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Abstract: The pumped hydropower energy storage (PHES) assessments carried out so far have been
focused on large water bodies obtained from global or restricted-use databases, or, on the other
hand, on the application of methodologies to specific areas focusing on the detection of dams. In
addition, many assessments do not include data optimization, or include it at the end of the process
and are subject to the prior application of restrictions, often stipulated with subjective criteria. The
aim of this article is to design a universal and easily applicable methodology for the assessment
of viable PHES potential, which provides immediate and reliable results to assist in the energy
planning of a given territory. It is classified in ravine basins, including an optimization before
using the restrictions. The island of Gran Canaria is taken as the territory of application, whose
density of dams is the highest in the world and whose share of hydroelectric energy is, at present,
null; besides, no PHES studies have been carried out. The results show that the PHES potential
in Gran Canaria is 5996 MWh after applying the optimization and all technical constraints. If all
environmental constraints were rigorously applied, the island would have no possible pairing. The
results demonstrate the importance of tailoring the restrictions to each particular territory.

Keywords: dam; Gran Canaria; pumped hydropower energy storage (PHES); ravine basin; energy
storage; renewable energy sources (RES); optimization; potential assessment; environmental constraints

1. Introduction

The latest agreement adopted by the international community on climate change is the
Paris Agreement, which came into force on 4 November 2016 and establishes the objective
of keeping the global temperature of the planet below 2 °C with respect to pre-industrial
levels and to do everything necessary to try to reduce this value to 1.5 °C. This ambitious
objective implicitly implies accelerating all the procedures that help to achieve it, such as
reducing greenhouse gas emissions, increasing energy production from renewable energy
sources (RES) and improving energy efficiency. Globally, RES have experienced exponential
growth, driven by this international commitment. Installed RES capacity has grown from
almost 1227 GW to 2537 GW in the last decade alone (2010-2019) [1]. In other words,
more than double the capacity has been installed in just 10 years. Hydroelectric power, in
2019, had 1310 GW installed, equivalent to 51.6% of the total RES installed capacity in that
year [1]. However, RES impairs the management of the electricity grid, creating insecurities
in the grid, due to the variability of natural resources such as wind and solar radiation [2,3].
For this reason, energy storage systems are required for the grid feed-in of RES energy
production to enable secure management of the electricity system. There are many energy
storage technologies available today [4]; however, on a large scale, electrochemical batteries
and pumped hydro energy storage (PHES) stand out. PHES has been established as a
commercially acceptable technology for more than 120 years [5].
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Pumped hydropower energy storage (PHES) can be carried out according to the
scheme shown in Figure 1 and takes advantage of the reversible turbine mode to generate
hydroelectric power, depending on whether we have surplus production due to RES or if,
on the contrary, there is a peak in demand to be covered, respectively.
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Figure 1. Operating diagram of a reversible pumped storage power plant.

Hydropower plants with PHES are one of the most cost-effective solutions for integrat-
ing RES [6,7], at affordable prices [8] and are usually the preferred option for large-scale
global energy policies [9,10].

Some studies have evaluated the potential of PHES using geographic information
systems (GIS) focusing on the detection of existing locations or the creation of such loca-
tions [11-14], which is usually the main obstacle in the development of PHES plants [12].
These studies focus on various types of artificial or natural reservoir such as: dams, natural
watercourses, reservoirs, rivers, ravines, etc. Some focus on small PHES plants [11,13],
while others are applied to larger capacities [12,14]. At the European level, Gimeno-
Gutiérrez and Lacal-Arantegui [15] evaluated the PHES potential by classifying it into
typologies according to the topology of the terrain. Typology T1 is for existing reservoirs.
In Spain, the result was 1890 GWh considering reservoirs less than 20 km apart. In addition,
only those artificial reservoir pairings with a minimum distance of 150 m in height were
considered. Recently, the need to focus on the assessment of small-scale potential has been
identified [13] because of its lower greenhouse gas emissions [11] and its lower environ-
mental impact [12]. Lu and Wang [16] estimated the PHES potential in Tibet, considering
only reservoirs with a height difference of more than 500 m and considering a number of
constraints such as the head/distance ratio between dams and the distance to the power
grid; however, no environmental impact criteria were included. Rogeau et al. [11] esti-
mated the potential of small-PHES in France, considering the natural depressions of the
territory and estimating energy costs. As a result, it is found that small-PHES also suffer
from scale effects in terms of technology cost, as do large-PHES. However, the application
of small-PHES at the national level does not in itself solve the energy policy problems.
Soha et al. [13] add open pit mines as possible locations and restrict the sites based on the
technical complexity of the terrain, however, they stick to mid-mountain terrain. Others,
such as Ghorbani et al. [12], decided to include seawater as a possible lower reservoir, re-
ducing the environmental impact by avoiding the construction of one of the reservoirs and
avoiding the use of fresh water. Ghorbani et al. [12] focus their study on large artificially
constructed reservoirs and on rivers.

However, energy storage is booming on the global scene, with global installed capacity
expected to increase by more than 200% in the 20142050 period [17] and technologies
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are developing faster due to the momentum coming from institutions and companies [18].
PHES technology has been on the market for years [5]; however, many countries need
to assess its potential because it is necessary to design the right energy policy to serve as
a basis for the implementation of future PHES projects, as it still plays a key role in the
energy landscape [17].

As a summary of the background information analyzed, a knowledge gap is detected
in the optimization of the results; some studies do not consider it while others do it at
the end of the methodology, in such a way that this optimization is subject to the selected
restrictions, with the corresponding degree of subjectivity that this implies. The effects of
applying the optimization before applying the set of constraints are not known. On the
other hand, a choice of constraints adjusted to the particular territory is not addressed.
More detailed field work is needed for this task. In addition, the calculation of the potential
does not provide accurate data as it does not consider the head losses in the pipelines of the
PHES plants. It is not known what influence head losses have in methodologies similar to
the one proposed here. Nor do we see studies that approach the evaluation of potential from
a more detailed and useful point of view, structuring the methodology in gully basins. This
approach could provide a more enriching vision for decision making in energy planning. In
addition, existing potential assessment studies require time-consuming mathematical and
graphical developments, making it difficult to replicate these methodologies. It is necessary
to know if a methodology can provide accurate results with a simpler application.

This study aims to propose a new methodology whose contributions will help to
overcome the shortcomings described in the previous paragraph. The methodology is
therefore easy to replicate elsewhere, as it does not require time-consuming mathematical
and graphical processes. It is applicable to existing dams of any scale and the restrictions it
contains are selected according to each territory; therefore, it is modular. Moreover, these
constraints are applied after the optimization, so that if we modify the constraints, the
optimization is not invalidated. The optimization ensures that a dam cannot belong to
two different pairings. The fact that we focus only on existing dams increases the speed
of decision making on the implementation of projects by the social agents, since the first
projects to be implemented should be those in which there is no new construction of dams,
due to the high cost involved [8]. The purpose of this methodology is to demonstrate
the importance of the choice of constraints and to check the influence they have on the
final result, taking into account that they are applied after optimization and depending
on the territory considered. The most relevant constraints in the territory of application
are selected. On the other hand, we have considered the application of technical and
environmental constraints, without going into the calculation of costs. Regarding the
calculation of the energy potential, we have estimated the load losses in the pipelines for
greater precision in the calculation. Another noteworthy contribution is the classification
of dams according to their belonging to the ravine basins existing in the territory and the
results are also expressed according to this scheme. Geographic Information Systems (GIS)
data are used for the location of the existing dams and the application of the different
types of restriction. Finally, the results of the estimated potential on the island of Gran
Canaria, Spain, the place chosen for the application of the methodology, where the total
potential at the island level has not been studied considering small-PHES and large-PHES,
are presented. This evaluation of potential can be used as a database of the best sites for
power plants.

Case Study: Gran Canaria Island, Spain

The European Union, in the Framework for Action on Energy and Climate, established
for the year 2030 that member countries, collectively, should strive to achieve a 32% share
of energy from renewables in the European energy mix. This figure includes hydropower
as RES. By the end of 2019, the Kingdom of Spain had a 37.5% share of electricity generation
from renewables [19]. Of the total RES production, hydropower accounts for only 25.3%.
Moreover, not all regions of the country are progressing at the same pace. In the Canary



Energies 2021, 14, 3553

4 of 27

Islands region (see Figure 2), the share of renewables in terms of energy production in the
total energy generation mix of the region was 15.9% [20]. Of the total energy production
due to RES, the contribution of hydroelectric energy on the island of Gran Canaria is zero.
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Figure 2. Map of study area.

The European Union also requires Member States to develop energy storage facilities.
The Spanish government approved an Energy Storage Strategy [21] in early 2021 to acceler-
ate the decarbonization of the Spanish energy system. The strategy aims to have a storage
capacity of 20 GW, which already includes the 8.3 GW currently in place [21].

The island of Gran Canaria (see Figure 2) has been selected because it is one of the
territories in the world with the highest density of dams per unit of surface area [22].
Furthermore, it is surprising that there is only one hydroelectric power plant planned
for implementation, the Chira-Soria hydroelectric power plant, whose project is still in
the public information phase [23] and that no scientific studies of the island’s storage
potential have yet been carried out. There is no large-scale storage on the island [20]. The
future Chira-Soria plant will not be sufficient to cover the year-on-year growth rate of
RES penetration [20], which is expected to persist over the next 10 years. The island had
205 MW of RES installed capacity at the end of 2019. Studies on the island have analyzed
the role of PHES on the island [24,25]; however, they do not comprehensively calculate
the potential across the island or apply it to a specific project on another island in the
region [26]. Other studies focus on describing the contribution of PHES to the island in
a specific area in the west of the island, taking the sea as the lower reservoir [27]. Finally,
Padron et al. [28] detail the contribution of PHES from an island grid connection point of
view, giving as an example only one pairing between two dams. Despite the presumably,
high potential on the island due to its number of dams already built, we hypothesize that
many of the pairings of dams that can be built are not feasible and, therefore, far from a
theoretical potential based on formulas belonging to the field of hydraulics, we propose
the development of a methodology for the calculation of the useful, viable and realizable
potential that can be exploited on the island.
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2. Methods

The aim of the methodology is to provide information on the viable storage potential
in a given region in an optimized manner and it is also intended to serve as a support for
choosing the best locations based on a series of technical and environmental criteria. Given
the considerable density of large dams per unit area on the island of Gran Canaria, we
have taken it as the region for the application of the methodology. Only one typology is
considered for this study, which is to analyse the potential of existing large dams [29] and
this methodology does not contemplate the creation of new dams.

Viable potential is understood as that which indicates a value that can be used for
decision making in the implementation of the individual projects of each connection. This
is why this study is intended to be of practical use. The flow diagram shown in Figure 3, is
constructed as a series of acceptability criteria and technical and environmental parameters
are applied as restrictions or filters in the different steps of the process, always with the
objective of maximizing the production of stored energy and minimising the environmental
impact. This methodology contains an optimization process that allows us to decide which
hydroelectric power plant projects should be given priority for implementation.

1

Detection of
existing dams &
creation of
connections

Calculation of

the theoretical
potential &

application of -Maximum Distance
acceptability between dams
constraints -Minimum head

Optimization | |connection per dam

Maximum 1

E -Other technical

Application of constraints
constraints -Environmental
constraints

Calculation of
viable potential

T

Figure 3. Methodological flow chart.

The proposed methodology consists of obtaining, from the data of existing dams and
the possible connections between them, a calculation of the useful and viable potential for
energy storage, in such a way that it constitutes a solid basis for the implementation of



Energies 2021, 14, 3553

6 of 27

the various PHES power plant projects that can be concluded at the end of this study. The
methodology is structured as follows:

1.  Detection of dams and creation of connections (See Section 2.2):

(@)  Detection of existing dams and their georeferencing on the map. Processing
of previous data on dams to calculate their potential. Classification of the
territory into ravine basins and interbasins.

(b)  Creation of a large dataset with all possible connections or pairings (combinations).

2. Calculation of theoretical potential and application of acceptability constraints
(See Section 2.3):

(@) Calculation of the theoretical energy storage potential, without applying
any constraints.

(b) Application of the technical acceptability constraints (maximum distance and
minimum height between dams) to the dam pairings and attainment of a new
data set.

3.  Optimization (See Section 2.4):

(@) Optimization of the connections resulting from step two: one connection per
dam, maximizing the stored energy.

4. Application of constraints (See Section 2.5):

(a) Application of the rest of the technical restrictions previously defined: maxi-
mum volume, minimum volume, minimum stored energy, maximum height
above sea level (altitude), maximum head-distance ratio and distance to the
electricity grid, etc.

(b) Application of environmental restrictions: discarding those connections with
any of its dams included in any of the environmentally protected areas (Canary
Islands Network of Protected Natural Spaces, Natura 2000 Network and
Biosphere Reserve) and attainment of the list of selected connections.

5. Calculation of the viable storage potential (See Section 2.6):
(a) Calculation of the viable storage potential of the selected connections.

This methodology is open to variations in the restrictions applied, so that a multitude
of modifications or variations in the criteria for applying restrictions can be carried out. This
gives the methodology a modular character. The proposed methodology is summarised in
the flow chart presented in Figure 3.

2.1. Main Model Assumptions

In the methodology for the calculation of the viable potential that we propose, we
consider only the existing dams (see Table 1) in a territory for the development of the
operating scheme proposed in Figure 1. On the other hand, the possibility of using the
sea as a lower reservoir is not considered [12]. In addition, Katsaprakakis et al. [30]
studied the use of the sea as a reservoir on islands with low penetration of onshore wind
power. However, the purpose of this methodology is to assess as a priority those land-
based sites that have not been exploited because their potential has not been assessed.
The assumption has been made only to use dams as reservoirs, because the dams which
have been constructed are hermetic, facilitate faster project implementation and are often
unused in energetic and hydraulic terms. In addition, the use of these dams as part of a
hydroelectric power plant would imply an adaptation and filling of those dams that are not
in operating conditions and so could be used for other complementary uses, such as the
implementation of solar photovoltaic plants on the surface [31,32] or irrigation for farmers
in the areas located below the connected dams.
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Table 1. Typology considered according to the nature of the dams in the connection.
Name Initials Description
Type 1 T1 Pairs formed by existing dams

The distance between two dams in the vertical plane has been taken as the difference
between the height of the dam bed at the higher elevation and the crest height of the dam
at the lower elevation. This gross head difference becomes a net head difference when pipe
head losses are added (Section 2.3.1). However, the net head difference has been used in
the calculation of the stored energy. For the acceptability constraint corresponding to the
head difference, the gross head difference between dams has been used. Hereafter, the
height difference between dams is referred to as the “height” between dams for reasons
of simplicity.

2.2. Detecting Dams and Creating Connections
2.2.1. Detection of Existing Dams

There are several databases containing information on the water bodies existing in
a territory. At a global level, we have the World Register of Dams, produced by the
International Commission on Large Dams (ICOLD) and the Global Reservoir and Dam
database (GRanD). In the European environment we have the European Catchments and
Rivers Network system (Ecrins). However, the lack of georeferencing of dams or the
prioritization of very large dams means that these databases are not the most suitable for
our purposes.

For smaller dams it is preferable to use databases specific to each country, normally
managed by the national geographic institutes, such as: the SNIG of Portugal, the IGN
of France and the IGN of Spain, which offer adequate databases at the national level. In
addition, if they exist, it is advisable to locate databases of a regional nature, as these
databases sometimes increase the detail and amplify the information provided by the
national system.

On the other hand, the terrain to be studied is divided into ravine basins and inter-
basins, each with its own group of dams, in order to present the results obtained with a
greater degree of detail and specification. Connections can be established between dams
corresponding to different basins or to different interbasins. In addition, connections can
also be generated between a dam belonging to a basin and a dam belonging to an interbasin.
This is why we will use this classification as an alternative way of presenting the results, in
case the potential is to be zoned in this way and to facilitate priority areas for action.

2.2.2. Creation of a database of Possible Connections

Using the data described in Section 2.2.1 and after having processed it to obtain
information that does not appear in the software, we create a database with all possible
combinations. No constraints or optimization are considered in this step. The dams are
joined in pairs, so that one dam can be paired with several other dams. In the new dataset
we will have the raw list with all possible connections.

2.3. Calculation of Theoretical Potential and Application of Acceptability Constraints
2.3.1. Calculation of Potential before Constraints

Starting from the final dataset obtained in Section 2.2.2 and before applying any
acceptability adjustments, we will calculate the theoretical energy storage potential of the
final dataset.

The assessment of the energy storage potential of a connection between two dams will
depend on the potential hydraulic energy available in the limiting reservoir, i.e., that with
the lowest volumetric capacity, this being estimated as follows:

E=pgHVy 1
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where:

E = connection energy (Joules).

p = water density (Kg/m?).

¢ = acceleration of gravity (m/s?).

H = net height difference (m), after calculation of head losses.

V = volume of water to be transferred, calculated as the smaller volume of the two dams
involved (m?3)

1 = pumped storage plant efficiency, assumed to be 0.87.

On the other hand, the net head difference is obtained from the gross head difference
and the addition of head losses. The inclusion of head losses has been dealt with in
other studies dedicated exclusively to this purpose, such as the mathematical model
proposed by Mousavi et al. [33]. In the present study, it is only intended to have an
estimation of these losses in order to make the calculation more precise, but it is not the
main purpose to develop mathematical models for this purpose. For this reason, for the
calculation of the head losses, if (m) detailed in Equations (2) and (3) we will use the
Darcy-Weisbach formula [34]:

A-L-v?
A-v?

Being the total pipe length L (m), the mean fluid velocity v (m/s), the dimensionless
Darcy-Weisbach coefficient of friction A, the gravitational field strength g (m2 /s) and the
internal diameter of the pipe d (m). Resetting Equation (2) we have AH¢ (m/m), which
represents the continuous pressure losses per unit length of pipe.

Finally, in Equation (4) we use the expression of the electrical power P (W) as a
function of electrical energy E (J) and time ¢ (s), which is necessary in the calculation of
the installed storage power:

p :? 4)

The dam with the lowest volumetric capacity has been taken as the limiting dam in
the energy calculation, regardless of whether this dam is the one at the lower or higher
altitude of the two that make up the pairing. This avoids discarding connections for the
sole reason that the dam with the higher capacity is at a higher altitude.

What is described in this section will also be used in all potential calculations that the
methodology includes throughout the flowchart (Figure 3).

2.3.2. Technical Acceptability Restrictions

The dataset obtained in Section 2.2.2 includes a multitude of connections that cannot
be realised due to their high improbability of execution. In order to restrict this list and
work on a real basis, a series of acceptability restrictions must be applied. In this study,
the maximum distance between dams and the minimum height between dams are used
as adjustments to the methodology for greater speed of calculation and manoeuvrability.
The values chosen as limiting values are shown in Table 2; those values that exceed these
limits are not considered viable or executable. On the other hand, care has been taken not
to choose excessively restrictive values, as this would lead to a low number of connections
to be treated in the methodology, which would imply an impoverishment of the study.

Table 2. Restrictions for technical parameters of acceptability of connection between dams.

Parameter Type of Parameter Limit Default Value

Head between dams Technical acceptability Minimum 30 m
Distance between dams Technical acceptability Maximum 5000 m
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In areas with steep and rugged terrain, for example, it is not possible to establish
connections between dams over long distances, due to the high costs involved [8]. For this
reason, a maximum distance value must be established that allows us to move within a
realistic framework for the calculation of the energy storage potential. This value has been
set as 5000 m, which has been overdimensioned to include a greater number of pairs of
dams to be analyzed by applying restrictions. On the other hand, the height difference is a
major factor in the calculation of the hydraulic potential energy, as it depends, among other
factors, on the height difference, as shown in Equation (1). Too small a head difference will
considerably reduce the energy yield of the hydroelectric power plant at the connection. In
this section, only the gross head difference between dams is considered, without taking into
account head losses (see Section 2.1). The net head difference is only used in the calculation
of the potential of Equation (1).

After applying these restrictions, the dataset changes, although it still considers
pairings of one dam with several other dams. The optimization of this process will be
considered in the next section.

2.4. Optimization
One Connection Per Dam, Maximizing Stored Energy

This methodology can be modulated, i.e., the potential can be calculated in any of its
steps. This allows you to stop at one or another of these steps as needed, or to reverse the
order of a group of factors or all of them. This is why the optimization is applied after the
acceptability conditions, mainly because after optimizing the process, the variations on
how to apply the rest of the technical and environmental constraints multiply exponentially.
The rest of the methodology is based on the restrictions that we have considered most
important in the environment of the territory of application, in this case the island of Gran
Canaria, since, as already described, the variants of this methodology would entail a much
more extensive study which has not been planned for this article.

Among the selected connection pairings, it may happen that some dams are in more
than one pairing. Although there is the possibility of connecting one dam to two or
more dams, this situation is not intended to be the subject of this study. We consider
that the power plant operation scheme described in Figure 1 can involve only two dams.
That is why in this step we decided to use an optimization of the dataset as described in
Equations (5)-(7). However, in order to choose the optimal connection for each dam we
need to do it according to an optimization criterion, in this case, that criterion will be the
stored energy of the connection. For this, we optimize in such a way that we consider the
problem to be a multidimensional knapsack problem [11]. For the optimization, we have
taken into account what has been described by Akgay et al. [35], detailed below:

maxZ = 27:1 ¢jX; 5)
subjectz;l:l ajxj <1, Vie[1,m] (6)
x;€{0,1}, Vje[ln] 7)

where j is the number of the connection and i is the number of the dam; x; is the number
that decides the possibility of making the connection and e; is the stored energy to be
maximizedIn this equation, ajj is the matrix of dams and connections, that describes
whether connection j concerns dam i.

2.5. Application of Restrictions
2.5.1. Application of the Remaining Technical Restrictions

It has been decided to establish a number of technical constraints, in addition to those
used for the acceptability of the results described in Section 2.3.2. These restrictions may
be seen in Table 3. The volumetric capacity of the dams directly influences the calculation
of the energy of the pair of dams, as can be seen in Equation (1). As for the maximum
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volume, no limit is set, as the results for the largest dams existing in a given territory are of
special interest.

Table 3. Restrictions for the rest of the technical parameters of the connection between dams.

Parameter Limit Default Value
Volume Minimum 0m3
Volume Maximum -

Grid distance Maximum 12,000 m
Altitude Maximum 2000 m
Energy Minimum 1000 kWh
Head /Distance ratio Minimum 0.1

On the other hand, the parameter of the maximum altitude of the connection is
included, which limits those locations that involve high costs, such as that related to the
distance to the electricity grid [36]. In addition, the head/distance ratio parameter considers
the relationship between two parameters that are already applied independently of each
other. The stored energy parameter is also included, to ensure connections whose possible
implementation in the form of a hydroelectric power plant is of considerable significance,
although this limit has been set so that not too many pairings are left out of the analysis.

2.5.2. Distance to the Electricity Grid

Finally, Table 3 shows a vitally important parameter, the distance to the electricity
grid. The generation plants distribute the energy through electrical substations throughout
the territory to the points of consumption. This restriction considers the distance of the
pairs of dams analyzed to the nearest electricity substation. This is intended to reduce the
construction costs of the power plant and avoids long distances of electrical cabling [37],
reducing the environmental impact. This factor could have a decisive influence on the
viability of whether or not to implement a given hydroelectric power plant project. Building
a new substation and a new line has a very high cost, so the smaller the distance between
the power plant and the nearest electrical substation, the lower the cost of connection to
the grid. To apply this parameter, the existing substations and the substations to be built in
the short term have been considered.

2.5.3. Environmental Constraints

The inclusion or non-inclusion in some type of environmentally protected area by
some environmental management instrument, whether regional, national or international,
is used as a restriction. In the case of this methodology, the following have been highlighted:
the Natura 2000 Network, both the Special Area of Conservation (SAC) and the Special
Protection Area for Birds (SPAB); the Network of Protected Natural Spaces, which includes
categories such as National Parks; Natural Parks; Rural Parks; Special and Integral Nature
Reserves; Natural Monuments; Protected Landscapes; and Sites of Scientific Interest; and
the Network of Biosphere Reserve Spaces. These restrictions are shown in Table 4. If any
of the two dams making up a pairing were to be located in any of the areas described in
Table 4, then that pairing would automatically be excluded.

Table 4. Restrictions for the different environmental parameters of connection between dams.

Restriction Criterion
SAC zone (Natura 2000 Network) Non-inclusion
SPAB zone (Natura 2000 Network) Non-inclusion
Protected Natural Spaces Non-inclusion

Biosphere Reserve Non-inclusion
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However, current regional and national environmental legislation establishes a proce-
dure for evaluating each connection individually in the event that it is to be implemented
and an environmental impact study must be carried out for this purpose. This study
could be considered favourable for the execution of the project by the administrations if
the execution of the hydroelectric plant corresponding to a connection is considered to
be of little or no significance. It should be borne in mind that all the dams under study
have already been built and that, therefore, the impact on these protected areas is reduced
to the minimum possible, as the construction of the dams is the main factor of negative
environmental impact that the creation of a hydroelectric power plant by PHES can have,
in addition to the time involved in the construction of the dams [38].

2.6. Calculation of Viable Storage Potential

The calculation procedure described in Section 2.3.1 is applied again, but the result in
this case is a feasible and realizable energy storage potential, valid to take as a reference for
any action. The results that originated are those that were analyzed and compared with all
the results taken throughout the process. They are also classified according to the basins or
interbasins to which the dams that make up the pairings belong.

3. Application to the Case of Gran Canaria

This section presents the results obtained from the application of the method described
in Section 2 to the island of Gran Canaria. This island belongs to the province of Las Palmas,
in the region of the Canary Islands, Spain. Gran Canaria is located in the southwest of the
Iberian Peninsula, at 28° North latitude and 15°35’ West longitude. Its total surface area
is 1560 km?. Its maximum altitude is 1956 metres above sea level. It consists of a rugged
volcanic landscape with an average height of 150 metres. Of the 114 “large dams” existing
in the eight Canary Islands, Gran Canaria has 69, more than 60% of the total. In relation
to its surface area, it is considered the area with the highest concentration of dams on the
planet. The island has 172 dams, which are divided by the local authorities into 69 “large
dams” and 103 “small dams”, according to the local nomenclature used by the island’s
government, the Cabildo de Gran Canaria [22]. The “large dams” are hydraulic works for
the retention of water in ravines with a height of more than 15 metres or with a capacity
of more than 100,000 m? [22]. For simplicity of wording, the term “large dams” will be
replaced by the term “dams”. It is not the purpose of this study to apply the proposed
methodology to what are considered “small dams” at the local level, in order to avoid
considering excessively low storage capacities. However, the methodology is designed to
be applied also to sites with small capacities.

As part of the study in this document, it has been decided to divide the surface area of
the island into zones delimited by ravine basins and interbasins, as detailed in previous
sections. Each of these includes one or more ravine channelswhich house the different
dams on the island.

Considering the difficulty of the extremely complicated terrain of the island (with
very steep orography) and the high cost of creating new dams, it has been decided to apply
the methodology to the island of Gran Canaria as it is considered the most representative
area of the T1 typology (Table 1). The data sets used and the results of the assessment of
the potential will be reported in this section.

3.1. Dataset Choice and Connection Detection

In our application of the method, we will use the Spatial Data Infrastructure of
the Canary Islands (IDE Canarias), included in the Spatial Data Infrastructure of Spain
(IDEE), belonging to the National Geographic Institute of Spain (IGN). The IDE Canarias
GRAFCAN Viewer Version 4.5.1 [39] has a maximum resolution of 10 m. This software
contains all the dams to be analyzed in this study, as well as the basins, interbasins,
watercourses and ravines that make up the island (see Figure 4). All the island’s ravines
start, in the first instance, from Pico de Las Nieves, the point on the island with the highest
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elevation above sea level and located in the geometric centre of the island. Our study
aims to offer the results broken down by basin and interbasin, so these data are of vital
importance. If we look at Figure 5, we can see the distribution of the 69 “large dams” on the
island in relation to the aforementioned breakdown. In addition, for further information
on the dams, we have used data from the Consejo Insular de Aguas de Gran Canaria (Gran
Canaria Water Board) [22], a public body belonging to the island government of Gran
Canaria. These data include surface area, volume, state of exploitation and height.
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Figure 4. Subdivision of the study area into basins, interbasins and ravines on the island of Gran Canaria.
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Basin and interbasin dividing line
:l Basin Lo ' Dam
|:] Interbasin
--------- Main ravine of the basin or interbasin 'Highest point of the island

Figure 5. Location of the 69 “large dams” on the island of Gran Canaria in relation to their basins,
interbasins and ravines according to relief. Icon of the dam made by Freepik from www.flaticon.com,
accessed on 3 March 2021.

Figure 4 shows the study area divided into the different basins and interbasins existing
on the island on a steep terrain. Each basin has the bed of a large gully of the island, which
crosses it until it reaches the sea. It is this ravine that gives the basin its name. Some basins
have more ravines in addition to the main one described above. The basins with the largest
extension correspond to the ravines of La Aldea (182 km?), Maspalomas (134 km?) and
Arguineguin (94 km?).

Figure 5 shows the distribution of the island’s “large dams” divided into the different
existing basins and interbasins, on a terrain whose relief has been highlighted in order
to give an immediate idea of the height above sea level at which these dams are located,
where the relief increases as we approach the highest point of the island.

With the IDE Canarias Viewer Version 4.5.1, we have also been able to locate the
different environmentally protected areas on the island. Although it is true that the
connections discarded because they are in these areas will be subject to an environmental
impact assessment study:
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Natura 2000 Network: European ecological network of biodiversity conservation
areas, either Special Areas of Conservation (SAC) or Special Protection Areas for
Birds (SPAB) (see Figure 6). 50% of the island’s land area belongs to one of the two
categories of this protection instrument.

Spedal Areas of Conservation (SAC)

B -watura2000 Network- (A) () pam

D Specdial Protection Area for Birds (SPAB) ‘ Hig'TESt point of
~Natura 2000 Network- (B) the istand

|:| Biosphere reserve (s}

Protected Natural Area (D) (B)

(C)

(D)

Figure 6. Distribution of “large dams” in relation to environmentally protected territories. (A) SAC (Special Area of
Conservation) territories, belonging to the Natura 2000 Network. (B) SPAB (Special Protection Area for Birds) territories,
belonging to the Natura 2000 Network. (C) Biosphere Reserve Territories. (D) Territories belonging to the Network of

Protected Natural Spaces.
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A large number of the dams analyzed in this study are located in the SAC Zone,
specifically 28.99% in relative terms. Essentially, this zone is concentrated in the southwest
and west, which coincides with the least populated area of the island. On the other hand, in
Figure 6, the SPAB Zone occupies a smaller area than the SAC Zone, being mainly centered
in the south and west of the island and the proportion of dams included in this category
is 13.04%.

However, the greater dispersion of dams in the southwest and west of the island
compared to the north and east of the island reduces the proportions described.

- Canary Islands Network of Biosphere Reserves: UNESCO project to conserve biodi-
versity in a sustainable way. The island of Gran Canaria has 46% of its territory
declared a Biosphere Reserve (see Figure 6.). This environmental protection is quite
restrictive and covers land and sea. Some 33% of the island’s dams are located in
this category.

Again, the protected territory is located in the southwest and west of the island, due to
the high environmental value in terms of the number of native species, the scarce economic
development in the area and the scarce or non-existent population. For all these reasons,
this area has been the most unaltered area by humans over time.

- Canary Islands Network of Protected Natural Spaces: It should contain the main habi-
tats and centres of diversity (see Figure 6). It includes several categories: National,
Natural and Rural Parks; Special and Integral Nature Reserves; Natural Monuments;
Protected Landscapes; and Sites of Scientific Interest. 43% of the island’s surface area
is in one of the above categories and 31.88% of the dams are located in this area. This
instrument contemplates a greater dispersion in terms of the territories it protects.

In summary, it can be deduced that the island, which is relatively small in size, has a
high level of environmental protection through any of the instruments described, in any of
their categories This makes it a decisive factor in making decisions on the choice of suitable
sites for the implementation of future pumped-storage hydroelectric power plant projects
(PHES) in the aforementioned connections.

To form the initial connections, all possible pairings between two dams were estab-
lished, so that for the 69 “large dams” on the island, a total of 2346 possible combinations
were produced.

3.2. Distance to Grid Connections

The steep volcanic terrain of the island requires that the distance to the power grid
of an inter-tie between two dams be as short as possible. This would favour the technical
implementation of the PHES project and its economic viability [16]. In addition, the
environmental impact of large extensions of high and medium voltage lines would be
very high [40].

The location of the hydroelectric power plants and electrical substations, both existing
and those to be built in the near future, is obtained with the software of the Spatial Data
Infrastructure of Gran Canaria (IDE Gran Canaria). This software, IDE Gran Canaria
Viewer Version 4.5, is complementary to the one described at the beginning of this section
and in some sectors, it expands and details the information. This software integrates the
data of the entities that own the electricity grids, which are: Red Eléctrica de Espafia (REE)
and Unelco-Endesa (Enel Group). In addition, Google Earth software has been used in this
study to georeference the power plants and substations and manually create a shapefile
(see Figure 7).
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Figure 7. Existing and future electrical substations. Existing (Enlargement 1 and Enlargement 2) and Figure 3. power
plants. Hydroelectric power plant icon by Freepik from www.flaticon.com. Figure based on Google Earth, accessed on
3 March 2021.

Figure 7 shows how the new substations attempt to remedy the deficiencies in certain
areas of the island, strategically located to close the circle of the electricity network. In the
areas with the highest density of substations, it has been decided to extend and display
them independently (see Figure 8). On the other hand, the existing substations are clustered
around the island’s main economic and tourist centres: the island’s capital, Las Palmas de
Gran Canaria and the south of the island, comprising the municipalities of San Bartolomé
de Tirajana and Mogan.
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400 m

Google Earth

Figure 8. Enlargements of various areas of Figure 7. (A) Enlargement 1: Detail of the existing “Jinamar” thermal power
plant. (B) Enlargement 2: Detail of the existing “Barranco de Tirajana” thermal power plant. (C) Enlargement 3: Detail of
the Arguineguin ravine basin and the future “Chira-Soria” hydroelectric power plant. Icon of the hydroelectric power plant
made by Freepik from www.flaticon.com. Figure based on Google Earth, accessed on 3 March 2021.

Figure 8 shows the two existing thermal power plants on the island and the nearest
existing and future substations. Located close to the coast, they represent the two epicentres
around which the electricity grids have been built over the years. However, this situation
has already changed with the development of onshore wind farms, with an installed
capacity of 159.3 MW and photovoltaic plants on the island, with a capacity of 40.6 MW [20],
among other environmentally friendly technologies, different to fuel combustion. In
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addition, in Figure 8 we can also see an enlargement of the future hydroelectric power
plant and its corresponding substation, which will be built for energy use between the
Chira-Soria dams in the heart of the Arguineguin ravine basin. This will make it possible
to develop electricity grids in the least exploited part of the island from the power lines
associated with the power plant, since many other grid supply points will be able to be
directly or indirectly incorporated into these lines.

On the other hand, no pairings have had to be ruled out in the application of the
maximum distance to the grid constraint. This is due to the high number of electricity
substations in a relatively small territory, to the dispersed and strategic distribution that has
had to be carried out by the local authorities and to the coincidence of the location of these
substations with the locations of the compatible connections obtained after having applied
the optimization (see Figure 9). However, this is valid because we assume the future
implementation of power plants and substations. Table 5 shows the frequencies of the
distances of the connections to the substations. It can be seen that most of the compatible
connections are between 1 and 5 km apart.

Constraints
2346 Cs application: 151 Cs 26 Cs
614,537 MWh Maxumun;dlstance 19,768 MWh _ 8443 MWh
Minimum head

All Compatible

Selected

connections connections Connections 1

d Other technical
constraints

5 Cs — 5 Cs : 0Cs
10 D5~ e |- 400DS S S [0S
5996 MWh 5996 MWh 0 MWh

Selected Selected Selected

Connections 2 Connections 3 Connections 4

Figure 9. Variation of the storage energy and the number of connections established (see Figure 3). CS: Connections:
Ds: Dams.

Table 5. Frequencies and percentages of the distances of all compatible connections after optimization
to the nearest electricity substation.

Distance (km) Frequency Percentage (%)
<1 6 23.08
1-3 7 26.92
3-5 7 26.92
5-7 1 3.85
>7 5 19.23

3.3. Overall Potential Results

The stored energy for the 2346 possible combinations available at the start of the
methodology was calculated as described in Equation (1), resulting in 614,737 MWh
(see Figure 9). However, this figure corresponds to an initial theoretical value, as these
combinations do not include any real criteria or constraints and have not been subject to
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optimization. This value will only serve as a reference for comparison with those obtained
in the following steps of the methodological process.

In order to achieve the calculation of a viable storage potential, we first need to
establish acceptability limits that allow us to define a framework based on technically
feasible connections. Two technical parameters have been chosen as limits: the maximum
distance and the minimum height between dams (see Table 1). Values have been chosen
that do not excessively restrict the number of connections. In particular, connections will be
formed between dams with a height between them of not less than 30 m and a maximum
distance between them of 5 km. The result is a new list of compatible connections that can
actually be realised from a technically and economically realistic perspective. Calculating
the storage energy obtained with this new dataset we obtain 19,768 MWh, produced by
151 connections formed between 67 dams (see Figure 9). This result corresponds to less
than 5% of the previous value, obtained without applying the conditions.

Once the optimization has been applied, by means of Equations (5)—(7), we obtain
a much lower result, 8443 MWh, with 26 connections and 52 dams. This result is less
than half the value we had before optimization (19,768 MWh), which means that the
optimization algorithm has worked. The optimized selection of connections, referred to
in Figure 9 as “Selected connections 17, is detailed in Table 6, which includes the basin or
interbasin to which each dam belongs, in addition to the installed storage power estimated
by Equation (4) and other results such as the values of distance between dams, height
between dams and distance to the electricity grid. From the process optimization, the
remaining technical constraints from Table 3 are applied to the resulting dataset. Again,
the figure (5996 MWh) shows a considerable decrease (28.98%), essentially due to the
technical restriction of the distance-to-height ratio. This shows the significant influence
of this parameter on the final result. This new selection of connections is referred to in
Figure 9 as “Selected Connections 2” and is shown in Table 7. The application of the
maximum grid distance constraint does not alter the results (Section 3.2). This table shows
the results before applying the environmental restrictions. We have considered these results
as indicative of the potential because, as explained in Section 2.5.3, the connections included
in these spaces must be analyzed on a case-by-case basis.
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Table 6. Stored energy and other results after optimization.
Pairing Stored - Storage (8 B0 1o Power
o Name of Dam A Name of Dam B Name of Dam A Basin Name of Dam B Basin Energy  Power
N Dams Dams Supply
(MWh)  (MW)

(m) (m) (m)

686 Chira Soria Arguineguin ravine basin Arguineguin ravine basin 481833  219.01 2531 265 726
1317 El Parralillo El Vaquero La Aldea ravine basin La Aldea-Agaete interbasin 560.98 25.49 3968 478 9101
1916 La Umbria Lezcano II Tenoya-Guiniguada interbasin Tenoya ravine basin 444.88 20.22 3770 230 3999
1231 El Mulato La Cueva de Las Nifas Mogén ravine basin Arguineguin ravine basin 392.64 17.84 2550 114 2183
328 Barranco Hondo and Cuevas Blancas Tirajana Tirajana ravine basin Tirajana ravine basin 292.98 13.31 1300 180 6465
2007 Las Hoyas Los Pérez Agaete ravine basin Agaete ravine basin 228.66 10.39 1581 70 7503
387 Barranco Hondo-Parrales Tamadaba Agaete-Galdar interbasin Agaete ravine basin 204.54 9.29 3474 721 3029
1980 Las Garzas Los Mondragones Galdar ravine basin Moya ravine basin 197.54 8.97 3243 129 713
602 Chamoriscan La Gambuesa Maspalomas ravine basin Maspalomas ravine basin 191.88 8.72 4565 48 8216
105 Arifiez La Siberia Guiniguada ravine basin Guiniguada ravine basin 177.14 8.05 3373 314 2137
164 Ayagaures Fataga Maspalomas ravine basin Maspalomas ravine basin 134.11 6.09 4752 130 8728
718 Cuevas Blancas La Lechucilla Guayadeque ravine basin Guiniguada ravine basin 119.02 5.41 2719 339 3903
949 El Callejon Los Dolores-Casablanca Azuaje-Tenoya interbasin Azuaje-Tenoya interbasin 109.45 497 2532 201 3434
1383 El Pinto I Los Jiménez-Arucas Azuaje-Tenoya interbasin Azuaje-Tenoya interbasin 100.82 4.58 1981 75 1806
212 Barranco Hondo El Calabozo Géldar-Moya interbasin Géldar-Moya interbasin 92.01 418 2415 201 499
1517 El Piquillo Satautejo Guiniguada ravine basin Guiniguada ravine basin 78.57 3.57 4938 339 3856
2058 Lezcano II Piletas Tenoya ravine basin Tenoya-Guiniguada interbasin 57.33 2.60 3648 52 3085
1715 Garianias Toronjo Guiniguada ravine basin Guiniguada ravine basin 53.86 2.44 3965 343 514
1592 El Vaquero Los Lugarejos La Aldea-Agaete interbasin Agaete ravine basin 41.07 1.86 3490 35 7890
2120 Los Betancores Los Jorges Maspalomas-Arguineguin interbasin ~ Maspalomas-Arguineguin interbasin 40.29 1.83 2632 100 2599
1071 El Conde Valerén Galdar ravine basin Galdar-Moya interbasin 36.90 1.67 2235 101 430
2332 Tamaraceite Tenoyal Tenoya-Guiniguada interbasin Tenoya ravine basin 24.95 1.13 3203 129 949
404 Cabo Verde El Conde Moya-Azuaje interbasin Galdar ravine basin 14.53 0.66 425291 111 1260
1268 El Palmito-La Marquesa El Pinto II Azuaje-Tenoya interbasin Azuaje-Tenoya interbasin 13.03 0.59 1103 33 2765
2071 Lomo de Perera Lomo Gordo Maspalomas ravine basin Maspalomas ravine basin 11.14 0.50 1481 32 2331
1073 El Cortijo El Hormiguero Azuaje-Tenoya interbasin Géldar-Moya interbasin 6.52 0.29 4064 45 4132

Table 7. Stored energy and other results after all other technical constraints have been applied.
Distan Heigh Distan
Pairing Stored  Stored bef::e:rf be:wgeetn to ;’t:wceer
N° Name of Dam A Name of Dam B Name of Dam A Basin Name of Dam B Basin Energy  Power D D Supol
MWh)  (MW) ams ams upply

(m) (m) (m)

686 Chira Soria Arguineguin ravine basin Arguineguin ravine basin 481834  219.02 2531 265 726
1317 El Parralillo El Vaquero La Aldea ravine basin La Aldea-Agaete interbasin 560.98 25.50 3968 478 9101
328 Barranco Hondo and Cuevas Blancas Tirajana Tirajana ravine basin Tirajana ravine basin 292.98 13.32 1300 180 6465
387 Barranco Hondo-Parrales Tamadaba Agaete-Galdar interbasin Agaete ravine basin 204.55 9.30 3474 721 3029
718 Cuevas Blancas La Lechucilla Guayadeque ravine basin Guiniguada ravine basin 119.02 5.41 2719 339 3903
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Number of dams

30

10

Finally, the environmental restrictions described in Table 4 results in a potential of
zero. It must be taken into account that a single dam may belong to one, several or all the
categories of protected areas. The graph in Figure 10 shows the distribution of dams on the
island in relation to each category, taking into account the condition described above.

Considering our estimated viable potential as that to which environmental restrictions
do not apply, we will increase the energy stored on the island from 0 MWh to 5996 MWh.
If we consider the immediate implementation of the PHES Chira-Soria, then the existing
potential would be 4814.34 MWh and the studied potential would add 1181.66 MWh of
storage capacity, which would be an increase of 24.54%.

23

NATURA 2000 NATURA 2000 PROTECTED BIOSPHERE
NETWORK SAC NETWORK SPAB NATURAL SPACES RESERVE

Type of environmentally protected area

Figure 10. Distribution of the island’s 69 “large dams” in environmentally protected areas.

If instead of taking 5996 MWh as viable potential and instead we take 8443 MWh,
which is the value obtained after optimizing and without having applied the technical
environmental restrictions, the storage capacity would increase. At this point, the various
local development agents would have to study which restrictions to apply to each PHES,
because it may happen that, for example, the higher technical and economic cost of not
complying with the distance-height ratio restriction may be assumed, or that, in another
case, a connection excluded in this study due to an environmental restriction may be taken
into account because it represents little or non-significant ecological impact.

It is for all the reasons described in the previous paragraph that, as described in the
methodology, the process of calculating the viable potential presented in this study is
open-ended. We therefore consider the value of 8443 MWh as the figure from which the
variations of the method begin.

Although this study does not consider the possibility of connecting one dam to two
other dams, it has been detected in the course of the study that the Cueva de Las Nifias-
Soria connection, added to the future Chira-Soria connection, would represent the second
largest storage capacity value between two dams (specifically, 4158.82 MWh of stored
energy and 189.04 MW of installed power), second only to the Chira-Soria dam connection.

Table 8 shows the distribution of the potential between the basins and interbasins
of the island after optimization. To understand the values in the table, it must be taken
into account that in each basin the stored energy of a connection has been included,
provided that in this connection, one of the two dams, or both of them, belong to this
basin. Furthermore, if the dams forming a given connection belong to different basins
(or interbasins), the storage potential will be imputed to both basins, so that the total
storage potential does not necessarily coincide with the above results without distribution
in basins and interbasins. The purpose of Table 8 is simply to show the ranking of basins
and interbasins according to maximum stored energy. The distortion of the result for the
reason described above does not alter the order of this ranking.
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The Arguineguin ravine basin has the greatest potential and therefore the order in
which projects are undertaken must begin there. The Chira-Soria hydroelectric power plant
is located in this basin, as the two dams that make it up belong to this basin. If the option of
adding the Cueva de Las Niflas dam to a power plant with three dams were also explored,
the potential in this basin would almost double.

Table 9 is analogous to Table 8, the difference being that Table 9 is made for the viable
storage potential, before applying the environmental restrictions. It may be highlighted
that the same basins or interbasins in the first positions in Table 8 are those in Table 9.

Table 8. Basin and interbasin distribution of energy storage potential after optimization.

Stored Stored Stored Stored
Name Power Name Power Name Power Name Power
(MWh) (MWh) (MWh) (MWh)
Argumegum Ravine 5011 Agaete Ravme 4743 Agaete—Ga'ldar 204.6 Telde Ravine Basin 0
Basin Basin Interbasin
La Aldea—Agaete 602 Gumlguad.a Ravine 4286 Moya Ravine Basin 1975 Gulmguada-_Telde 0
Interbasin Basin Interbasin
La Aldea Ravine Basin 561 Mogdn Ravine 3927 ~ Guayadeque Ravine 119 Tenoya-Azuaje 0
Basin Basin Interbasin
. P Tirajana-
Azuaje-Tenoya 538.7 Maspalomas 337.1 Galdar-Moya 50 Maspalomas 0
Interbasin Ravine Basin Interbasin .
Interbasin
Tirajana Ravine Maspalomas-
Tenoya Ravine Basin 527.2 jana 293 Arguineguin 40.3
Basin .
Interbasin
Tenoya—Gum}guada 5072 Galdar Ravme 249 Moya—Azga]e 145
Interbasin Basin Interbasin
Table 9. Basin and interbasin distribution of viable energy storage potential.
Stored Stored Stored Stored
Name Power Name Power Name Power Name Power
(MWh) (MWh) (MWh) (MWh)
Argumegu{n Ravine 4818.3 Gua.yadque 119 Telde Ravine Basin 0 Moya-Az1.1a]e 0
Basin Ravine Basin Interbasin
La Aldea Ravine Basin 561 Guiniguada Ravine g Tenoya Ravine Basin 0 Tenoya-Azuaje 0
Basin Interbasin
La Aldea-Agaete 561 Galdar Ravine 0 Azuaje-Tenoya 0 Tenoya-Guiniguada 0
Interbasin Basin Interbasin Interbasin
) Tirajana-
Tirajana Ravine Basin 293 Mas.palorngs 0 Galdar-MF)ya 0 Maspalomas 0
Ravine Basin Interbasin .
Interbasin
Agaete Ravine Basin 205 Mogan Ravme 0 Gumlguada—.Telde 0
Basin Interbasin
. Maspalomas-
Agaete—Ga} dar 206 Moya Ravine Basin 0 Arguineguin 0
Interbasin .
Interbasin

4. Conclusions

The objective of this study was to create a quick and efficient methodology, capable
of adapting to any territory by adjusting the restrictions to the reality of each territory,
without including exhaustive mathematical or graphic developments, in order to offer the
authorities of a given territory the possibility of taking decisions on energy planning in
a short time interval and with reliability. We have been able to evaluate the potential of
the existing dams on the island of Gran Canaria by applying optimization in the process,
considering that a dam can only be considered in one connection. The results show that
the theoretical PHES potential estimated in the T1 typology is approximately 615 GWh
(see Figure 9). However, considering the results obtained in Table 6, i.e., after applying the
optimization and before the application of the technical and environmental constraints,
the result becomes 8443 MWh, using 52 of the 69 dams. Applying the remaining technical
constraints, the result is 5996 MWh (see Table 7). If we finally apply the environmental
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restrictions, the PHES potential is non-existent. These results show that what a priori
is considered a territory with a high theoretical storage potential, after applying this
methodology, it may be considerably reduced.

We have found that the head/distance ratio has a very significant influence on the
PHES potential values. Despite the large number of possible pairings in a limited island
territory, this ratio is not fulfilled, which indicates that a large number of pairs of dams
are located at a distance much greater than the difference in usable heights between them.
On the other hand, the distance to the electricity grid is not an impediment in this case,
due to the large number of substations strategically distributed throughout the island
territory. Another finding has been the confirmation that environmental constraints are
a determining factor in energy planning for PHES power plants. This result has been
obtained because we have assumed strict environmental restrictions; if a dam is included
in a protected territory, any pairing with another dam is cancelled. However, not all
environmental management instruments are considered to be strictly restrictive. The
environmental impact of each PHES connection must be assessed; if the result is little or
no significant impact, the PHES plant could be implemented. If all the dams are built, the
environmental impact is considerably reduced [37,38]. In practice, other factors need to
be assessed when deciding on the implementation of PHES, such as the socio-economic
impact [40] that a given PHES plant may generate and the development of the areas
immediately surrounding its location. Furthermore, we propose an evaluation of each
PHES plant project independently in which all these factors are assessed. The island has
zero energy storage and urgently needs to develop a system to guarantee the high RES
penetration that is expected in the coming years [20].

On the other hand, the classification of the results into basins and interbasins presented
in Tables 8 and 9 gave us a general picture of where to focus efforts to develop the PHES.
This classification is not done in other studies, although classifications in geographical
or political regions do appear, no classification in hydrographic zones is found [13,14].
We found that the Arguineguin Ravine Basin contains the greatest potential for PHES
development, even without taking into account the possible connection between the three
largest dams in the basin and on the island [22]: the dams of the future PHES power plant
already planned called “Chira-Soria”, whose project is currently in the public information
phase and the “Cueva de Las Nifias” dam, in such a way that the Chira and Cueva de Las
Nifias dams would be the upper reservoirs and the Soria dam the lower reservoir. Figure 11
shows this possibility, taking into account that the volume of the Soria dam is sufficient for
this purpose [22].
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Figure 11. View of the potential connection between the Chira and Cueva de Las Nifias dams (upper reservoirs) and Soria

dam (lower reservoir) in the Arguineguin Ravine Basin. Figure based on Google Earth, accessed on 3 March 2021.

The results obtained indicated an increase in stored energy on the island from 0 MWh
to 5996 MWh. If we consider the immediate implementation of the PHES Chira-Soria, then
the existing potential would be 4814.34 MWh and the remaining estimated potential would
add 1181.66 MWh, which would represent an increase of 24.54%. The potential results
will not be sufficient to cover 100% of the demand for energy storage on the island in the
coming years. Therefore, the option of combining PHES technology with other energy
storage technologies should be explored [41].

Table 7 also constitutes the list of best sites to be considered from the point of view
of the restrictions applied in this methodology. It is intended that this list may serve as a
reference for the public administrations in charge of energy planning: the Government of
the Canary Islands, Cabildo de Gran Canaria (Gran Canaria Island Council) and companies
and stakeholders.

From the results obtained, it can be seen that the methodology works for analyzing
any size of dam. Furthermore, the optimization has worked by maximizing the stored
energy and ensuring that a dam cannot be part of more than one pairing. The inclusion
of head losses is a factor that further refines the calculation and is not considered in other
studies [11,12,16]. However, their removal can be considered and the results would not
vary much if an even faster estimation is sought.

The methodology is simple to apply and the results can be considered valid. A true
verification, for example, is the fact that this study foresees for the “Chira-Soria” PHES plant
an installed power of 219.02 MW in terms of installed power, while the project drafted for
the plant, with a much more profound and detailed calculation, specifies 220 MW. Thanks
to this simple application, it can be used at any level and by any social agent without
having to use, like in other works, large mathematical models and graphic processing,
using public or free databases. This favours the change in the technical and environmental
restrictions to be applied in each territory in a quick and dynamic way. It can be used to
define the energy planning strategy of any territory in short-term decision making.

We found that the choice of the territory of application determines the type of restric-
tions that will be decisive or not and that applying the same restrictions to any territory
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does not optimize the choice of sites. Adapting the restrictions to the territory of applica-
tion, with a prior objective analysis, avoids setting limits that are too subjective. Moreover,
it has been applied to a territory in which there is no total island-wide calculation of energy
storage of the PHES type envisaged in the framework of a detailed methodology.

Possible Future Ameliorations

The limitations of this study, mainly the absence of cost analysis and sensitivity
analysis, because they increase the complexity of applying the methodology, also imply
that the results may vary. If this analysis was applied, the optimization could not be
used. Although the maximum distance to the grid has been taken into account and only
already constructed dams have been considered, which represent the highest costs in
PHES plants, a detailed cost analysis with a focus on cost-effectiveness would increase the
information for decision making. The influence of each constraint has been weighed up,
but a comprehensive sensitivity analysis has not been carried out.

On the other hand, the accuracy of the energy calculation could be increased, for
example by further investigating the load losses or by carrying out a detailed study of the
choice of the PHES power plant’s output.

The proposed methodology focuses only on existing dams in natural ravines. No
other type of reservoir is considered to comply with the scheme of operation of a PHES
power plant. Furthermore, the use of the dams is not analyzed. The possibility that the
dams could be privately owned or that they could be used exclusively for other purposes,
such as agricultural irrigation or the installation of solar photovoltaic plants on them,
is not considered. The use of the sea as a lower reservoir is not envisaged, which could
multiply the possible connections. With regard to the environmental restrictions concerning
Protected Natural Spaces, the distribution of dams in each of the categories that make
up these spaces could be detailed and an environmental impact assessment could be
introduced [42].

After all that has been said, we must continue to investigate energy storage systems,
including PHES, which remains a very viable option, especially in areas where this option
is clearly underutilized. Although energy planning in this century is changing rapidly and
dynamically, we must consider the possibility of combining all possible solutions for a
given territory, analyzing the full potential and assessing each project individually.
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