas. However, it was also noted
that most of these SIC were created to protect riverine vegetation formations that had developed
subsequent to the installation of the dams and reduction of river flows downstream, which allowed
vegetation to expand and colonize the flood plain. Meanwhile, the large number of reservoirs and
lentic ecosystems resulting from the installation of the dams also attracted a number of bird species,
especially from the mallard group, which motivated their declaration as SPAs. The subsequent debate
over “who was first” renders the assessment of disturbance by hydropower projects paradoxical for
natural sites that had artificially emerged as a consequence of hydropower installation. It was thus
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decided not to include this impact category in the study. Nevertheless, the authors found it relevant
to include a mention, since it may apply to other European basins, and highlights the problem of
overvaluing certain ecosystems—sometimes as a result of poorly understood conservation currents—to
the detriment of the original though maybe less “idyllic” habitats.

Data for indicators for which a source has not been explicitly mentioned in the description
were obtained from the Duero River Basin Revision Report [40]. A summary of the data used in the
assessment is provided in Tables S1 and S2.

3. Results

3.1. Contributions to Energy Security

Table 2 presents the results for the energy security indicators.

Table 2. Contributions to energy security of the macro and micro hydropower schemes.

Contributions to Energy Security

Component Indicator Macro Hydropower (LHP) Micro Hydropower (SHP)

Resource availability

Number of units (#) 23 140
Installed capacity (MW) 3730 205

Annual power generation (GWh/year) 7988 571
Timely controllable installed capacity (%) 100 20

Reversible installed capacity (%) 34.85 0

Affordability Energy generation cost (c€/kWh) 0.65 0.75

Efficiency Demand covering capacity (%) 67.7 4.8

The analysis of resource availability shows that the number of plants is almost seven times higher
for SHP than for LHP. Figure 2 also demonstrates how SHP developments are more evenly distributed
along the river, whereas LHP tend to concentrate in the downstream part of the basin. This suggests
that SHP provides higher physical diversification of energy production, reducing vulnerability to
localized weather or human-related disasters, such as regional droughts, floods, overflowing or
breakage of dams, because of the spatial decentralization of production.

Both the larger installed capacity and energy generation capacity of LHP outweigh SHP by
one order of magnitude. When it comes to supply security, 100% of LHP energy production is time
controllable, and almost 35% of its installed capacity, enabling energy storage through hydraulic
pumping. Meanwhile, 20% of SHP installed capacity is time controllable, and it accounts for no
hydraulic pumping and storage capacity. This illustrates the greater role played by LHP in grid
stability, balancing production peaks from other intermittent sources such as solar and wind renewable
energies, both of which are abundant in the Castilla Leon region.

In terms of affordability, both sources show similar production costs, with an average 0.1 c€/kWh
difference. These costs may vary for different projects.

In terms of efficiency, LHP production alone covers almost 70% of the regional energy demand,
whereas SHP barely reaches 5%.

3.2. Contributions to Water Security

Table 3 presents the results for the water security indicators. Results are presented in absolute and
relative terms (normalized by cumulative energy production for each hydropower deployment). In the
indicator column, absolute units (AU) and relative units (RU) are provided for each. As mentioned
in Section 2, indicators measured as a percentage are not normalized since they already express a
relative value.

Within water access and supply, the results show that total water storage capacity by LHP
associated dams is 12 times higher than SHP dams. However, relative water storage per kWh of energy
produced is slightly higher for SHP, with a difference of 0.1 m3/kWh. In terms of demand covering
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capacity, water stored by LHP dams can cover 120% of regional water demands, whereas coverage by
water stored in SHP only reaches 20% of regional demands. These results suggest that, from a macro
perspective, LHP serves a more important role and contributes more to water supply in the basin.
However, relative contributions demonstrate that SHP provides a greater water storage capacity per
unit of energy produced.

Table 3. Contributions to water security of the macro and micro hydropower schemes.

Contributions to Water Security

Component Indicator Macro Hydropower (LHP) Micro Hydropower (SHP)

Absolute Relative Absolute Relative

Water access and supply Water storage capacity (AU: hm3); (RU: m3/kWh) 6821.5 0.85 555.8 0.97

Water demand covering capacity (%) 176.2 —- 20 —-

Irrigation supply
Irrigation water provision (%) 43.5 —- 24.3 —-

Water storage capacity of dams with energy-irrigation
purposes (TU: hm3); (RU: m3/kWh) 2638 3.3 × 10−7 504 8.1 × 10−7

Environmental flows Non compliance with environmental flows (%) 34.8 —- 27.14 —-

Flood risk reduction Flood risk regulation capacity (%) 34.8 —- 5.07 —-

In terms of irrigation supply, the percentage of LHP power plants associated with infrastructure
providing water for irrigation is almost double that for SHP. However, looking deeper into the
numbers and the type of hydropower facilities that provide this service, it was observed that all the
LHP developments were associated with a large multipurpose dam, which together summed a storage
capacity of 2638 hm3, around 60% of total water storage capacity in the basin. Meanwhile, among the
SHP providing irrigation services, 32% were located in canals (either built mainly for irrigation
purposes or for other purposes including urban water supply or recreation), 14% were RHP with
regulation capacity and 11% were RoR plants associated with small dams and ponds connected to
irrigation canals. The cumulative storage capacity associated with SHP dams with irrigation purposes
is 504 hm3. In relative terms, SHP sustains slightly higher water storage levels per kW generated than
LHP. Although exact volumes of irrigation water supply associated with each type of hydropower
development have not been estimated due to data availability constraints, the information above
seems to support the initial conclusion that LHP makes a larger contribution to water supply for food
production than SHP.

The results for environmental flow in Table 2 show that the percentage of power plants identified
as not complying with minimum environmental flow requirements during the 2015 water plan update
revision was slightly higher for LHP, at 34% compared to 27%.

The authors also explored the composition of the group of SHP not meeting environmental flow
requirements via type of technology (RHP or RoR). The aim of this was to investigate whether there
were a predominance of RHP, which are mainly associated with large dams. It was observed that
from those 27% that did not meet environmental flows, 27% were RHP plants, whereas almost 68%
were RoR (the remaining 5% associated with a canal). Thus RHP plants did not seem to dominate
in non-compliance with environmental flows. This is logical given the overwhelming majority of
RoR plants within the SHP development in the basin, with a share of 88% compared to 10% RHP
(the remaining 2% associated with a canal). However, further analysis of this aspect with statistical
tools is required, and is planned as follow up to this work.

In terms of flood risk reduction, the percentage of power plants associated with a dam with a
specific function and capacity for flood regulation is higher in the case of LHP, at 34%, compared to 5%
for SHP. In the case of SHP, this characteristic is only present in RHP plants. However, in both cases,
the performance of a regulation capacity function is not inherent to the presence of a large regulation
dam and depends instead upon whether it is operated to fulfil this function. This is an important
finding, since it demonstrates that there is further room for management that can unlock potential to
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minimize impact on environmental flows. These results indicate that LHP makes a higher contribution
to water security in terms of flood regulation.

3.3. Environmental Impacts

The results for the environmental impact indicators are summarized in Table 4. As in the case
of water security, both absolute and relative values (normalized by cumulative energy production
for each hydropower deployment) are provided for all the indicators except for those measured as a
percentage. Following the same structure as Table 2, the indicator column provides the absolute units
(AU) and relative units (RU).

Table 4. Cumulative environmental impacts of the macro and micro hydropower schemes.

Environmental Impacts

Component Indicator
Macro Hydropower (LHP) Micro Hydropower (SHP)

Absolute Relative Absolute Relative

Flow regime

Water withdrawal (AU: hm3); (RU: m3/kWh) 32,683 4.09 10,300 16.7

Water consumption (evapotranspiration losses)
(AU: hm3); (RU: m3/kWh) 168.9 0.02 54.0 0.09

Length of river with disturbed natural flows
(AU: m); (RU: m/kWh) 752,279 9.41 × 10−5 345,230 5.52 × 10−4

Connectivity

Number of dams or obstacles
(AU: units); (RU: units/kWh) 17 1.95 × 10−9 139 1.94 × 10−7

Percent of scalable dams 0 - 51 -

Habitat loss Reservoir surface area (AU: ha); (RU: ha/kWh) 28,476 3.56 × 10−6 10,980 1.78 × 10−5

The results for the flow regime component suggest that the total amount of water flowed
through turbines for energy production annually is four times higher for LHP than for SHP.
Furthermore, in relative terms, water withdrawals per kWh produced by SHP are three times higher,
indicating that lower volumes of water are less efficient in terms of energy production.

In terms of water consumption and river length, the cumulative evaporation from dams associated
with LHP exceeds that of dams associated to SHP by a threefold difference. It should be noted, though,
that most of the evaporation from SHP comes from dams associated with RHP plants, which have on
average wider surfaces. In terms of relative consumption, SHP shows in turn higher water consumption
per kWh produced, with a difference of 0.07 m3/kWh. This difference arises from the presence of
power plants with relatively low capacities associated with relatively large reservoirs. The length of
river affected is twice as large for LHP than for SHP, but, once more, the relative impact per kWh is
greater for SHP.

Analysis of connectivity shows that the number of dams or obstacles to river flow associated
with each type of hydropower development is by far higher for SHP, which accounts for 139 dams
compared to 17 dams associated with LHP. In relative terms, SHP also has a larger number of dams
per kWh produced, outnumbering LHP by two orders of magnitude.

In terms of scalability of obstacles, SHP accounts for 51% of partially scalable dams due to
the installation of effective fish passes, whereas all the dams associated with LHP are completely
unscalable. However, despite these fish passes, the higher total number of SHPs means that the number
of unscalable obstacles is still four times higher than for LHP. Therefore, it can be concluded that SHP
has considerably greater impacts on river and ecosystems connectivity than LHP in the Duero Basin.

Finally, for habitat loss, the cumulative surface of land occupied by the reservoirs is higher for
LHP than for SHP, with almost a threefold difference. In turn, SHP shows higher relative impacts,
with a surface occupation per kWh outweighing that of LHP by an order of magnitude.

Overall, the results suggest that LHP has considerably higher absolute impacts on flow regime and
habitat loss, whereas SHP has higher impacts per unit of output in all environmental impact indicators.
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4. Discussion

The results of this study suggest that, in overall terms, LHP contributes more to energy and water
security in the basin than SHP, with performing better in 10 of the 12 indicators assessed. In absolute
terms, LHP generates higher cumulative impacts on flow regime and habitat loss, mainly driven
by its greater magnitude, whereas SHP shows higher cumulative impacts on river connectivity.
Meanwhile, in relative terms, SHP shows higher impacts per unit of energy produced in all the impact
categories, showing lower efficiency in terms of impact/energy performance ratio.

4.1. Potential to Increase Energy Security

Within the context of energy security, some potential aspects of each type of energy development
are worth highlighting.

First, diversification is important in the context of climate change. The share and physical
distribution of energy production is increasingly relevant given future predictions of climate change,
which forecast average reductions in rainfall of up to 5% in a scenario where the country experiences
a 1 ◦C temperature increase, leading to river flow reductions between 5% and 14%, and between 8%
and 13% for the Duero basin [67]. However, diversification should go hand in hand with minimization
of impacts. In the case of the Duero basin, the concentration of LHP in the downstream part of
the river makes it highly vulnerable to possible extreme events or localized attacks. SHP, in turn,
is more widespread, thus reducing the risks of a multiple collapse caused by localized events.
Nevertheless, the number of SHP power plants required for a comparable energy supply capacity is so
large that, even outnumbering LHP by seven to one, they will not supply 5% of regional energy demand.
Furthermore, they have considerable cumulative impacts on the river system, as also concluded by
several studies in different regions such as Abbasi and Abbasi (2011) [6], Bakken et al. (2012) [24],
Kibler and Tullos (2013) [8], Hennig et al. (2013) [9], Skinner and Haas (2014) [25] and Konak and
Sungu-Eryilmaz (2016) [12]. In particular, the extensive development of up to 22 cascading SHP plants
that can be found in the Pisuerga tributary (see Figure 2) does not reduce risks from climate events,
since the SHP developments do not account for flood regulation capacity. In turn, the continuous
reduction in river flow velocity, almost transforming the lotic system into a lentic one in some stretches,
favors an increase in evaporation, and can exacerbate water stress and water quality degradation in
drought periods [68]. Meanwhile, individual LHP developments present less vulnerability to rainfall
variability due to the flexibility of the storage and regulation capacity, and the potential to function as
a flood barrier [46,48].

Second, when it comes to supply security, given the large regulation capacity already in
place, the authors think that pumping and storage technologies offer a great potential to drive
the Duero region and the whole of Spain towards a higher share of renewable and endogenous
energy. Hydropower plants with regulation capacity allow control over the timing of energy
production, providing grid stability and offsetting the intermittent production of other renewables.
Meanwhile, hydraulic pumping systems enable energy storage, avoiding the loss of surplus production
experienced during solar and wind peaks, while providing a spillway for torrential flow during
flood events. Currently, only three of the 23 LHP plants have hydraulic pumping systems installed,
but physical potential and political intentions exist to promote the necessary refurbishment to these
systems in all the Spanish basins, as reflected by the Spanish Renewable Energy Plan 2011–2020 [46].

In strategic terms, tapping the potential to couple low water footprint renewables to hydraulic
pumping systems could help foster their expansion and competitiveness in the region, while offsetting
production drawbacks [48]. Furthermore, hydraulic pumping systems could help reduce energy
costs for irrigation by the provision of completely endogenous energy at a price that, free of the
energy price volatility risks inherent to energies using imported fossil fuels, can remain stable.
Additionally, the promotion of hydraulic pumping coupled to low water footprint renewables could
contribute positively to water security by reducing the pressures on water resources from other local
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energy generators, such as thermal power and especially bioenergy [69]. This would help reduce the
water-energy trade-offs in the region that have been the subject of previous studies [70,71].

4.2. The Potential for Improvement on Water Security and Environmental Sustainability

In terms of water security, this study´s results suggest that LHP contributes more to regional water
security than SHP. However, it has been observed that the contributions do not depend upon the size or
production capacity of the plants, but rather upon the type (RoR or RHP) and the additional functions
of their associated infrastructure and management. When it comes to water storage, for instance,
a few low capacity SHP plants are located at the foot of big dams that provide a considerable water
supply. The irrigation water supply function is not performed by all large reservoirs, only by those
with multiple purposes, whereas the canals and small dams that host some SHP plants are also used
as diversion points for irrigation and even urban supply (e.g., Canal de Castilla). Meanwhile, the flood
control function has to be balanced with other interests for hydropower production, e.g., maintaining
the highest possible water level. In the Duero basin, water level is controlled by periodic release
mandates from the “Commission on Dam Water Releases”, which are adapted to seasonal and river
flow conditions. The balance between these benefits is readily obtained for projects within one country.
Nevertheless, Biba (2016) claims that in more complex cases, such as those of large transboundary
projects, conflicting interests can lead to tensions and negative trade-offs that affect water, energy and
food security [16].

When examining environmental performance, LHP shows larger cumulative impacts on flow
regime and habitat loss due to the extensive space occupied by its reservoirs, and thus the loss of water
via surface evaporation or excessive withdrawal. These problems have also been reported in other
areas with massive deployments, such as the Yunnan region [9], and challenge the assumption that
hydropower is a non-consumptive use of water. Indeed, it may only be non-consumptive in those cases
where the hydropower project has been built onto a previously existing dam, such that the main water
losses from the reservoir can be attributed to other priority users (such as urban supply and irrigation)
and hydropower only profits from the water released. Although research into methods to delimitate
and assess the differential water footprint of each user in these cases is being conducted, there is not yet
a fully consensual and validated approach [51]. Where the hydropower project includes the creation of
its own reservoir, and water is laterally diverted downstream to the turbine once the desired height
difference is achieved, or when water is piped and transferred to another basin, the source water is
subject to consumptive use.

The results obtained for river connectivity impacts are coherent with those found in other basins
worldwide. Similar results were obtained by Kibler and Tullos (2013) [8], Zhao et al. (2012) [66],
Bakken et al. (2012) [24], and Konak and Sungu-Eryilmaz (2016) [12]. The identified impacts on fish
migrations and thus their reproductive capacity are also highlighted by Xiaocheng et al. (2008) [22],
and Bracken (2013) [72]. An extensive deployment of SHP plants seriously impacts river connectivity
and intrusion into natural protected areas. Even though none of the LHP have fish passes installed
and SHP accounts for ~50% of plants with functional fish passes, the number of unscalable barriers to
fish migration posed by SHP plants still exceeds those of LHP plants by four.

Given previous reflections, two trends reported in the literature for the Duero region and the whole
of Spain may be particularly relevant. First is the fact that most recent hydropower additions in Spain
are not creating significant increases in hydropower production due to water resource limitations [73].
Second is the insignificance of the role played by many SHP developments (especially those below
1 MW capacity) compared to the total hydropower production in the Duero, as reported in the Duero
Water Plan (see Figure 3).
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Figure 3. Number of power plants and production by installed capacity range. Adapted from CHD,
2013 [74].

Large dams with high capacity hydropower plants associated with them contribute significantly
towards energy security in the Duero basin, and have the potential to provide valuable services
including water supply, extreme flood reduction and recreation. In fact, multipurpose dams are being
increasingly claimed as an important element in the move towards a green and sustainable economy [5,29].
However, these projects must be appropriately managed to maximize their potential services yet minimize
their infrastructure and environmental and social impacts. Only a few of the large dams operating in
the Duero basin—which are state-owned and operated—have a multipurpose function, while many of
them are only used for hydropower production, irrigation or water supply. Usually only those large
hydropower projects that are purely private initiatives from electricity companies have been built as
single purpose dams for hydropower generation. Reducing the number of small hydropower projects
and concentrating energy production to better tap the potential created by already existing infrastructure
could help reduce cumulative impacts along the river, while maximizing the value-benefit/impact ratio
of the projects. The importance of appropriate operation and management of hydropower projects,
especially small ones, has been also claimed by Cheng et al. (2014) as a crucial and underestimated
limitation in China [75].

Meanwhile, small capacity RoR projects could better contribute to decentralized production at
irrigation canals or distribution pipe works, where energy can be produced using existing infrastructure
without introducing additional disturbance to the river system. This potential is also highlighted by
Ansar et al. (2014) [28].

However, undertaking an ex-post optimization of the hydropower scheme could have several
feasibility constraints. First, there are considerable costs required to refurbish and transform the
hydropower system. Second, there may be legal constraints to revoking SHP concessions that were
already granted and are within their validity period, and/or the associated relocation cost. When it
comes to infrastructure deployment, reversing decisions is a complex and costly process that requires
time, investment and negotiations with stakeholders.

4.3. Reconsidering the Definition of Large and Small Hydropower

It has already been suggested by several studies that installed capacity may not be the most
appropriate standard for differentiating between large and small scale hydropower, since it is a poor
indicator of biophysical impacts [8,76,77]. That is, it fails to distinguish a boundary line between small
and large technologies or account for environmental and sustainability performance characteristics.
Thus, installed capacity provides a poor measure by which to inform decision making on future energy
technology roadmaps. Other standards have been proposed as division criteria, including height of
the head, project design, type of diversion device, or type of turbine [6,8]. The analysis in this study
suggests that the type of plant (RHP or RoR) is a more functional and significant indicator, since it
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creates two categories encompassing homogeneous technology designs that exert similar types of
impacts and usually cover similar ranges of installed capacity and energy production.

When installed capacity is used to differentiate between hydropower developments, this study
augments other previously published work by showing that a comparison of absolute impacts can
provide a general picture of the global contributions and impacts at the basin scale. However, it also
suggests the need to be cautious in using it as the only basis upon which to compare the extent
of impact and environmental suitability [6,8,24]. An energy performance based comparison of
cumulative impacts per unit of energy produced is required to attain consistent and scalable results.
Furthermore, this study has not included macro socio-economic impacts, which are often determinant.

4.4. Study Limitations

This study was limited by the need to adjust to available data. This has strongly influenced and
limited the type of indicators and impact categories selected. Some important impact aspects such as
GHG gas emissions, impacts on water quality, solid sediment flows and a broader estimation of effects
on aquatic biota could not be assessed due to lack of data and/or methodologies to evaluate their
impact, but should, if possible, be included in future evaluations. Meanwhile, a more detailed analysis
of the economic and social impacts related to the development of each type of hydropower scheme
would provide a more complete and reliable evaluation of the performance in terms of energy security.

In addition, the indicators selected for energy and water security assessments aim to provide a
big picture of the differential contributions from each type of hydropower development, and some of
them are expressed as relative values (%). For more accurate estimations, a greater variety of indicators
would be ideal, and is proposed for further research studies.

Finally, the indicators selected for the Connectivity and Disturbance of ecosystems categories provide
only theoretical analyses of potential impacts based on the number of plants and devices installed.
Due to time and resource limitations, no fieldwork estimations could be performed. The authors
recommend further research with more complex indicators and primary fieldwork measurements to
generate a more accurate assessment of impacts.

5. Conclusions

This paper has shown that the sound and apparently logic-based assumption that small
hydropower provides an alternative to tap the renewable hydropower potential—with lower and
more spatially dispersed impacts than large hydropower due to its smaller size and decentralized
location—is not so evident when massively deployed along a river system. In this case, the cumulative
effects of a whole series of small plants cascading along thousands of kilometers, hugely disrupting
the river flow and transforming the lotic system into a lentic one, may reach or even outweigh
the impacts of a few large scale projects. This was the case in some of the tributaries of the Duero
River, such as the Pisuerga River, where a cascade of 22 small hydropower projects has consistently
reduced the connectivity and the river flow speed, while dramatically increasing the cases (or risk) of
eutrophication. Cascading deployment patterns have led to similar results in other basins in Norway,
China, Colombia, India and Brazil, yet some countries such as China are continuously pushing forward
additional multi-hydropower projects. In the lower Mekong tributaries, 89 new hydropower plants are
currently planned or under construction, which will add to the 40 existing ones [16]. Impact assessment
evaluations are usually performed at the individual project level, leaving out the cumulative effects.
However, carrying out ex-ante studies of the cumulative implications of such developments to the river
system and local ecosystems from an aggregated perspective, then comparing them to the anticipated
increases in water and energy security, could be critical to preventing further natural degradation
and planning sustainable energy-water systems. Furthermore, reversing decisions when it comes
to infrastructural deployment is a complex and costly process, which highlights the importance of
upfront consideration of these aspects during the hydropower scheme planning stage.
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In the case of the Duero basin, large hydropower performs a critical role in ensuring regional water
and energy security. Furthermore, it holds an inestimable potential to lead Spain towards a low carbon,
low water footprint, and less dependent energy system. Enhanced hydraulic pumping systems coupled
to intermittent renewables could help achieve this. Currently, SHP generates higher cumulative impacts
per unit of power generated in the basin for all three impact categories considered, mainly due to
the massive number of existing plants. In absolute terms, LHP shows higher values for the impact
indicators on Disturbance of the river regime and Habitat loss, whereas SHP shows higher impacts on
Connectivity. Based on the analysis, the authors recommend the hydropower system be optimized by
tapping all possible services provided by existing reservoirs—most of which are single purpose—and
concentrating hydropower production around existing infrastructure (existing reservoirs or irrigation
or distribution canals). This would reduce impacts relative to the current extended development of
small individual projects that require their own diversion device.

Finally, an emerging lesson from the Duero and Spanish experience that could be scalable and
transferable to water planning in other basins is the importance of maximizing value while minimizing
alteration of natural conditions. When applied to basins in an early stage of hydropower development,
this concept involves strategically planning the number, capacity and location of projects to minimize
the extent and maximize the spatial dispersion of infrastructure required to achieve the desired energy
output and water storage. When it comes to basins with a high degree of hydropower deployment,
the principle suggests a re-assessment of the hydropower scheme to evaluate the aggregated impacts as
well as the potential need for, and feasibility of, optimization. In the presented case of the Duero basin,
some interventions to dismantle infrastructure that provides no essential value—mainly old unused
irrigation dams and dikes—have been put in place as a first step under the frame of the “Estrategia de
actuaciones en cauces para la mejora del estado de las masas de agua y de la conectividad fluvial
en la cuenca del Duero”. As a result of this initiative, the original status of certain river stretches
has been restored. Other actions may include tapping and maintaining all the potential services
provided by certain infrastructures such as dams, which can prevent the need (and cost) of additional
developments, thus reducing cumulative impacts and maximizing the economic and sustainability
value of the projects. Meanwhile, fair estimations of available resources and projections for their future
evolution (real available potential for hydropower production) should underpin any political decisions
about infrastructure development to prevent falling into the misconception that “the more quantity,
the higher the value and greater final output”. Instead, the conviction should be “the more quality,
the higher the value and variety of benefits”.
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