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A diente de sierra se despliega la vida. La cima es sélo de algunos. Para los que se mueven por
la parte baja, para los que nunca llegan al pico, el desamparo gregario, la nausea de lo
cotidiano.

Debe ser hermoso haberse en la cumbre. ¢ Como se conseguira cobijo ahi arriba? ¢No se
temera la caida? ¢No se sentira el vértigo de la soledad cuando estas tan alto que se aligera el
propio peso?

Los del valle sin embargo son ignorantes, no saben nada de cumbres nevadas, ni de aires
frescos, no, de miradas infinitas. El valle abotarga los sentidos, retiene la prisa, borra la
diferencia o la sitda en el filo del diente: alli donde no se llega, donde se degtiella a aquellos
que pretendan subir a horcajadas y sin estilo.

El secreto de los dientes de sierra es que cortan, y que sélo se mueven bien por ellos los
que se han revestido con corazas.

El caracol vive en el valle. Y el mar. Y yo.

(Hay noches en que me suefio sobrevolando cumbres).

José Domingo de Prada. Vértigo
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ABSTRACT

This thesis develops a comprehensive methodology for the exploitation of the hydrokinetic
energy resource in coastal regions —a specific type of marine renewable energy (MRE)—,
overcoming the limitations of the currently available procedures, and whose application to a
coastal area of interest will provide the required information for an informed decision-making
process. The methodology comprises three different procedures, each of them providing a
specific index designed to analyse different stages of hydrokinetic energy farm planning, from
initial designs to full scale MRE projects, increasing in complexity and accuracy as planning
progresses: (i) Tidal Stream Exploitability index adapted to non-depth-limited areas, TSEna
index, for projects at preliminary stages; (ii) Integrated Hydrokinetic Energy index, IHE index,
for projects at early stages; and (iii) Cost-Effective Analysis (CEA) in terms of Levelized Costs
of Energy based on the IHE index, LCOE,ng, for projects at final stages. These procedures resort
to high-resolution hydrodynamic numerical modelling and advanced geospatial analysis
techniques and algorithms, being illustrated through their application to a case study in the
Shannon Estuary (W Ireland), a non-depth-limited macrotidal estuary subject to significant
fluvial discharges and renowned for its potential for hydrokinetic energy exploitation.

Keywords: marine renewable energy; hydrokinetic energy; resource characterisation;
integrated coastal zone management; cost-effective analysis.
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RESUMO

Esta tese desenvolve unha metodoloxia integral para a explotacién do recurso enerxético
hidrocinético en rexions costeiras —un tipo especifico de enerxia renovable marifia (ERM)—,
superando as limitacions dos procedementos actualmente dispofiibles, e cuxa aplicacién a unha
zona costeira de interese proporcionara a informacion necesaria para un proceso de toma de
decisions informado. A metodoloxia comprende tres procedementos diferentes, cada un dos
cales proporciona un indice especifico desefiado para analizar diferentes etapas da planificacion
de parques de enerxia hidrocinética, desde desefios iniciais ata proxectos de ERM a escala real,
aumentando en complexidade e precision a medida que avanza a planificacion: (i) Tidal Stream
Exploitability index adapted to non-depth-limited areas, indice TSEnaqi, para proxectos en fases
preliminares; (ii) Integrated Hydrokinetic Energy index, indice IHE, para proxectos en fases
iniciais; e (i) Cost-Effective Analysis (CEA) in terms of Levelized Costs of Energy based on
the IHE index, LCOExg, para proxectos en fases finais. Estes procedementos recorren a
modelaxe numérica hidrodinamica de alta resolucion e a técnicas e algoritmos avanzados de
analise xeoespacial, sendo ilustrados mediante a sGa aplicacién a un caso de estudo no
estuario do Shannon (Oeste de Irlanda), un estuario macromareal non limitado
pola profundidade sometido a importantes descargas fluviais e cofiecido polo seu potencial
para a explotacion da enerxia hidrocinética.

Palabras chave: enerxias renovables marifias; enerxia hidrocinética; caracterizacion de
recurso; xestién integrada da zona costeira; analise custo-beneficio.
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RESUMEN

Esta tesis desarrolla una metodologia integral para la explotacion del recurso energético
hidrocinético en regiones costeras —un tipo especifico de energia renovable marina (ERM)—,
superando las limitaciones de los procedimientos actualmente disponibles, y cuya aplicacion a
una zona costera de interés proporcionara la informacion necesaria para un proceso de toma de
decisiones informado. La metodologia comprende tres procedimientos diferentes, cada uno de
los cuales proporciona un indice especifico disefiado para analizar diferentes etapas de la
planificacion de parques de energia hidrocinética, desde disefios iniciales hasta proyectos de
ERM a escala real, aumentando en complejidad y precision a medida que avanza la
planificacion: (i) Tidal Stream Exploitability index adapted to non-depth-limited areas, indice
TSEna, para proyectos en fases preliminares; (ii) Integrated Hydrokinetic Energy index, indice
IHE, para proyectos en fases iniciales; y (iii) Cost-Effective Analysis (CEA) in terms of
Levelized Costs of Energy based on the IHE index, LCOE g, para proyectos en fases finales.
Estos procedimientos recurren a la modelizacion numérica hidrodindmica de alta resolucion y
a técnicas y algoritmos avanzados de analisis geoespacial, siendo ilustrados mediante su
aplicacion a un caso de estudio en el estuario del Shannon (Oeste de Irlanda), un estuario
macromareal no limitado por la profundidad sometido a importantes descargas fluviales y
conocido por su potencial para la explotacion de la energia hidrocinética.

Palabras clave: energias renovables marinas; energia hidrocinética; caracterizacion de
recurso; gestion integrada de la zona costera; analisis coste-beneficio.
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1 INTRODUCTION

1.1 MOTIVATION AND THEORETICAL FRAMEWORK OF THE THESIS

Climate change and global warming have focused the interest of 21st-century societies on two
key environmental aspects: (i) greenhouse gas emissions and (ii) air pollution. These issues
hold particular significance in coastal areas, characterized by an intense socioeconomic activity,
and consequently by a high energy consumption (Bailey & Solomon, 2004; Lonati et al., 2010).
Within this framework, the interest in carbon-free energy sources has experienced an
exponential growth, with marine renewable energies (MRES) gaining recognition as a
significant contributor to the green energy sector and holding the potential to significantly
reduce greenhouse gas emissions and thereby mitigate climate change (Ramos et al., 2021).

Among MREs, hydrokinetic energy emerges as a significant option. It represents a specific
type of hydropower, primarily resulting from the combined action of tidal currents and
barotropic flows resulting from river discharges (Fouz et al., 2019), which highlights for its
predictability (Carballo et al., 2009), high-quality electricity output (Lewis et al., 2019), and
minimal environmental impact (Brooks, 2011). Estuaries, characterized by strong tidal currents
and, in some cases, large fluvial discharges, represent promising locations for hydrokinetic
energy exploitation (Fouz et al., 2019; Iglesias, I. et al., 2021). In recent years, significant efforts
have been made for developing hydrokinetic energy converters (HECs), particularly
hydrokinetic turbines (Kamal & Saini, 2022; Khan et al., 2009), and identifying optimal areas
for their operation. Typically, site-selection procedures are conducted on the basis of the
available energy resource (e.g., Carballo et al., 2009; Fouz et al., 2019; Mejia-Olivares et al.,
2018; Ramos et al., 2014; Robins et al., 2015; Sanchez et al., 2014; Yang et al., 2021), with
only a handful of studies incorporating geomorphological parameters such as water depth (e.g.,
Iglesias, G. et al., 2012). However, as projects develop, additional considerations such as
socioeconomic and environmental factors become crucial. In this context, ensuring the
coexistence of energy exploitation with other marine activities, along with considering
site-specific installation and operational costs (Castro-Santos et al., 2018), are of a paramount
importance, particularly in estuarine areas where several locations may have potential for the
deployment of hydrokinetic farms (Vazquez & lglesias, 2016a). Given these complexities,
more comprehensive studies are required for an informed decision-making. Thus, reliable
metrics must be developed to support this process, ensuring both technical and economic
viability, even at early project stages, allowing investors to reduce the uncertainties inherent to
hydrokinetic energy projects and farm planning.

The development of accurate metrics is not straightforward and requires a comprehensive
description of all the relevant aspects associated with the installation and operation of a
hydrokinetic farm in a specific coastal area. This description must encompass not only techno-
economic considerations (e.g., technical requirements and constraints, cost structure, reliability,
maintenance, etc.) but also hydrodynamic factors. A detailed characterisation of coastal
hydrodynamics is particularly crucial, especially in estuaries subject to significant fluvial
discharges, where their influence on the variability of the available energy resource (e.g., intra-
annual variability or seasonality) and their interaction with tidal flows have not been adequately
investigated.
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Extensive research has tried to address the challenge of tidal stream farm siting in tidally
driven coastal areas, where the hydrodynamics are primarily dominated by the action of the tide
and the variability of the energy resource is virtually negligible. Although fluvial discharges
are usually present in these coastal areas, they generally play a secondary role, resulting from
their reduced importance in comparison to the tidal prism; however, they may have significant
importance in specific sites, which needs to be addressed. Moreover, these studies typically
focus on depth-limited areas (e.g., inner and middle parts of shallow estuaries) where the
geomorphology and coastal configuration, and especially the water depth, are crucial aspects in
defining the best locations for hydrokinetic energy exploitation. Nevertheless, in the case of
deep estuaries, water depth does not play the same role, and its influence on site selection
procedures has not been thoroughly analysed, usually resulting in the overestimation of energy
availability.

This thesis presents a methodology whose application to a coastal area will lead to an
informed decision-making process for the exploitation of hydrokinetic energy resource,
overcoming the aforementioned limitations of the currently available studies. The
methodology comprises three different procedures, each yielding a different metric or index
designed to analyse specific stages of hydrokinetic energy farm planning, from initial designs
to full-scale projects, increasing in complexity and accuracy as planning progresses. These
procedures, based on high-resolution hydrodynamic numerical modelling and advanced
geospatial analysis techniques and algorithms, are illustrated through their application to a case
study in the Shannon Estuary (Western Ireland), a non-depth-limited water body subject to
significant fluvial discharges and renowned for its potential for hydrokinetic energy
exploitation.

The methodology and procedures herein presented summarises the results resulting from a
series of research articles published in peer-reviewed journals, constituting the core of this
thesis. Each article represents a fundamental step towards achieving the final goal of this work:
to make available a feasible and reliable methodology that, when applied to a given coastal
region, provides the required information for appropriate decision-making regarding
hydrokinetic energy exploitation.

1.2 JUSTIFICATION OF THE UNITY AND COHERENCE OF THE THESIS

This thesis is structured in eight chapters as follows. First, the present Chapter 1 provides an
overall perspective of this work. Then, in Chapter 2, the main hypothesis along with the final
and intermediate objectives are briefly presented, the latter being defined according to the
different tasks and coherent steps required so as to fulfil the proposed final objective. Next, in
Chapter 3, the main methodological aspects of this thesis are briefly introduced in close
connection with the intermediate objective and the research article in which they are developed
and implemented. The three following chapters (Chapters 4 to 6) correspond to respective
publications in peer-reviewed journals constituting the main body of this thesis. Each of them
represents a piece of research whose integration represents a whole through which a
methodology for the decision-making process of hydrokinetic energy projects is developed. For
this purpose, each publication deals with one of the three intermediate objectives as stated in
Chapter 2.

In Chapter 4 — Tidal stream energy potential in the Shannon Estuary, a procedure is
developed to characterise the available hydrokinetic energy resource in a coastal area of interest
which, together with the analysis of geomorphological parameters, leads to the selection of
large areas of interest for MRE projects at preliminary stages, suitable of requiring further
analysis at subsequent project stages. To this end, the Tidal Stream Exploitability (TSE) index
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is adapted to the analysis of estuaries with non-depth-limited areas (TSEnal), and then used to
select the hotspots with potential for hydrokinetic energy farm sitting. For this purpose, a new
depth penalty-limiting function is defined to avoid overestimating the available energy potential
in areas with depths greater than those required for hydrokinetic energy converter operation.
The implementation of this procedure is illustrated through a case study covering the whole
Shannon Estuary (W Ireland). This chapter has been published in Renewable Energy in 2022,
journal indexed in the Journal Citation Reports with an impact factor, IF, of 8.700, and
belonging to the first quartile (Q1) of this category (Energy & Fuels) (2022).

In Chapter 5 — A holistic methodology for hydrokinetic energy site selection, a
comprehensive procedure is developed with the aim of selecting the optimum locations for
hydrokinetic energy exploitation in a coastal area of interest, by considering all the relevant
aspects which affect the decision-making process, with application to MRE projects at early
stages, thereby reducing the uncertainties of these phases. This brand-new procedure is centred
around a novel holistic index, the Integrated Hydrokinetic Energy (IHE) index, which
considers: (i) the exploitable resource, (ii) the costs of installation, and (iii) the socioeconomic
and environmental aspects. The approach is illustrated again through a case study in the
Shannon Estuary, showing the capabilities of this procedure to facilitate the planning and reduce
the uncertainties in the development of a hydrokinetic farm project. This chapter has been
published in Applied Energy in 2022, journal indexed in the Journal Citation Reports with an
IF of 11.200 and belonging to the first quartile (Q1) of this category (Energy & Fuels) (2022).

In Chapter 6 — A methodology for cost-effective analysis of hydrokinetic energy projects,
a novel approach is developed in order to select the most appropriate HEC-site combination
within a coastal area of interest, leading to its detailed analysis in MRE projects at final stages,
with the accurate computation of the cost-effective analysis parameters as the cornerstone for
final decision-making. This approach, which is illustrated again through a case study in the
Shannon Estuary, encompasses four models, namely: (i) HEC-site selection model, (ii) energy
production model, (iii) CAPEX model, and (iv) OPEX model. By avoiding simplistic
assumptions, the proposed approach improves on current procedures and enables developers to
accurately compute any cost-effective parameter of interest. In particular, operation and
maintenance costs are considered, along with economies of scale, which are typically
disregarded in existing procedures. This chapter has been published in Energy in 2023, journal
indexed in the Journal Citation Reports with an IF of 9.000 and belonging to the first quartile
(Q1) of this category (Energy & Fuels) (2023).

All in all, the original research articles composing the main body of this thesis are
profoundly connected, each of them constituting a coherent step towards the fulfilment of the
intermediate objectives of this research —which in turn lead to the achievement of the final
objective— and therefore providing coherence and unity to this thesis.

Then, in Chapter 7, an integrated analysis of the results obtained in the preceding chapters
(Chapters 4 to 6) is conducted so as to properly describe their significance within the general
context of this work, thereby ensuring the reader’s understanding of the present research as a
whole. Finally, in Chapter 8, the main contributions and findings are synthetically presented
along with the planned future research, part of which is currently under development.






2 HYPOTHESIS AND OBJECTIVES

Hydrokinetic energy exploitation in coastal areas presents a wide range of complexities,
especially when considering large fluvial discharges or non-depth-limited waterbodies, where
the currently available procedures lead to several limitations, and their application could result
in an inappropriate decision-making. On this basis, and considering the relevant background
provided in Chapter 1, the following starting hypothesis (H1 to H3) are established:

H1. Site-selection procedures are usually based on resource assessments lacking accuracy,
especially in the case of: (i) coastal areas where fluvial discharges are significant in
comparison with the tidal prism, resulting in a marked intra-annual variability;
(if) non-depth-limited coastal areas; and (iii) complex bathymetric configurations.

H2. Socioeconomic and environmental aspects have shown to be of the uttermost
importance for selecting the best sites for hydrokinetic energy exploitation, and they
should be analysed through the implementation of geospatial approaches.

H3. Techno-economic aspects related to the installation and operation of hydrokinetic
energy farms, which are closely connected with coastal hydrodynamics, should be
accurately considered.

With this in view, the final objective of thesis is to develop a comprehensive
methodology that defines specific procedures for hydrokinetic energy exploitation within
a coastal region of interest. The application of these procedures is illustrated through their
implementation to the Shannon Estuary, thereby providing the required information for proper
site-selection and operation for hydrokinetic energy exploitation throughout this waterbody.
The application of each procedure results in a corresponding index for hydrokinetic energy
site-selection, increasing in complexity and accuracy as project planning progresses, from the
preliminary definition of areas of interest for initial designs to the assessment of specific
locations for full-scale project installations. To achieve this final objective, the following
intermediate objectives (O1 to O3) are established, each corresponding to a publication in a
peer-reviewed journal (i.e., Chapters 4, 5 and 6 attain O1, O2 and O3, respectively) constituting
the main body of this work:

O1. To develop and apply to a coastal region of interest an index allowing the selection of
large areas of interest for MRE projects at preliminary stages, including non-depth
limited regions, based on: (i) the available energy resource and (ii) geomorphological
features.

Taks involved: to develop a methodology whose application in a coastal area provides
the definition of different areas suitable for hydrokinetic energy exploitation with
various levels of interest, which are selected according to their available energy resource
and geomorphology and then are fully characterised by means of high resolution
spatiotemporal analysis; to apply Geographic Information System (GIS) techniques for
easily managing the geospatial data generated (e.g., hydrodynamic numerical results
and geomorphological data); to apply the procedure to the Shannon Estuary.
Addressed in: Chapter 4 — Tidal stream energy potential in the Shannon Estuary.

02. To define and apply a comprehensive methodology, leading to the identification of the
most suitable area for hydrokinetic energy exploitation in a coastal region, designed for
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its application to MRE projects at early stages, independently of the type of energy
converter or farm layout, and therefore reducing their uncertainties, by considering: (i)
the exploitable resource, (ii) the costs of installation, and (iii) socioeconomic and
environmental aspects.
Taks involved: to conduct a thorough characterisation of the exploitable energy
resource; to develop a geospatial penalty function leading to a penalisation of those areas
where the costs of hydrokinetic energy exploitation are higher; to assess the suitability
of the coexistence of the main socioeconomic and environmental water uses with
hydrokinetic energy exploitation, leading to an additional geospatial penalty function;
the integration of previous results in order to provide a reliable indicator showing the
viability of hydrokinetic energy exploitation throughout a coastal region; to apply the
procedure to the Shannon Estuary.
Addressed in: Chapter 5 — A holistic methodology for hydrokinetic energy site
selection.

03.To define and apply a new approach to identify best HEC-site combination within a
coastal area of interest, whose application leads to its detailed analysis in MRE projects
at final stages based on accurately cost-effective analyses (CEA) (i.e., techno-economic
assessment).
Taks involved: to develop an HEC-site selection model, which employs the methods
and results made available in O2 along with spatial analysis algorithms to define
different HEC-site combinations, allowing for economies of scale; to compute the
energy production of the different HEC-site combinations previously defined; to define
a Capital Expenditures (CAPEX) model; to develop an Operation Expenditures (OPEX)
model, considering Operation and Maintenance (O&M) procedures; the integration of
previous results to provide reliable CEA parameters for the different HEC-site
combinations, leading to the selection of the best alternative; to apply the procedure to
the Shannon Estuary.
Addressed in: Chapter 6 — A methodology for cost-effective analysis of hydrokinetic
energy projects.



3 METHODOLOGY:
A GENERAL OVERVIEW

With the aim of achieving the general and intermediate objectives described in Chapter 2, a
common methodological approach is defined by developing and applying the procedures
previously introduced and described in Chapters 4, 5 and 6, each of them corresponding with a
publication in a peer reviewed journal, and specifically designed to attain each intermediate
objective (i.e., Chapters 4, 5 and 6 attain O1, O2 and O3, respectively). This section constitutes
only a brief description of the main methodological approaches developed in this thesis. The
reader is referred to Chapters 4, 5 and 6 for a detailed description of these procedures.

In Chapter 4 — Tidal stream energy potential in the Shannon Estuary, the first procedure
made available in this thesis is presented. It consists in developing and applying the TSEni
index, a revised version of the Tidal Stream Exploitability (TSE) index (Iglesias, G. et al.,
2012), adapted for its application to non-depth-limited coastal regions. Prior to the application
of this procedure to a coastal region of interest, a detailed characterisation of its hydrodynamics
is required, including: (i) a detailed characterisation of river discharges, considering the intra-
annual variability of river-induced currents resulting from the seasonality of the hydrological
regime of rivers (Alvarez et al., 2017; Fouz et al., 2019; Iglesias, G. & Carballo, 2009); (ii) the
assessment of the hydrokinetic (i.e., tidal and river in-stream) energy potential through
hydrodynamic numerical modelling, for which the case studies considered should capture the
variability of not only tidal stream energy resource, but also the variability induced by river
discharges. To this end, four seasonal scenarios are analysed by considering a baseline period
covering a complete mean spring neap tidal cycle (i.e., = 14.75 days) and seasonal riverine
discharges. The resulting information allows the understanding of the general patterns of the
magnitude and distribution of the hydrokinetic energy resource along with the influence of the
river discharges on the total available resource. Furthermore, an annual scenario considering
mean monthly river discharges is also analysed to accurately compute the total available
resource along with other parameters of interest (Alvarez et al., 2020).

Once the numerical results are made available, the TSEqq index is computed in a tidal cycle
during spring tides and mean river discharges and thermohaline conditions, based on which
large areas of interest for MRE projects at preliminary stages are selected by considering
different thresholds according to their level of interest from an energy resource standpoint: (i)
locations of interest, with TSEnq over 1, and (ii) locations of high interest, with TSEnq over 2.
Then, the areas of interest are analysed in greater detail by means of high-resolution
spatiotemporal numerical modelling by computing the time distribution of the available
resource over a complete mean spring-neap tidal cycle under mean river discharges and
thermohaline conditions. This preliminary site-selection is done by physical interpretation of
the TSEnal index thresholds as follows. A TSEna = 1 can be interpreted as the average available
tidal stream power at mid-ebb and mid-flood at a given location corresponding with a tidal
current with characteristic velocity and water depth (e.g., 1.5 ms™ at 5 m, respectively).
Although the resulting information provides a valuable information at initial stages, in the case
of areas with interest for hydrokinetic energy exploitation, the final decision regarding the
installation of a hydrokinetic energy farm should be conducted under an integrated approach,
considering not only the resource, but also Marine Spatial Planning, and in particular the



DAvVID MATEO FOUuz VARELA

environmental and socioeconomic factors (including the computation of hydrokinetic energy
farm expenditures), which will be addressed Chapter 5.

Next, in Chapter 5 — A holistic methodology for hydrokinetic energy site selection, the
second procedure made available in this thesis is presented. It consists in developing and
applying an integrated site-selection process, which is conducted by means of the definition and
application of the novel Integrated Hydrokinetic Energy (IHE) index. Based on a holistic
approach, the IHE index integrates the three main aspects affecting the installation of
hydrokinetic energy farms (Vazquez & lglesias, 2016b): (i) the exploitable resource, i.e., the
resource that can be effectively harnessed by HECs, which is computed on the basis of the
high-resolution numerical results obtained from Chapter 4; (ii) the geomorphological
configuration, for which the main Capital Expenditures (CAPEX) of a hydrokinetic farm are
parameterised according to water depth and shoreline distance; and finally, (iii) the
socioeconomic activities (aquaculture, shellfish, and shipping) and environmental uses (Special
Areas of Conservation, SACs, Special Protection Areas, SPAs) which are considered by
analysing and parameterising a large amount of geospatial data.

As a result, the physical interpretation of the IHE index is straightforward. The higher the
IHE index, the better the site for hydrokinetic energy exploitation, with values above 1
indicating suitability for hydrokinetic energy exploitation, which would correspond with a site
with IHE=1 (minimum value for suitability), and without any penalisation in terms of CAPEX
and socioeconomic or environmental aspects. The results of implementing the IHE index will
support the procedure for selecting the most appropriate locations for hydrokinetic energy
conversion in a coastal region, reducing the uncertainties in the planning of commercial projects
at their early stage. The final design of the farm configuration in subsequent stages would
require a detailed cost-effective analysis of the selected HEC-site combinations, which is
addressed in Chapter 6.

Finally, in Chapter 6 — A methodology for cost-effective analysis of hydrokinetic energy
projects, the last procedure made available in this thesis is presented. It consists in developing
and applying a novel approach for accurately computing the CEA parameters of hydrokinetic
energy projects, leading to the selection of the optimum HEC-site combination for installing a
hydrokinetic farm in a coastal area (Bahaj et al., 2008; Si et al., 2022). In the present application,
the CEA parameters are computed in terms of Levelized Costs of Energy (LCOE) based on the
results of the IHE index, leading to the computation of the LCOExe index. This approach
encompasses four aspects, namely: (i) the definition of feasible HEC-site combinations, which
is based on the spatial analysis of the IHE index and the large areas of interest selected on its
basis (Chapter 5); (ii) the assessment of the energy production of the different alternatives
defined in (i), computed by means of high-resolution numerical results (Chapter 5), which are
rearranged in order to appropriately consider the spatial variability of the energy resource and
avoid inaccurate figures of energy yield; (iii) the detailed analysis of farm’s CAPEX, including
management-engineering, manufacturing and installation costs, along with the effects of
economies of scale, which is conducted by combining a reliable breakdown of unitary costs,
representative of generic designs of HECs and parametric analyses of proposed hydrokinetic
farms, respectively; and finally, (iv) the computation of farm’s OPEX, including insurances and
fixed costs, scheduled or preventive maintenance and unscheduled or corrective maintenance,
by considering reliability HEC data, the definition of weather windows based on
high-resolution hydrodynamic numerical modelling (Chapter 5), and several O&M procedures
depending on the configuration of the farm.

As a result, the interpretation of the LCOE e index is straightforward: the lower the value
of the LCOEe index, the better the HEC-site combination for hydrokinetic energy
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exploitation. In sum, the proposed approach addresses the major difficulties and uncertainties
when computing the main aspects affecting the CEA of hydrokinetic energy farms, avoiding
simplistic and unreliable assumptions which can result in a significant overestimation of OPEX,
especially in the case of large farms, and overall improving on the current procedures.
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ABSTRACT

The tidal and river in-stream energy resource in the Shannon Estuary (W Ireland) is investigated using of
high-resolution numerical modelling and spatial analysis. Although freshwater discharges are large, their
influence on the available resource is found to be all but negligible, the tide being the main driver of
estuarine circulation. The Tidal Stream Exploitability (TSE) index is adapted to the analysis of estuaries
with non-depth-limited areas (TSEnqj), such as the Shannon Estuary, and then used to select the hotspots
with potential for a tidal stream farm. For this purpose, a new depth penalty-limiting function is defined
to avoid overestimating the available energy potential in areas with depths greater than those required
for tidal energy converter operation. Seven hotspots are identified based on the revised index. The
approach followed in this study illustrates the applicability of high-resolution numerical modelling and
spatial analysis for identifying the most appropriate areas for tidal stream energy conversion. Finally, the
potential of tidal stream energy to contribute to the much-needed decarbonisation of the energy mix in

Resource assessment Ireland is emphasized.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Climate change and global warming have drawn attention to
two environmental priorities of 21st century societies — green-
house gas emissions and air pollution [1—4]. These are paramount
priorities in coastal areas, where socioeconomic activity is intense,
resulting in high energy consumption [5—8]. This is the case of the
Shannon Estuary, the largest estuary in Ireland (Fig. 1), which
harbours six commercial maritime terminals managed by the
Shannon Foynes Port Company (SFPC): (from East to West)
Limerick Docks, Shannon Airport, Aughinish, Port of Foynes, Tarbert
and Moneypoint.

The high energy consumption in coastal areas coexists with a
vast Marine Renewable Energy (MRE) resource, which emerges as a
promising alternative for diversifying and decarbonising the energy
supply [9—15]. In particular, tidal stream energy is significant in
certain estuarine areas, mainly because it is predictable and has a
relatively low environmental impact [16—22]. Its large tidal range
(up to 5.5 m in spring tides, i.e., macrotidal) makes the Shannon
Estuary a potential source for hydrokinetic energy conversion. The

* Corresponding author.
E-mail address: rodrigo.carballo@usc.es (R. Carballo).
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tidal regime is semidiurnal, with a form factor F = 0.082 [23]. The
estuary tapers gradually from widths of ~15 km (water depths of
~40 m) at its mouth to less than 100 m (and water depths less than
5 m) in the inner estuary, including large intertidal areas [24].

The River Shannon, the longest in Ireland, the River Feale, and
others, flow into the estuary, which has a total catchment area of
16,865 km? (or one sixth of the area of Ireland). Of its total length of
~400 km, ~100 km correspond to its estuary. The large river dis-
charges may have an effect on the available resource, and as a
result, on hydrokinetic energy farm operation.

This study examines the hydrokinetic (tidal and river in-stream)
energy resources in the Shannon Estuary, with a focus on supplying
part of the electricity demand of several coastal facilities. The first
step is to accurately characterize all the tidal and river flows in the
estuary. A high-resolution shallow-water numerical model is
implemented to simulate the hydrodynamics. Then, the distribu-
tion of the hydrokinetic energy resource is analysed by considering
different case studies. An accurate river in-stream resource char-
acterization for this requires an intra-annual analysis of river-
induced currents, including the variability of the hydrological
regime of the rivers discharging into it [17,25,26].

Thus, the present study is developed by analysing different
cases capturing the variability of both the tidal and river in-
stream energy resource. First, four characteristic seasonal

0960-1481/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Location of the Shannon Estuary, with the SFPC limits and port facilities.

scenarios are analysed for a baseline period covering a complete
mean spring-neap tidal cycle and seasonal riverine discharges.
The resulting dataset provides a general picture of the magnitude
and distribution of the hydrokinetic energy resource, as well as
the extent of riverine influx contributions to the resource. Then, a
complete annual scenario is simulated for computation of the
total available hydrokinetic resource. On this basis, a new ad hoc
version of the Tidal Stream Exploitability (TSE) index [27] is
defined for non-depth-limited estuaries (TSEnqj), such as the
Shannon Estuary. This new version of the index is used to select
the areas of interest for hydrokinetic energy exploitation, which
are then examined in greater detail. The results form the basis for
a plan for hydrokinetic power supply for the Shannon Estuary
facilities.

2. Materials and methods
2.1. Model implementation

A high-resolution hydrodynamic numerical model of the
Shannon Estuary was implemented and validated with field data.
The model, Delft3D-FLOW, is a finite-difference code that approx-
imates the Navier-Stokes equations under the Shallow Water and
Boussinesq assumptions, coupled with the transport equation,
which enables the spatial distribution of the temperature, salinity,
and thereby density, to be computed. Density may not be irrelevant
in view of the large river inflows in this estuary. Delft3D-FLOW can
be implemented either as a 3D model [28,29] or in its 2DH form
(depth integrated). The 2DH form is used in this study based on
previous hydrokinetic energy analyses [17,30—33]. Under these
assumptions, the model equations can be expressed as [31,32,34]:
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where the conservation of mass and momentum in the x- and y-
directions correspond to equations (1) and (2), respectively, and the
spatial distribution of salinity and temperature (and as a result
density) is computed by equation (3). In these expressions, d and {
represent the water depth and water level, respectively; U and V are
the depth-integrated velocity components in x and y directions,
respectively; p’ and pp represent the sea water anomaly and refer-
ence density, respectively; f is the Coriolis parameter; S is the
source of mass; vy expresses the horizontal eddy viscosity; 75x and
Tpy are the shear stress at the bottom in x and y directions; 7sx and
Tsy represent the wind stress acting on the sea surface in x and y
directions, respectively; c is any constituent (here, both salinity and
temperature); Dy, stands for the horizontal eddy diffusivity; Cis the
source term of each constituent; and finally, 44 is first order decay.

The model grid in this application not only covers the whole
Shannon Estuary but also extends to the 100 m isobath, roughly
30 km offshore, to prevent spurious numerical disturbances from
affecting the area of interest. The resulting grid is composed of
69,649 cells of varying-size resolution: 100 m x 100 m resolution
within the estuary, gradually increasing up to 100 x 300 m from the
mouth of the estuary to the ocean boundary. Bathymetry data was
obtained from the INFOMAR programme (Integrated Mapping For
the Sustainable Development of Ireland's Marine Resource) [35],
and supplemented with topographic data to fully describe this
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Fig. 2. Bathymetric and topographic configuration of the Shannon Estuary and its surroundings.

estuary's extensive shallows (Fig. 2).

The initial model conditions are zero free surface elevation and
water velocity throughout the computational domain (cold start). In
addition, a one-month spin-up period [36,37] is considered to
ensure that the initial conditions do not affect the numerical results
[26]. A Dirichlet boundary condition is applied to the open
boundaries by imposing the main astronomical tidal constituents
and the thermohaline conditions based on field measurements.
Finally, null flow and free slip conditions (i.e., zero shear stress) are
imposed on closed boundaries.

2.2. Field data and model validation

The model is forced and validated with a large set of field data.
At the open boundaries the model is forced by the tide through its
major harmonics, obtained from the TOPEX/Poseidon database
[38,39], and by the thermohaline conditions of the oceanic water
mass, using wave buoy data provided by the Irish Marine Institute
(MI). As the Shannon Estuary receives large freshwater inflows,
baroclinic and barotropic forcing may be significant [40]. An ac-
curate characterization of the hydrological regime of freshwater
inputs is therefore required. Freshwater inputs are obtained from
gauging stations operated by the Irish Office of Public Works (OPW)
which enables to include the intra-annual variability in the
discharge of the most important rivers flowing into the estuary:
Shannon, Fergus, Feale, Mulkear, Killimor, Deel, Maigue, Ollatrim

and Killimor. The average monthly discharges of these freshwater
inputs are shown in Fig. 3. Their variability can be characterized
seasonally, with a rather constant contribution of the River Shan-
non to the total discharge (Table 1).

A second dataset for model validation consists of flow velocity
field measurements as recorded by Acoustic Doppler Current Pro-
filers (ADCP) deployed at two sites (Table 2) in the inner and middle
estuary over different time periods.

ADCP measurements were taken at a sampling frequency of
30 min and 10 min at stations S1 and S2, respectively, during about
one month at S1 and four days at S2. These measurements were
denoised by a low-pass filter designed ad hoc [41] and vertically
averaged for comparison with model results.

Fig. 4 shows a comparison of the magnitude of flow velocity
computed by the model to measured data from S1 and S2. Overall,
the agreement is excellent, with coefficients of determination, R?,
of 0.81 and 0.92, and root mean square errors, RMSE, of 0.211 and

Table 1
Seasonal variability of freshwater inputs to the Shannon Estuary.

Season Total river discharge (m3s~')  Contribution of River Shannon (%)
Winter 668.14 75
Spring 501.24 86
Summer 334.16 79
Autumn  390.70 68
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Fig. 3. Total monthly freshwater inputs in the Shannon estuary (blue bars) and contribution of the River Shannon (black line).
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Table 2
Location of deployment points for ADCP.
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Location ID X-Coordinate (m) WGS84 UTM 29U Y-Coordinate (m) WGS84 UTM 29U Water depth (m) low tide

Scattery Island S1 464655 5827265 14.0

River Fergus S2 500607 5836220 10.0
0.079 ms~ !, for S1 and S2, respectively, showing that the model can
accurately predict the hydrodynamics of this estuary. 0 h— A_h < hy

b 2 —
1 Ah Ah
—(h———h]), hy<h—-—=—-<hy

2.3. Spatial analysis of the TSE,q index hy —hy 2 2

The Tidal Stream Exploitability (TSE) index was designed for
tidal stream energy conversion site selection in areas with limited
water depth [27]. It may be expressed as:

TSE :

== 4
2Vgh @

(Vi +vé)n,

where Vp and hy represent the characteristic velocity and charac-
teristic water depth, respectively, which are usually set as 1.5 ms~!
(Vo) and 5 m (hp); Vrand V, are the average velocities at mid-flood
and mid-ebb, respectively; h is the water depth at mid-tide; finally,
¢ is a penalty function which depends on the water depth and
computed as:

Ah
0, h77§h1
1 Ah Ah
E: H(h*7*h]),h]<h*7<h2, (5)
Ah
1, h772h2

where 4h is the maximum tidal range in the study area; h; and hy
represent the lower and upper limits of the depth penalty range,
usually set as 2 m (h;y) and 5 m (hy), respectively. For further in-
formation on the TSE index, see Ref. [27].

As the TSE index was designed for shallow and intermediate
water depths, where the depth is a major constraint for the selec-
tion of potential tidal stream energy conversion sites [27,32,42,43],
it should be modified for its application to deep estuaries, such as
the Shannon Estuary, where depth does not have the same role. In
this work, a new version of this index adapted to non-depth-
limited estuaries, TSEnq, is proposed (Eq. (6)). To this end, the
analysis of the areas with water depths over a given threshold
depth is analysed by considering an additional resource-limiting
expression in the above penalty function, leading to the new
penalty-limiting function, &,q; (Eq. (7)). The objective of this new
function is not to overestimate the energy potential of areas with
large water depths and, more specifically, areas with depths in
excess than those required for the operation of the majority of Tidal
Energy Converters (TECs). This is done by considering a new range
in the function, given by the threshold hs, above which TSEq
values are limited to those corresponding to water depths of hs.

TSEng =

gndl (st (6)

V3)h
2V3hy + e) '
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1, hzghf%h<h3

1 Ah Ah
A (h3 + 7) -

Based on the characteristics of current available commercial
technologies, h3 = 16 m [44—46]. It is worth of mentioning that the
bounds hj, hy and hs are strongly dependent on the maturity of
energy conversion systems and could therefore be adapted to
future developments.

The TSEq) index is computed based on the information from the
numerical model and analysed through spatial analysis [47,48],
leading to the delimitation of the most suitable areas for hydroki-
netic energy exploitation. This is done by physical interpretation of
the TSE,q; index thresholds as follows. A TSE,q1 = 1 means that the
average available tidal stream power at mid-ebb and mid-flood at a
given location corresponds to a tidal current with characteristic
velocity (Vo = 1.5 ms~ 1) in a characteristic water depth (hp =5 m).
Thus, and based on [49,50], it can be established that TSEq; over 1
indicates locations of interest for tidal stream energy conversion,
and over 2 are of high interest. These thresholds are retained for
analysis in Section 4.

> h3

2.4. Case studies

The hydrokinetic energy potential of the Shannon Estuary is
assessed, and thereby identified the best areas for its conversion, by
analysing a number of case studies. First, a preliminary analysis is
made of the distribution of the available resource considering both
tide and river discharges (in addition to the thermohaline condi-
tions at the open boundaries and resulting baroclinic flows) for a
complete mean spring-neap tidal cycle (=14.75 days). Seasonal
river discharges (Fig. 3) during this period are used to define four
case studies: winter (CS1), spring (CS2), summer (CS3), autumn
(CS4). Once the general resource distribution has been analysed,
the combined effects of the interaction of both energy resources are
assessed over a long period (a complete year) (CS5) to accurately
determine the total available energy. Average monthly river dis-
charges (Fig. 3) are input to the model to this end. Even though the
above information would have been sufficient to identify the areas
with the largest energy resource, the most suitable areas for its
conversion also depend on other variables, such as the magnitude
of peak velocities or water depth. Thus, the TSEnq index is
computed for a tidal cycle during spring tides and mean river dis-
charges and thermohaline conditions (CS6). Several large areas of
interest (hotspots) are delimited based on the results. This delim-
itation is defined by establishing the TSEq; thresholds defined in
Section 2.3. Within each of these large areas, two locations are
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Fig. 4. Comparison of the flow velocity from numerical modelling and ADCP measurements at S1 and S2.

selected for high-resolution analysis, one with the highest TSEq,
and a representative location with the mean TSEq for the area.

Finally, the time distribution of the available resource is ana-
lysed at the selected locations for a complete mean spring-neap
tidal cycle under mean river discharges and thermohaline condi-
tions (CS7).

3. General resource distribution

Following the procedure described in Section 2, the results of
the general spatial distribution of the available resource obtained
from the simulations corresponding to case studies CS1-CS4 are
analysed. A preliminary key point is to investigate for the first time
the influence of the freshwater inputs on the total available
resource. Having analysed the large amount of information ob-
tained, the spatial distribution of the flow field is presented at mid-
ebb and mid-flood of a mean spring tide only for CS1 (winter) and
CS3 (summer) for the sake of clarity (Fig. 5 and Fig. 6). These are the
case studies corresponding to the seasons with the largest and least
freshwater inputs.

The maximum current speeds occur in the surroundings of
Tarbert, with values of up to 2.30 ms~' and 1.96 ms~! at mid-ebb
and mid-flood, respectively, during the winter season (Fig. 5).
Nevertheless, the greater fluvial discharges in winter are not
capable of significantly modifying the general resource distribu-
tion, as it is apparent from the comparison between Fig. 5 (winter
or CS1) and Fig. 6 (summer or CS3). The results for autumn and
spring present virtually identical flow patterns and, therefore, are
omitted.

In addition to the surroundings of Tarbert, there exist other
areas with high current velocities that could be of interest for
distributed energy generation across the estuary: the surroundings
of Kilcredaun, close to the mouth, with velocities of 1.88 ms~! and
1.45 ms~ ! at mid-ebb and mid-flood, respectively; the constriction
between Scattery Island and Carrig Island, in the middle estuary,
with similar figures (2.08 ms~! and 1.45 ms~! at mid-ebb and mid-
flood, respectively). Other areas of interest, with somewhat lower
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velocities, are the surroundings of Moneypoint (with velocities of
1.36 ms~! and 1.21 ms~! at mid-ebb and mid-flood, respectively)
and the area close to the Port of Foynes and Aughinish (1.41 ms™!
and 1.11 ms~! at mid-ebb and mid-flood, respectively). These areas
might be of interest with a view to the energetic supply of the
nearby SFPC facilities.

Based on the previous results, a clear ebb dominance [51] is
apparent, probably as a result of the complex interaction of the tide
with the bottom contours. This effect is complemented by the river
discharges in specific areas of the inner estuary — even though their
influence on the general circulation patterns is more limited than
might have been expected a priori.

In order to have a more detailed knowledge of the distribution
of the available resource, the results of CS5, a numerical simulation
of a complete year considering the intra-annual variability of the
river inputs in terms of monthly discharges, are used to accurately
compute the spatial distribution of the mean power density (Fig. 7).

The areas with the greatest values of mean power density
correspond to those with maximum velocities — the Tarbert area,
with approx. 1.84 kWm~2, followed by the channel between Scat-
tery Island and Carrig Island, and Kilcredaun area, with 1.23 and
1.05 kWm 2, respectively; and finally, the surroundings of Port of
Foynes and Aughinish, and Moneypoint with 0.46 and 0.44 kWm 2,
respectively.

4. Selection of areas based on TSE,q; index

The available energy resource in terms of power density pro-
vides valuable information for pinpointing the areas of interest for
hydrokinetic energy exploitation. Nevertheless, there exist other
factors which affect the operation of a hydrokinetic farm, such as
the available water depth. With this in view, in order to have a
clearer understanding of the exploitable resource, the spatial dis-
tribution of the TSEq index is computed as defined in Section 2
(CS6) (Fig. 8 and Fig. 9).

The results of the TSE,q; index follow a rather similar spatial
distribution pattern to that provided by the power density
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Fig. 5. Flow pattern at mid-ebb (top) and mid-flood (bottom) in CS1 (winter).
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Fig. 6. Flow pattern at mid-ebb (top) and mid-flood (bottom) in CS3 (summer).

distribution. The greatest figures occur close to Tarbert, 9.36, fol-
lowed, in the middle and outer estuary, by the surroundings of
Kilcredaun, with 5.70, the channel between Scattery Island and
Carrig Island with 5.50, and the surroundings of Moneypoint with
2.50. In the case of the inner part of the estuary, the TSE,q; values
range between minimums of 1.10 and maximums of 2.80 (in some
specific zones) over a large area, which roughly corresponds to the
central channel, attaining 2.1 close to the Port of Foynes and
Aughinish.

Having analysed the spatial distribution of the TSEq; index, it
emerges that extensive areas may be suitable for hydrokinetic en-
ergy exploitation. However, the installation of a hydrokinetic farm
requires the accurate delimitation of the areas suited for its oper-
ation. To this end, following the approach described in Section 2,

18

66

the values of the TSE,q index are analysed by applying spatial
analysis techniques. More specifically, the areas above two
thresholds of TSEnq; (TSEngr = 1 and TSEnqp = 2) are delimited
(Figs. 9 and 10).

The resulting areas are plotted in Fig. 9. A total of seven areas
(Area I to VII) are identified in the Shannon Estuary, whose main
characteristics are provided in Table 3.

The results show that all the identified areas are of interest for
hydrokinetic energy exploitation, in particular areas I, Il and IV.
However, areas I and II are far away from SFPC facilities. Nearer to
SFPC facilities, but with a somewhat lower resource, are: Area III
(close to Moneypoint), Area VI (close to the Port of Foynes) and Area
VII (near Aughinish). On this basis, Areas III, IV, VI and VII are
retained for further analysis in the following section.
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5. High-resolution spatiotemporal analysis of the selected
areas

In this section, in order to provide further information of in-
terest for the operation of a tidal energy farm within the previously
selected areas (I, IV, VI and VII), their analysis is conducted by
focusing on two representative locations which correspond to: (i)
the mean value of the TSE,g; within the delimited areas, or Liean
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and (ii) the maximum value of the TSE,q; within the delimited
areas, or Lpaxi, with the index i denoting the Area (III, IV, VI or
VII).The selected locations are pinpointed in Fig. 10.

At the selected points, the time distribution of the current ve-
locity and power density are analysed throughout a 14.75-day
mean spring-neap tidal cycle under mean river discharge (CS7)
(Fig. 11-14).

In Area IIl, mean and peak values of the current velocity of
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Fig. 10. Detailed view of the selected areas, identifying the representative points (maximum TSE,q and mean TSE,q) selected for high-resolution analysis.

Table 3
Main characteristics of hydrokinetic selected sites.

Area Surface (km?) Mean water depth (m) Mean TSE,q; Maximum TSEpq
1 6.1 23.0 2.7 5.7
1| 33 17.4 3.0 5.5
11 04 26.4 14 2.5
v 5.7 18.7 44 94
A% 1.1 30.0 2.5 3.7
VI 0.1 232 23 2.8
Vil 1.0 12.6 14 2.1

0.61 ms ' and 1.17 ms™, respectively, are attained at Lyeanm, With
somewhat larger figures at Lmaxm, 0.71 ms~! and 1.37 ms},
respectively. There exist significant differences between the x- and
y-direction velocities, with the latter presenting much weaker
values, which shows how the geographical configuration of the
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middle estuary influences its hydrodynamics, and therefore the
most likely configuration of a hydrokinetic energy farm in this area.
With respect to the power density, as expected, the differences
between locations are more apparent than in the case of the ve-
locity magnitude, with average and peak values of 0.20 kWm 2 and
0.82 kWm2, respectively at Lmean i, and 0.31 kWm2 and 1.30
kWm? at Lmax 11-

As for Area IV, mean and maximum values of flow magnitude of
1.06 ms~! and 2.04 ms~ ', respectively, are present at Lmean v, which
are again similar to those at Lmax1v, 1.14 ms ™' and 2.21 ms™ . The x-
direction flow remains stronger, but less so than in Area IIl. Both
sites provide similar figures of power density, with mean values of
1.03 kWm~2 and 1.28 kWm 2, and peak values of 4.28 kwWm~2 and
5.49 kwm™? at Lmean, v and Limax v, respectively.

In the case of Area VI, the flow field of the central channel in the
middle-inner estuary up to Aughinish does not present marked
spatial variations. This feature, together with the relatively reduced
surface of this area (with roughly 12 hm? above TSEq = 2), results
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Fig. 11. High-resolution analysis in Area IIl showing the time distribution of the current velocity components, U and V, at Leanm (above), the magnitude of current velocity at
Lmean,n and Lmaxm (intermediate), and the power density at Lyeanm and Lyaxm (bottom).

in similar figures at both representative points, Leanvi and Lmaxvi,
with mean current speeds of 0.69 and 0.71 ms~!, and peak values of
141 and 1.45 ms~!, respectively. The power density available at
both locations is therefore similar, with mean values of 0.28 and
0.32 kWm2 and maximum values of 1.41 and 1.54 kWm™? at
Lmean,vi and Lmaxvi, respectively.

Finally, in the uppermost area, Area VII, the mean magnitude of
the current velocity at both representative locations is again
similar, of 0.62 ms ™! at Lmean v and 0.64 ms™! at Ly vir. In the case
of the peak values, the differences are more apparent, with values
of 1.13 ms™ ! and 1.39 ms~, respectively. In addition, the change in
the alignment of the main axis of the estuary in this area causes the
y-axis velocity component to all but vanish. Regarding the power
density, similar average values are obtained at both locations, with
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0.20 kWm 2 at Lmeanvi and 0.24 kWm 2 at Lmaxvi, With much
larger differences however in the maximum values, 0.74 kWm 2
and 1.37 kWm 2, respectively.

For the sake of clarity, the previous results are summarized in
Table 4, in which the values of the mean and peak velocities and
power density for the period analysed at the selected locations are
provided.

6. Conclusions

This study used a high-resolution analysis to characterize the
tidal and river in-stream energy resource throughout the Shannon
Estuary to identify the most suitable areas for its conversion. The
resource is examined in a number of case studies (CS1 to CS7)
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Fig. 12. High-resolution analysis in Area IV showing the time distribution of the current velocity components, U and V, at Lyean v (above), the magnitude of current velocity at
Lmean,v and Lmax v (intermediate), and the power density at Lmean,v and Lyax v (bottom).

through state-of-the-art numerical modelling. The model is vali-
dated against field measurements.

The hydrodynamics of the estuary are characterized in cases CS1
to CS4 which found freshwater inflows to have little influence —the
Shannon Estuary is indeed tide-dominated, as a result of its large
tidal range and tidal prism. In terms of hydrokinetic energy avail-
ability, the intra-annual variability that might arise from variations
in freshwater discharges is all but negligible— a positive effect
insofar as it would ensure seasonally stable energy production
throughout the year.

The strongest current velocities are found in the Tarbert area,
with peaks of up to 2.3 ms~' during the ebb tide. Other hotspots
are: the area surrounding Kilcredaun and the strait between Scat-
tery Island and Carrig Island, with speeds of up to ~2 ms~. Other
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areas with a somewhat lower resource may be of interest given
their proximity to port facilities, such as: the areas around Mon-
eypoint and close to the Port of Foynes, and Aughinish, where
speeds are ~1.4 ms~ .

In Case Study CS5 an accurate estimation of the total available
energy is computed by simulating a complete year under real
conditions. The areas with the highest power density correspond to
the strongest flows, especially, the Tarbert area, with ~2 kWm™2,
followed by the other hotspots, with ~1.2 kWm ™2 to ~0.5 kWm 2.

Despite the importance of the resource, the selection of hotspots
for hydrokinetic energy conversion should also consider other as-
pects, such as the water depth, which may have an important role
in the Shannon Estuary, not only because of its large areas of
shallow and intermediate depths, but also deep areas. With this in
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Lmeanvi and Lmaxvi (intermediate), and the power density at Lmeanvi and Lyaxvi (bottom).

view, a new version of the Tidal Stream Exploitability (TSE) index
adapted to non-depth-limited areas, the TSEq; index, is proposed
and implemented in Case Study CS6. A new penalty-limiting
function, &g, is defined for this to avoid overestimating the avail-
able tidal stream power in areas where water depths exceed than
those required for operating most commercial TECs.

Seven suitable areas (I to VII) are delimited by considering
specific thresholds of the TSE,q index, based on its physical
meaning, and applying spatial analysis. With a view to supplying
energy to the port facilities in the estuary, the distance to these
facilities is also considered, resulting in the selection of four areas:
III, IV, VI and VII.

Finally, a high-resolution analysis of the resource in these four
areas is carried out in Case Study CS7. Two representative locations

were selected in each area, corresponding to the mean and
maximum TSE;q; in the area. The available resource is found to
differ greatly amongst areas, depending on their location within the
estuary. In all four areas, there is little spatial variations in the
resource, except for Area IV (Tarbert), where the TSEq; index varies
from 2 to 9.36 —the reason being its large surface area.
Summarizing, the most suitable areas for tidal stream energy
conversion in the Shannon Estuary were identified, and their
resource characterized. The procedure implemented in this study,
and in particular, the new TSEq; indeX, could be applied to any
other coastal region of interest, including deep-water areas. The
final decision regarding the installation of a hydrokinetic energy
farm should consider not only the resource, but also Marine Spatial
Planning, environmental and socioeconomic factors (including the
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Table 4

Mean and peak velocities and power density at the selected locations (CS7).

Locations Mean velocity (ms~') Peak velocity (ms ) Mean power density (kWm~2) Peak power density (kWm~2)
Limean,m 0.61 1.17 0.20 0.82
Limax,m 0.71 1.37 0.31 1.30
Lmean v 1.06 2.04 1.03 1.28
Limax,1v 1.14 221 4.28 5.49
Lmeanvi 0.69 0.71 0.28 0.32
Lmax,vi 141 1.45 141 1.54
Lmean,vii 0.62 0.64 0.20 0.24
Lmaxvi 1.13 1.39 0.74 137

24

72



D.M. Fouz, R. Carballo, I. Lopez et al.

computation of capital and operational expenditures), which will
be addressed in future research.
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HIGHLIGHTS

e A holistic methodology for hydrokinetic energy exploitation site selection is proposed.

e The novel Integrated Hydrokinetic Energy (IHE) index is developed.
e The IHE index is applied to the Shannon Estuary.
e The optimum areas for hydrokinetic energy exploitation are identified.
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Hydrokinetic energy can contribute to diversify and decarbonise the energy mix in many coastal regions, in
particular estuaries. These are typically areas of high environmental value and with intense socioeconomic ac-
tivity. The aim of this work is to provide a comprehensive methodology for selecting the optimum locations for
hydrokinetic energy exploitation, by considering all the relevant aspects which affect the decision-making
process, and improve the current available procedures. The methodology is centred around a novel holistic

index, the Integrated Hydrokinetic Energy (IHE) index, which considers: (i) the exploitable resource, (ii) the costs
of installation, and (iii) the socioeconomic and environmental aspects. The approach is illustrated through a case
study in the Shannon Estuary, on the west coast of Ireland. It is shown that the application of this methodology
facilitates the planning and reduces the uncertainties in the development of a hydrokinetic farm project.

1. Introduction

Marine renewable energies (MREs) have been recognised as a sig-
nificant source of green energy, with potential to contribute to reducing
greenhouse gases emissions and thus combat climate change [1-4].
Within MREs, hydropower is highlighted as a feasible alternative
renewable energy source, which may be used to diversify and decar-
bonise the energy mix in many regions [5-9]. Focusing on coastal areas,
a specific type of hydropower, hydrokinetic energy, stands out because
of its predictability, electricity quality and low environmental impact
[10-12]. In this regard, estuaries are promising areas for the exploita-
tion of hydrokinetic energy thanks to their strong tidal currents and, in
some cases, large fluvial discharges [13-15], or sea level rise [16].

Over the last years, considerable efforts have been made to develop
hydrokinetic energy converters (HECs), with emphasis on hydrokinetic
turbines [17,18], and to identify the best areas for their operation

* Corresponding author.
E-mail address: rodrigo.carballo@usc.es (R. Carballo).

https://doi.org/10.1016/j.apenergy.2022.119155

[10,14,19-25]. For all their interest, these studies were carried out from
the perspective of the energy yield, disregarding economic and envi-
ronmental aspects; therefore, more comprehensive studies are required
for an informed decision-making process in developing a hydrokinetic
farm project [26]. This is of great importance in the case of estuaries,
where different areas for installing HECs may be of interest. In effect, the
costs of installation and operation of a hydrokinetic farm, along with the
restrictions that would be imposed by the existing or potential socio-
economic activities and environmental aspects, may greatly differ
among locations within the same coastal area [27].

In this research, a novel comprehensive methodology is developed
for selecting the most suitable location for hydrokinetic energy exploi-
tation in a coastal region, irrespective of the conversion technology or
farm layout, and therefore significantly improving the current available
procedures, by considering the key aspects affecting the decision-
making process. The application of this methodology to a coastal
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region will allow the reduction of the uncertainties in the early stages of
planning the installation of a hydrokinetic farm [28]. The final design of
the farm configuration in subsequent stages would require a detailed
cost analysis [29,30].

The proposed integrated site selection is conducted by means of the
novel Integrated Hydrokinetic Energy (IHE) index. Based on a holistic
approach, the IHE index integrates the three main aspects affecting the
installation of hydrokinetic energy farms: (i) the exploitable resource,
which is computed by high-resolution numerical modelling; (ii) the
geomorphological configuration, for which the main Capital Expendi-
tures (CAPEX) of a hydrokinetic farm are parameterised according to
water depth and shoreline distance; (iii) the socioeconomic activities
(aquaculture, shellfish, and shipping) and environmental uses (Special
Areas of Conservation, SACs, Spatial Protection Areas, SPAs) which are
considered by analysing and parameterising a large amount of geo-
spatial data.

In this work, the IHE index is defined and applied to a case study: the
Shannon Estuary, on the west coast of Ireland (Fig. 1). The Shannon
Estuary is a macrotidal coastal area characterised, from a hydrodynamic
perspective, by a semidiurnal tidal regime and large riverine inputs from
several tributaries subject to a marked seasonality. A number of areas of
interest for hydrokinetic energy conversion were identified in pre-
liminary studies, in particular the Strategic Integrated Framework Plan
for the Shannon Estuary (SIFP) [31]. Likewise, in recent studies based on
the Tidal Stream Exploitability index adapted to non-depth-limited
areas, TSEq index, a number of areas were identified as of potential
interest [13]: Kilcredaun (Area I), the constriction between Scattery Is-
land and Carrig Island (Area II), the area close to Moneypoint (Area III),
Tarbert (Area IV), the surroundings of Glin (Area V), the approaches to
Port of Foynes (area VI), the area close to Aughinish (Area VII). How-
ever, a comprehensive analysis of these areas encompassing not only the
resource itself but also the socioeconomic and environmental aspects is
lacking to the best of the authors’ knowledge.

Regarding its geomorphologic configuration, the Shannon Estuary
has extensive deep (over 20 m) areas (main channel), areas of inter-
mediate water depths, and intertidal areas. The average water depth is
approximately 16 m. With much of its area sheltered from wave action
and a wide and deep main channel, the Shannon Estuary is an excellent
location for a port. Indeed, with its six commercial maritime terminals,
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the Shannon Foynes port is the second largest in Ireland, after Dublin, in
terms of commercial traffic. These activities must naturally be accoun-
ted for in developing hydrokinetic energy. More generally, a thorough
investigation of the costs, socioeconomic activity and environmental
aspects of the areas of interest is required for the definition of a plan for
developing hydrokinetic energy in the Shannon Estuary.

This paper is structured as follows. In Section 2, a general overview
of the IHE index is presented. Next, in Sections 3 to 5, the different as-
pects considered in the index are defined: the energy resource (Section
3), costs (Section 4), and socioeconomic and environmental uses (Sec-
tion 5). In Section 6, the results are presented. Finally, conclusions are
drawn in Section 7.

2. General description of the procedure

The objective of this research is to define and apply a comprehensive
methodology, leading to the identification of the most suitable area for
hydrokinetic energy exploitation in a coastal region, independently of
the type of energy converter or farm layout. To this end, the IHE index is
developed, based on a holistic procedure, while considering: (i) the
exploitable resource, (ii) the costs of installation and operation, and (iii)
the socioeconomic and environmental activities.

This procedure is carried out by considering four different steps: (i) a
thorough characterisation of the energy resource, based on high-
-resolution spatiotemporal numerical modelling, (Section 3); (ii) the
development of a geospatial penalty function while considering the
relation between the main drivers of the CAPEX and the coastal
configuration (depth and distance to coast), leading to a penalisation of
those areas where the costs of hydrokinetic energy exploitation are
higher (Section 4); (iii) an accurate geospatial analysis of socioeconomic
and environmental uses, assessing the suitability of their coexistence
with hydrokinetic energy exploitation, leading to an additional penalty
function (Section 5); and finally, (iv) the integration of previous results
(i toiii) in order to provide a reliable indicator that shows the viability of
the hydrokinetic energy exploitation throughout a coastal region (Sec-
tion 6).

Each one of the aforementioned steps is reflected in the corre-
sponding term that constitutes the IHE index, which is computed as
follows:

WGS84 UTM 29U (m)
]
7.5 15 km

a l ~~ - Aughinish
‘ .8
Port of Foynes i

IRELAND

Atlantic Ocean

—— Port facilities

490000 500000 510000 520000

Fig. 1. Location of the Shannon Estuary.

30



D.M. Fouz et al.

IHE = HEC,, U, (1)

where HE is the hydrokinetic energy resource index (step i), ac-
cording to which values equal to or higher than 1 indicate suitability for
energy exploitation; Cg is a geospatial cost penalty function (values
ranging from 1 to 0) (step ii), meaning that a location with Cg, = 1 is not
penalised by the costs that are associated to the operation and mainte-
nance of a hydrokinetic farm, and where Cg, = 0 has the largest penal-
isation (in the latter case, IHE = 0); finally, Uy, stands for the geospatial
water use penalty function (values ranging from O to 1) (step iii), having
the same interpretation as Cgp. As a result, the physical interpretation of
the THE index is straightforward. The higher the IHE index, the better the
site for hydrokinetic energy exploitation, with values above 1 indicating
suitability for hydrokinetic energy exploitation, which would corre-
spond with a site with IHE = 1 (minimum value for suitability), and
without any penalisation (Cg, = 1 and Ug, = 1).

3. Hydrokinetic energy resource (HE) index

The first step of the proposed methodology is to define an index
which accurately reflects the suitability of a given coastal area, by
considering not only its total available energy, but its exploitable
resource. To this end, the hydrokinetic energy (HE) resource index is
defined as:

E,
E,

HE =

; (2

where E, is the exploitable energy resource at a given location, i.e.,
the resource resulting from current velocity magnitudes that allow a
tidal turbine to operate (Section 3.2), and Ey is a reference level of
energy resource representing the minimum annual energy that is
required for hydrokinetic energy exploitation. In the following sub-
sections the development of HE is presented, along with its application
to the Shannon Estuary.

3.1. Numerical modelling

An accurate characterisation of the hydrokinetic energy potential in
a coastal region, requires a thorough description of its hydrodynamics
during a long period of time, ideally a complete year [19], for which
high-resolution spatiotemporal numerical modelling constitutes a
powerful tool [32]. To this end, the state-of-the-art model Delft3D-
FLOW is applied, which has been widely used to analyse the hydrody-
namics of estuarine areas [33-38]. This model approximates the
Navier-Stokes equations under the Shallow Water and Boussinesq’s
assumptions by means of a finite-difference scheme. The results are
coupled with the transport equation (in terms of water temperature and
salinity), leading to the computation of the density spatial distribution
and thus the baroclinic flows, which in turn may be of importance in
coastal areas that are subject to large river discharges, or where two
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different types of water masses meet [39,40]. The Delft3D-FLOW model
can be implemented in its 3D or 2DH form (i.e., vertically averaged). The
usual dominance of the tide in the coastal areas of interest for hydro-
kinetic energy exploitation leads to 2DH models, being those that are
most used in energy resource assessments [10,13,14,32,41]. For further
details about the Delft3D-FLOW model, the reader is referred to [42].

In the present work, a high-resolution 2DH application of the
Delft3D-FLOW model is conducted for the Shannon Estuary and the
adjacent continental shelf, up to 100 m water depth, approximately. To
this end, a varying-size numerical grid (Fig. 2) is used, covering the
whole estuary and extending over the Atlantic Ocean, approximately 30
km offshore. From the inner estuary to the mouth, the grid resolution is
set to 100 x 100 m, progressively decreasing up to 100 x 300 m, to-
wards the westernmost oceanic open boundary. The bathymetric data is
obtained from the INFOMAR programme (Integrated Mapping for the
Sustainable Development of Ireland’s Marine Resource) [43]. The nu-
merical model is validated against ADCP (Acoustic Doppler Current
Profiler) field measurements of flow velocity, gathered at two different
locations in the inner and middle estuary (Fig. 1), ADCP1 (25/06/2017
to 29/07/2017) and ADCP2 (24,/03/2006 to 28/03/2006). Fig. 3 shows
the linear regression fit of the magnitude of computed and observed
velocities at ADCP1 and ADCP2, and Table 1 provides the statistical
parameters obtained. The results show an excellent agreement between
both time series, and, therefore, the capability of the model to accurately
reproduce the hydrodynamics of this coastal area.

Once the numerical model is validated, it can be used to accurately
characterise the available energy resource. With this aim, a complete
annual scenario is computed by using the following forcing factors: main
tidal harmonics (TOPEX/Poseidon database) [44,45], average monthly
river discharges (Irish Office of Public Works, OPW), and thermohaline
conditions at open boundaries (Irish Marine Institute, MI).

3.2. Available and exploitable energy resource

The available time-dependent hydrokinetic energy resource is
computed in terms of power density, E, (t) (Wm_z), as [10]:

E() =SvoT, 3

where p (kgm’g’) is the seawater density and V (t) (ms™ 1) stands for
the time-dependent flow velocity. In Fig. 4 the spatial distribution of the
mean flow velocity, V,,, during a complete annual scenario is plotted.

However, all of the available resource cannot be harnessed. In effect,
HECs usually work within a range of velocities, defined by lower and
upper thresholds [41]: the so—called cut-in velocity, V; (ms’l), which
indicates the minimum velocity that is required for their operation, and
the cut-off velocity, V, (ms™1), or the maximum velocity at which HECs
can operate, due to safety reasons.

In view of the aforementioned aspects, the exploitable time-
dependent energy resource in terms of power density, E, (t) (Wm™?) is

Interpolated bathymetry

500 450

Depth (m)
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x coordinate (km)

Fig. 2. Numerical grid (left) and its interpolation to the bathymetric data (right).
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Fig. 3. Numerical model validation against ADCP measurements at ADCP1 (left) and ADCP2 (right) sites.

Table 1

Validation: statistical parameters.
Parameter ADCP1 ADCP2
R 0.900 0.959
NRMSE (%) 10.162 6.038
BIAS (ms ™) 0.038 —0.037
SI 0.245 0.146

defined as [41]:

0,V(r) <V
E(0) = SIVOF Vo < VOV, )

0,V(t) > Vo

and therefore the mean non-exploitable power density, Ep, (Wm™2)

can be computed as:

E.. = E,~E,

(5

where E,; and E, are the mean available and mean exploitable power
density, respectively, over a given period of interest.
As previously stated, the objective of this work is to provide a

methodology, which can be applied with independence of the energy
conversion technology and farm layout. Thus, in the present application,
and on the basis of the characteristics of the current available HECs, V;
and V,, are set to 0.7 and 3.1 ms?, respectively [14,28,46,47]. These
values can be adapted, if required, in forthcoming applications of the
IHE index, based on future technological developments.

Fig. 5 shows the spatial distribution of E, (top) and E,. (bottom) in
the Shannon Estuary. In Table 2, the mean and maximum figures of the
exploitable resource in the areas identified as being of potential interest
according to their available power (Areas I to VII), E, meqn and Eemax,
respectively, are provided. As can be observed, the largest part of the
available hydrokinetic energy in this estuary could be harnessed, as it
emerges from the overall much larger figures of the exploitable rather
than the non-exploitable resource. However, the difference between
exploitable and non-exploitable resource largely varies throughout the
estuary, being the areas with the largest exploitable energy those that
present the lowest non-exploitable resource. In effect, the non-
exploitable energy density in Areas I to VII is very low (<0.03
kWm2), resulting from their current velocities being higher than the
cut-in of the turbines (V,; = 0.7 ms 1), throughout virtually the complete
tidal cycle.

3.3. Reference energy resource and categorisation

In order to non-dimensionalise Eq. (2), and also to provide a
straightforward categorisation, thus allowing simple comparisons
among coastal areas and regions, the E.y term is introduced in the
definition of the IHE index. This term should be interpreted as a
threshold value of the exploitable hydrokinetic energy resource, which
is required for a feasible energy exploitation.

As a result, the dimensionless HE index constitutes a reliable metric
for the quantification of the exploitable hydrokinetic energy resource at
a coastal location, and it can be used as a simple way for the catego-
risation of its potential. Based on a thorough review of previous research
on the potential of the hydrokinetic energy throughout a large number
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Fig. 5. Spatial distribution of E, (top) and E,. (bottom) throughout the Shannon Estuary.

Table 2
E¢ mean and E, may in the areas of potential interest.

Area Ee mean (kWm™?) Ee max (kWm™?)
I 0.47 1.02
I 0.56 1.22
111 0.21 0.41
v 0.82 1.83
\% 0.41 0.61
VI 0.37 0.44
viI 0.24 0.34

of coastal regions [10,13-15,19,20,22,25,48-53], in which current ve-
locity data obtained by high-resolution numerical modelling and in situ
measurements are analysed, the value of E is set to 0.2 ka’Z, and a
total of five different categories defining the hydrokinetic energy po-
tential are established: Zones I to V, from lower to higher potential
(Table 3).

The aforementioned values can be used as a reference for any coastal
region of interest, leading to a straightforward comparison with other
areas; however, they could be adapted based on future technological
developments. In Fig. 6, the results of the spatial distribution of the HE
index throughout the Shannon Estuary are shown. The resulting mean,
HEmean, and maximum values, HEn,x, of previously defined areas of
interest, along with their resulting categorisation are provided in
Table 4. The area with the largest exploitable resource is Area IV
(HEmean = 3.78, category III), followed by Area II (HEjea, = 2.58,
category III) and Area I (HEpean = 2.16, category III) with somewhat
lower resource, Area V (HEpean = 1.89, category II) and Area VI (HEpean
= 1.70, category II) with significantly lower energy, and finally, Area VII
(HEmean = 1.11, category II) and Area III (HEpean = 0.97, category I),
which are close to the threshold of viability from a resource standpoint.

Table 3
Hydrokinetic energy resource categorization
based on the HE index.
Category HE
I <1
I 1<HE<2
111 2<HE<4
v 4 <HE <8
\% >8

However, these areas are extensive, presenting locations with larger
values of exploitable resource and, therefore, more reduced areas could
be defined for establishing a plan for hydrokinetic energy conversion.

4. Cost penalty function (Cgp)

The next step of the methodology to implement the IHE index is the
definition of a geospatial cost penalty function and its application to the
Shannon Estuary. This function should relate the main drivers of CAPEX
with the coastal configuration of a region, penalising the areas in which
the energy exploitation will incur higher expenses, as a result of their
depth and distance to the coast, but without considering a specific en-
ergy conversion technology or farm layout.

4.1. Identification of the main CAPEX drivers

CAPEX refers to the costs incurred prior to the operation of an energy
installation, i.e., all the construction expenses, including the deployment
and grid connection. CAPEX are usually broken down as [27,54]: (i)
device costs, (ii) cable costs, (iii) foundations or mooring system costs,
(iv) installation costs (e.g., transporting and deployment costs), and (v)
grid connection costs. As a reference value, it can be considered that cost
categories (i) to (iii) represent approx. 80% of the total CAPEX [27,55].

Device and grid connection costs are, a priori, independent of the
geomorphology of the study area, and depend on a specific type of
technology. Notwithstanding, cable and foundations, or mooring sys-
tems costs, are clearly dependent on the main geomorphological aspects,
i.e., shoreline distance and water depth, respectively. Consequently,
they are retained for a detailed analysis. Finally, installation costs also
depend on a wide range of parameters (e.g., nautical and terrestrial
transport distance, type of vessel required, climate conditions, etc.),
which are difficult to evaluate accurately and, therefore, are out of the
scope of this work [29].

The total (per plant) cable costs, c. (€), can be assessed on the basis of
the exporting cable cost, which allows the transport of the electric en-
ergy that is produced to a land-based electrical substation, by means of
an underwater cable. As a consequence, the costs are highly influenced
by the cable length and directly related to the distance to the shoreline as
[27]:

ce = asl, @]

where az (ém™1) is an empirical coefficient which, based on [27], is
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Fig. 6. Spatial distribution of the HE index throughout the Shannon Estuary.

Table 4
Categorization of areas of potential interest based on the HE index.
Area HEean HE p0x Category
I 2.16 4.70 111
I 2.58 5.62 1T
101 0.97 1.89 I
v 3.78 8.43 111
A% 1.89 2.81 I
VI 1.70 2.03 11
VII 1.11 1.57 11

set as 196.96, and [ (m) is the shoreline distance or, in other words, the
cable length from the central hub of the hydrokinetic farm to the
shoreline.

As regards the foundations, the most habitual constructive solutions
are monopile gravity foundations, which are usually prescribed up to
water depths of 20-30 m. Their costs, cf (M€MW’1), can be computed
(per unit of converter) as a function of the water depth, h (m) as follows
[27,56]:

¢ =0.15+107°4. ®

Finally, with respect to the cost of mooring systems, ¢, (€), they
depend on the type of mooring solution that is used. The most habitual
system is the so-called CALM (Catenary Anchor Leg Mooring) system,
whose cost per energy converter is related with the mass of each
mooring line, weary (kg), by 300 € ton! as [57]:

cm = 300n.wearm, 9

Wearm = lcd3k7 (10)

where n. represents the number of mooring lines, . (m) is the length
of the catenary, d. (mm) stands for the diameter of the mooring line,
which is usually set to 45 mm in the case of hydrokinetic energy devices
[29]; and k (kgm’lmm’z) represents a constant that can be estimated as
0.02 or 0.0219 for studless and stud-link chains, respectively. Based on
[57], a CALM system, which is composed by three stud-link chain lines
with a total length of four times the water depth is retained. Thus, Eq. (9)
can be rewritten, per unit of energy converter as:

cn = 159.651h. 1D

Regarding foundations and mooring systems, it is necessary to note
that the choice between both solutions strongly depends on the specific
characteristics of each energy conversion technology and, mainly, on its
working principle. However, as a general rule, bottom-fixed devices
usually use monopile gravity foundations when they operate up to the
abovementioned water depth limit (i.e., 20-30 m); above this limit,
floating devices that are anchored to the sea bottom by means of
mooring lines are the most common solution [47].

What emerges from Egs. (7) to (11), are other aspects that should be
considered when assessing the influence of the coastal configuration on
CAPEX, even with independence of the energy conversion technology
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and layout: the total plant power (Eq. (8)) and the number of devices
that will compose the hydrokinetic farm so as to achieve this plant
power (Egs. (8) and (11)). For further details about these two aspects,
the reader is referred to Section 4.2.

4.2. Pre-sizing towards generalisation: Total plant power and number of
devices

The consideration of the coastal configuration in a site-selection cost-
effective analysis requires, even in early project stages, a pre-sizing of a
“standard” hydrokinetic farm including: (i) total power plant, and (ii)
number of HECs.

There are many variables involved in defining the total plant power
which may be not clear in the preliminary project stages. After a thor-
ough analysis of the current trends and prospects of hydrokinetic tech-
nology [46] and, focusing on the hydrokinetic energy conversion in
coastal regions by installing second- or third-generation converters [47],
a plant with total power of 1 MW is retained.

Regarding the number of devices composing the hydrokinetic farm,
the situation is similar to that in the case of the plant power; there is a
vast gamut of requirements and limitations that should be considered in
order to conduct a cost analysis with independence of the final layout
and energy conversion technology [28,29]: available surface, area per
device, security margins, etc. Similarly, there is a marked heterogeneity
within hydropower projects, ranging from small-scale applications with
small-sized turbines to large-scale farms, covering entire coastal regions
with large-diameter turbines. Therefore, a wide range of energy con-
version devices must be covered in order to generalise the results that
are obtained.

Based on a thorough analysis of the current available technologies
that are considered in real hydrokinetic projects [14,41,58-63], eight
different types of energy converters, ranging from floating micro-
turbines (@ 1 m) to large-diameter bottom—fixed turbines (& 16 m), and
considering representative designs, are retained (Table 5): (i) Darrieus
Turbine (DT), (ii) Darrieus Ducted Turbine (DDT), (iii) Evopod Turbine
(ET), (iv) Gorlov Helicoidal Turbine (GHT), (v) Smart Freestream Tur-
bine (SFT), (vi) Smart Monofloat Turbine (SMT), (vii) SeaGen Turbine
(SGT), and (viii) Savonius Turbine (ST).

The analysis of the CAPEX of a 1 MW farm, that is composed by each
of these representative types of HECs, can lead to the definition of a

Table 5
Main characteristics of the HECs considered.

HEC Diameter (m) Vei (ms™ 1) Rated power (kW) Swept area (m?)
DT 1.50 0.80 1.50 2.25
DDT 1.50 0.80 2.70 3.80
ET 3.00 0.70 30.00 7.10
GHT 1.00 0.50 6.30 2.50
SFT 1.00 0.70 5.00 0.80
SMT 1.00 0.70 5.00 0.80
SGT 16.00 1.00 1200.00 400.00
ST 2.00 1.00 2.50 4.00
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penalty function, Cg, relating the costs and the characteristics of a given
location (depth and distance to coast). The details of the development
and application of this cost penalty function are presented in Section 4.3.

4.3. Development and application of the cost penalty function

The total CAPEX of a pre-sized hydrokinetic farm, as defined in
Section 4.2, can be assessed by means of its total cost function, cfgrm (€),
built using Egs. (7), 8 and 11 as:

c. + 106Pn4.cf
Charm = (12)
Ce + neCyy

where P (MW) represents the total plant power, and n. is the number
of converters that are required, which vary depending on the converter
that is analysed. Note that the terms c¢; and ¢, (Egs. (8) and (11),
respectively) cannot be computed simultaneously for a given HEC, being
computed based on the technical requirements of the energy converters.

Substituting each term by its value in Eq. (12), it can be rearranged
as:

196.96/ + 10°Pn.[0.15 + 107°/’]
Clarm = (13)
196.961 + n.[159.65h]

This function clearly shows the relation between the estuarine
coastal configuration (i.e., water depth and shoreline distance, h and [,
respectively) and the total CAPEX. However, as previously stated, Eq.
(13) cannot be used to represent the whole available farm configurations
because of its constant coefficients (P and n.), which must be defined. In
order to generalise this function to make it representative for any hy-
drokinetic project, as discussed in Section 4.2, the total power plant is
set to 1 MW.

However, the generalisation of this function, when considering all
the different types of energy converters, is not straightforward. To this
end, the values of cfom for plants that are composed by the devices (i) to
(viii), defined in Section 4.2, are computed and averaged. After oper-
ating and rearranging, the generalised total cost function, cfemg reads:

Crume = 1.5d° +34624.31d + 196.961 + 22500. (14)

Eq. (14) constitutes a generalised expression, which can be applied to
any coastal area, so as to obtain an estimated assessment of CAPEX,
based on the water depth and shoreline distance of a specific location.
The geospatial cost penalty function, Cg, can be easily obtained as:

Cp = 1 ——Farms (15)

5
Clarm.g.ref

0.8 ~

0.6 ~

ap

h (m) 50
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where Crgrm,gref Stands for a reference value (Eq. (14)) within the
coastal area of interest, or a threshold value beyond which hydrokinetic
energy conversion is not feasible (corresponding to a limiting values of h
and ). Based on previous analyses of hydrokinetic energy projects in
coastal areas [64], Cfarm,gres is defined for h = 50 m and [ = 7.5 km.

The representation of Eq. (15) for a generic domain up to 7.5 km
distance from shoreline and 50 m water depth (Cfgrmgref) is shown in
Fig. 7. As can be observed, water depth has a more important role as
CAPEX driver than shoreline distance resulting from the cubic term in
Eq. (14).

The results of application of the cost penalty function, Cg, to the
Shannon Estuary is plotted in Fig. 8. As is apparent, the results show an
excellent correlation with the coastal configuration of the estuary. In
effect, values of roughly 0.4-0.6 within the central channel of the inner
and middle estuary are found, approx. 0.9 in the nearest shoreline areas
(virtually not penalised due to their reduced depth and distance to the
coast) and plummeting to a mere 0.2 in the surroundings of the mouth
(larger water depths and distance to coast). The resulting mean and
maximum values of the cost penalty function, Cg, mean, Cgp,max, respec-
tively, in the areas of interest (Areas I to VII) are provided in Table 6.

The area with the highest costs is Area V (Cgp,mean = 0.64), closely
followed by Area I (Cgp,mean = 0.67) and Area III (Cgp,mean = 0.68), at
some distance by Area II (Cgp,meqn = 0.71), Area VI (Cgp mean = 0.71) and
Area IV (Cg, mean = 0.76), and finally by Area VII (Cgp,mean = 0.82) with
the lowest costs. However, as in the case of the exploitable resource
analysis, and resulting from the large extension of these areas, the costs
of the installation of a hydrokinetic farm significantly differ within each
them, with a mean variation (mean variation between Cgymeqn and
Cgp,max) of 24%, which in the case of Area V and Area I attains 39% and
33%, respectively. These variations may significantly alter the delimi-
tation of the best areas for installing a hydrokinetic farm, and they have
to be considered in the decision-making process.

5. Water use penalty function (Ug)

Coastal regions and, in particular, estuaries are usually areas of a
high environmental value, which in turn produce an intense socioeco-
nomic activity. Thus, the following step for the application of the IHE
index is to assess the compatibility between hydrokinetic energy
exploitation and the marine uses with which it may coexist. To this end,
a water use penalty function, Uy, is defined and applied to the Shannon
Estuary. This function is developed as followed.

First, the marine uses and their characteristics (area occupied, in-
tensity of the activity, etc.), taking place in a coastal region, must be
identified. As was previously introduced, they can be categorised into:
(i) socioeconomic activities and (ii) environmental uses. Socioeconomic

ap

105 o
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4000
6000 0
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Fig. 7. Graphical representation of the geospatial cost penalty function, Cg, (Eq. (15)) as function of water depth, h, and shoreline distance, L.
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Fig. 8. Spatial distribution of Cg, throughout the Shannon Estuary.

Table 6

Characteristic values of Cg, in the areas of potential interest.
Area Cep,mean Cep,max
I 0.67 0.89
I 0.71 0.90
11 0.68 0.73
v 0.76 0.96
A% 0.64 0.89
VI 0.71 0.81
viI 0.82 0.98

activities can be defined as those leading to a straightforward economic
or social profit. On the other hand, environmental uses correspond with
areas with specific characteristics that constitute the natural habitat for
many different wildlife. The socioeconomic marine activities that are
considered in this work are aquaculture, shellfish, and navigation.
Regarding environmental uses, Special Areas of Conservation (SACs)
and Special Protection Areas (SPAs) are analysed.

Next, a quantitative approach to assessing the coexistence of these
marine uses, either socioeconomic or environmental, and hydrokinetic
energy exploitation is proposed. The method resorts to the definition of
the penalty function Uy whose values range between 0 (totally
restricted i.e., no coexistence) and 1 (no restrictions, i.e., full coexis-
tence), with intermediate values that are adapted to the specific char-
acteristics of each marine use [65], meaning a lower value of Ug, and a
higher restriction. The values for the different types of marine uses are
defined as follows.

Aquaculture farming is subclassified into extensive or intensive
areas. Extensive areas represent large zones that are suitable for the
installation of aquaculture farms, whereas intensive areas stand for
specific existing facilities, or areas that are legally delimited for this use.
Values of Ug, = 0.3 (high restriction) and Ug, = 0.6 (medium restriction)
are set for intensive and extensive aquaculture farming, respectively. In
the case of shellfish exploitation, it constitutes an intensive activity by
definition, and therefore a value of 0.3 (high restriction) is retained with
some exceptions, such as areas that are legally delimited for this use and
that are, considering their particular characteristics, unsuitable for en-
ergy exploitation (Ug, = 0).

As regards navigation, it is necessary to distinguish between the
presence of marine traffic of a given intensity and the delimitation of
navigation channels. Both aspects are considered in this work. For the
analysis of the intensity of the marine traffic, the vessel density concept,
vg, is used, which is computed in terms of annual hours per square kil-
ometre of water surface occupied by vessels, based on EMODnet Human
Activities data [66]. After a thorough data analysis of representative
European ports [67-69], a vessel density threshold of 50 hkm™? is
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defined, meaning that areas with traffic density over this value are
considered as non-suitable for energy exploitation and, therefore,
penalised with a value of Ug, = 0 (totally restricted, i.e., no coexistence).
Areas with traffic density figures under this threshold are considered as
appropriate, but with a restriction. This restriction is computed by lin-
early interpolating the limits of the function (Ug, = 0 for v4 = 50 hkm 2
and Ug =1 forvg=0 hkm2), according to the geospatial distribution of
vq figures. Finally, the water surface that is occupied by a navigation
channel, which is legally defined, is considered as totally restricted (Ug,
= 0). In the case of oversized navigation channels, these areas could be
considered as partially restricted, by defining new limits according to
the specific characteristics of each coastal region. With respect to the
environmental uses, SACs and SPAs are assumed to be extensive areas.
However, these areas occupy the whole estuary and, overall, impose a
more limited restriction than in the case of an extensive economic ac-
tivity (e.g., aquaculture). In these areas a value of Ug, = 0.9 (low re-
striction) is considered. In the case of areas with a special environmental
value, in addition to SACs or SPAs, other values of Ug should be
considered, while attending to their specific characteristics and the
resulting restrictions (medium, high, or total restriction).

Finally, in the case of the presence of various marine uses in the same
area, the most restrictive value of Ug, is retained. Please note that the
analysis of the specific impacts of hydrokinetic energy operation on the
flow regime and its interactions with the surrounding water uses are out
of the scope of this work, and should be analysed for each specific hy-
drokinetic energy project.

Fig. 9 shows the spatial distribution of the different abovementioned
marine uses within the Shannon Estuary. It can be observed that
extensive areas are occupied by aquaculture farming, or they are
appropriate for this purpose. In addition, virtually all the extension of
this estuary is used for navigation, with a legally delimited navigation
area, occupying the whole main channel and various approaches to the
nearby coast. Finally, environmental uses correspond, as previously
stated, with areas occupying a much larger extension than the socio-
economic activity and, overall, not imposing a significant restriction for
hydrokinetic energy operation. The combination of all the aforemen-
tioned uses provides a global picture of the potential available areas, and
their socioeconomic and environmental restrictions for hydrokinetic
energy conversion in this estuary.

A clearer understanding of the most suited areas from a socioeco-
nomic and environmental standpoint is provided by computing the
previously defined water use penalty function, Ug, for the different
socioeconomic and environmental uses (Fig. 10), and their combination,
to obtain an overall value of Uy, (Fig. 11). Based on the results obtained,
the extension of the areas that are identified as of interest can be
significantly reduced by considering only the surface without total re-
striction (Ug, > 0). The resulting mean and maximum values of the
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Fig. 9. Spatial distribution of marine uses (in red) within the Shannon Estuary.
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Fig. 11. Spatial distribution of Ug, throughout the Shannon Estuary.

Table 7

Characteristic values of Ug, in areas of potential interest.
Area Ugp,mean Ugp, max
1(Ug > 0) 0.88 0.90
I (Ug > 0) 0.60 0.60
IV (Ug > 0) 0.61 0.90
V (Ugp > 0) 0.60 0.60
VII (Ug, > 0) 0.74 0.90

penalty function, Ug,meqn and Ug, may, respectively, for the new delimi-
ted surface (i.e., the surface delimited by Ug, > 0) of Areas I to VII is
provided in Table 7.

The area that is compatible with hydrokinetic energy operation and
presents fewer socioeconomic and environmental restrictions is Area I
(Ugp,mean = 0.88), followed by Area VII (Ugy,mean = 0.74) and finally, with
similar values, Area IV (Ug,meqn = 0.61), Area V (Ug, mean = 0.60) and
Area II (Ugy,mean = 0.60). Areas III and VI are not suitable for energy
conversion. In contrast with the resource and costs results, the variations
of Ug, within each area are less pronounced, with the exception of Area
Iv.

6. Integration of the results

The integration of the different terms considered in the proposed
index leads to the geospatial distribution of the IHE index in the study
region (Eq. (1)). Its physical interpretation, as was previously intro-
duced, is straightforward: the higher the IHE index, the better the site for

index, IHEean, and IHE .y, respectively, for the new delimited areas are
provided in Table 8, along with their main characteristics.

The computation of the IHE index for the Shannon Estuary allows the
identification of six areas for hydrokinetic energy exploitation (Area Iig
to Area VIjyg) which significantly differ from previous analyses. The
most suited area is Area IViyg, close to Tarbert, as in the case of previous
studies, but now occupying a smaller area within the previously iden-
tified Area IV, with lower available resource, and lower costs and fewer
restrictions for hydrokinetic energy operation. The other newly identi-
fied areas do not correspond with those that were previously identified.
Instead, the new areas are close to the previous areas, occupying a more
limited surface with, again, somewhat of a lower resource, but with
lower costs and fewer restrictions for energy conversion.

The results of IHE index show that Area IViy is of high interest for
energy operation (IHEyean of category III with locations in category IV),
whereas Area Ijyg, and Area Illjyg, although with less potential, are also
of significant interest (IHEeqpn Of category II with locations in category
II0). Finally, the remaining areas, Area Iljyg, Area Vigg, and Area VIjgg,
could be of interest, but with a more limited potential (IHEyean close to
.

Table 8
Characteristic values of the IHE index in new areas of interest and their main
characteristics.

hydrokinetic energy exploitation, with figures above 1 indicating suit- Area IHEmean  IHEmae  Surface Mean depth Seabed type
ability for hydrokinetic energy exploitation. Therefore, IHE = 1 would (km?) (m)
represent a suitability threshold indicating a site with the bare minimum - 1.31 2.98 1.64 7.40 Rock
amount of exploitable energy (HE = 1), and without any penalisation in Mg, 119 1.67 0.21 7.65 Rock
terms of costs derived from its coastal configuration (Cg, = 1) or from the N
surrounding socioeconomic or environmental uses (Ug, = 1). Dues 1.6 274 0-35 >43 Rock
WVge 210 415 2.99 16.83 Mixed
Fig. 12 shows the spatial distribution of the IHE index throughout the sediment
Shannon Estuary. The areas with IHE>1 are delimited along, with the Ve 1.04 1.28 0.28 22.73 Mixed
areas that are identified as of interest in previous studies (and analysed sediment
in the preceding sections). The mean and maximum values of the IHE Vie 1.03 1.16 0.47 17.75 Sand
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Fig. 12. Spatial distribution of the IHE index and the resulting areas of interest (Areas IHE), along with the previously identified areas (Areas TSEq)).

38



D.M. Fouz et al.

7. Conclusions

A comprehensive methodology was developed for identifying the
best locations for hydrokinetic energy operation in a coastal region, The
proposed methodology considers not only the resource, but also the
costs of installation, along with the socioeconomic activities and envi-
ronmental aspects. The combination of these aspects leads to the defi-
nition of the novel IHE index.

The methodology is composed of four steps. First, the distribution of
the energy resource is investigated through the hydrokinetic energy
resource index, HE index, which characterises the exploitable resource
(rather than the total available resource) by considering the velocity
ranges of operation of the current available HECs. Secondly, the geo-
spatial cost penalty function, Cg, is used to determine the costs of
installation of a hydrokinetic farm, resulting from the coastal configu-
ration, based on the water depth and shoreline distance. Then, the
geospatial water use penalty function, Ug,, assesses the suitability of the
coexistence of hydrokinetic energy operation with the socioeconomic
activity and environmental aspects. From a resource standpoint, HE
values higher than 1 indicate suitability for hydrokinetic energy oper-
ation (other restrictions are not considered at this point). Regarding the
penalty functions, Cg, and Uy, they range from 1 (no restriction) to
0 (total restriction). In the final step, the geospatial distribution of the
IHE index is obtained by integrating (multiplying) the aforementioned
terms (HE, Cg, and Ug). As a result, the higher the IHE index, the better
the site for hydrokinetic energy exploitation, with values above 1 indi-
cating suitability for hydrokinetic energy exploitation. For a better
interpretation of the results, different thresholds of the IHE index are
established based on a thorough analysis of the available and exploitable
resource in coastal regions of interest for hydrokinetic energy conver-
sion throughout the world, leading to a total of five categories (category
I to category V, from lower to higher interest).

The IHE index is applied to the Shannon Estuary to assess the po-
tential of the areas identified in previous studies as of interest for energy
conversion. A total of six areas (Area Iiyg to Area VIyg) are identified
with an IHE index higher than 1 and, therefore, of interest for energy
conversion, which differ from those selected in previous studies. The
most suitable is Area IViyg (a mean IHE of category III with locations in
category IV), close to Tarbert, as in the case of previous studies, but now
occupying a smaller surface with somewhat lower resource and fewer
restrictions for energy conversion. The remaining delimited areas do not
correspond with those in previous studies.

The results show the capability of the IHE index for selecting the
most appropriate locations for energy conversion in a coastal region,
reducing the uncertainties in the early stages of the planning of MRE
conversion. The final design of the farm configuration in subsequent
stages would require a detailed cost analysis of the selected HEC-site
combinations.
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ARTICLE INFO ABSTRACT

Handling Editor: Soteris Kalogirou The cost-effective analysis (CEA) of hydrokinetic farms is typically based on simplistic assumptions regarding the
performance and cost structure of hydrokinetic energy converters (HECs) and, in consequence, may lead to ill-
informed decision-making. In this work, a novel approach to selecting the most appropriate combination of HEC
and site within a coastal area is developed, with the accurate computation of the CEA parameters as the
cornerstone. The approach, which is illustrated through a case study in the Shannon Estuary (W Ireland), en-
compasses four models, namely: (i) HEC-site selection model, (ii) energy production model, (iii) CAPEX model,
and (iv) OPEX model. By avoiding simplistic assumptions, the proposed approach improves on current pro-
cedures and enables developers to accurately compute any cost-effective parameter of interest. In particular,
operation and maintenance costs are considered, along with economies of scale, which are typically disregarded
in existing procedures. Beyond the interest of the results of the Shannon case study, the approach can be
implemented in other regions with potential for hydrokinetic energy conversion.

Keywords:

Tidal stream

Tidal energy

Marine renewable energy
Offshore renewable energy
Cost model
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1. Introduction

Coastal areas have supported human activity throughout history in
many different ways. In the socioeconomic sphere, these areas have
been traditionally used for transport and food supply [1,2]. As a result of
the increased public awareness of environmental issues, protected or
conservation areas (e.g., Natura 2000) have emerged alongside tradi-
tional socioeconomic activities, which have grown significantly (e.g.,
tourism or heritage) [3,4]. This is also the case of marine renewable
energy exploitation, which is posited as a new, promising coastal use
[5-12].

Within the different types of marine renewable energies, hydroki-
netic energy, primarily resulting from the tide (e.g. Ref. [13]), rein-
forced in some coastal areas by river discharges and density gradients (e.
g. Ref. [14]), is expected to attain a commercial stage in the forthcoming
years [15]. The exploitation of this resource is carried out by means of
hydrokinetic energy converters (HECs), of which different types exist
with varying degrees of technological maturity. Turbine-based solu-
tions, and in particular horizontal axis turbines, are considered to be
approaching the commercial stage [16-18]. The state-of-the-art third--
generation HECs are designed to operate with relatively low cut-in ve-
locities (i.e., 0.7-1.0 m/s) [19,20].

* Corresponding author.
E-mail address: rodrigo.carballo@usc.es (R. Carballo).
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As a consequence of this heterogeneity in technological maturity,
reliable metrics should be developed to accurately assess the technical
and economic viability of hydrokinetic energy projects in decision-
making processes. As a first approach to technical viability, the Tech-
nology Readiness Level (TRL) is usually mentioned as a standard or a
metric-based model with several applications in R&D activities, such as
the development of HECs [21,22]. However, in order to reduce the
uncertainties of hydrokinetic energy projects and ensure their economic
viability, the TRL model should be complemented by a cost-effective
analysis (CEA), which provides metrics (e.g., LCOE, NPV, IRR)
describing the techno-economic performance of technologies under
development or proposed projects [23].

The estimation of CEA parameters is usually based on simplified
methods, considering either their spatial distribution or, in a simpler
approach, delocalised approximations [24]. The main weakness of these
approaches is their unrealistic cost structure, which may produce
misleading results. In the case of tidal energy projects, the resulting
figures typically lack accuracy, which may be seen as a direct conse-
quence of the limitations of the procedure applied, namely [25]: (i)
performance computation based on limited and non-reliable HEC data,
(ii) consideration of the different economic aspects in terms of expected
percentage over the total investment, or (iii) disregard for specific
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aspects, which contributes significantly to real costs. Another aspect
closely related to the computation of CEA parameters is the selection of
the sites or areas to be subject to this analysis. This selection is typically
based merely on the available energy resource [26-28]. In a few cases, a
reduced number of geomorphological parameters (e.g., water depth)
have also been taken into account [29,30]. Notwithstanding the interest
of these methods for a preliminary selection of coastal areas, additional
information (e.g., socioeconomic) needs to be considered in more
advanced stages. In effect, an appropriate site-selection should also
consider aspects such as the coexistence of the energy exploitation with
other marine uses, or the site-specific costs of installation and operation
[31,32].

In this context, it is important to remark that miscalculated CEA
figures may result from not accurately considering specific aspects of
cost analysis, such as the operation costs, or from neglecting potential
cost reductions through economies of scale [33]. In the case of large
coastal areas, the application of the current procedures could result in
overly homogeneous CEA figures, as the spatial variability of the energy
resource over short distances is not usually accounted for in the
computation of these metrics (low to mid resolution energy resource
models) [34].

In this research, a novel approach for accurately computing the CEA
parameters of hydrokinetic energy projects is developed, leading to a
significant improvement with respect to currently available methods.
The proposed approach addresses the major difficulties and un-
certainties when computing the main aspects affecting the CEA of hy-
drokinetic energy farms, avoiding simplistic and unreliable
assumptions, and improving on current procedures. Thus, the imple-
mentation of this novel procedure will lead to the selection of the op-
timum HEC-site combination for installing a hydrokinetic farm in a
coastal area.

The novelty of this work lies in the consideration of the following
aspects: (i) the energy production, which is assessed by combining high-
resolution numerical modelling results with spatial analysis algorithms;
(ii) the installation costs, whose breakdown in terms of unitary costs is
thoroughly analysed, including the effects of economies of scale; (iii) the
operation costs, which are computed by means of an ad hoc Operation
and Maintenance (O&M) model, including several operational param-
eters and strategies.

Other aspects dealing with the energy transmission or storage related
to the specific characteristics of the electrical grid, or the integration
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with short-term energy storage to help balance the local demand with
the varying supply typical of hydrokinetic and tidal farms, are outside
the scope of the present work and require specific research [35-40].

The proposed procedure to develop the CEA of hydrokinetic energy
projects is applied, for the first time, to a specific case study in the
Shannon Estuary (W Ireland) (Fig. 1) and computed in terms of Lev-
elized Cost of Energy (LCOE). Preliminary studies have recognised the
potential of this area for hydrokinetic energy exploitation [41,42].
Previous works fully described the hydrokinetic energy resource in the
Shannon Estuary, identifying a number of areas as of particular interest
[30]. More recent studies highlighted the energy potential of Tarbert
Area in the middle estuary (Figs. 1 and 2) by considering: (i) the
exploitable resource, (ii) the costs of installation, and (iii) the socio-
economic and environmental pre-existent activities [31,43,44]. The
integration of these aspects led to the computation of the Integrated
Hydrokinetic Energy (IHE) index and, on this basis, to the delimitation
of a large area in the surroundings of Tarbert (=3 km?) (Fig. 2) with the
highest potential, with a value of IHE = 4.15 (being IHE = 1 the suit-
ability threshold for hydrokinetic energy exploitation). In the present
work, this region is retained as a case study for defining the best
HEC-site combination by applying the proposed procedure.

This paper is structured as follows. In Section 2, a brief overview of
the proposed methodology used to compute the CEA is presented. Next,
in Section 3, the tools for defining feasible HEC-site combinations are
introduced and implemented to the area of interest. Afterwards, the
main aspects considered for CEA computation are defined, and the re-
sults from its application summarized: (i) energy production (Section 4),
(ii) capital expenditures, CAPEX (Section 5), and (iii) operational ex-
penditures, OPEX (Section 6), In Section 7, the integration of results and
CEA computation is conducted for the Tarbert Area, and the results
compared with available state-of-the-art methodologies. Finally, the
major conclusions to this work are depicted in Section 8.

2. General description of the procedure

The main objective of this work is to define and apply a new
approach to accurately conduct a cost-effective analysis (CEA) of hy-
drokinetic energy farms, considering all the aspects involved in the
process, and thus leading to the identification of the best HEC-site
combination within a coastal area.

The proposed approach consists of five steps:
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Fig. 1. Location of Shannon Estuary in W Ireland pinpointing Tarbert Area.
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Fig. 3. Flowchart of the proposed procedure.

(i) The development of an HEC-site selection model (Section 3), different HEC-site combinations previously defined, based on
which employs the IHE index and spatial analysis algorithms to high-resolution numerical modelling.
define different HEC-site combinations, allowing for economies (iii) The definition of a Capital Expenditures (CAPEX) model (Section
of scale by analysing various farm sizes based on specific criteria 5), which is based on a detailed breakdown in unitary costs and
(Section 3). an ad hoc algorithm for assessing the effects of the economies of

(ii) The application of an energy production model leading to the scale resulting from the different farms analysed.
computation of the Annual Energy Production (AEP) of the (iv) The definition of an Operational Expenditures (OPEX) model

(Section 6), considering HEC-specific O&M procedures, including
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the analysis of human and material resources and the definition
of specific weather windows.

(v) The integration of previous results (ii to iv) to provide reliable
CEA parameters for the different HEC-site combinations, leading
to the selection of the best alternative.

For the sake of clarity, a flowchart of the procedure is provided in
Fig. 3.

This procedure is illustrated through a case study in the Tarbert Area
of the Shannon Estuary (Ireland) [30,31,41,42]. The CEA is carried out
in terms of Levelized Cost of Energy (LCOE) — a metric widely used in
marine renewable energy projects, including for the selection of sites for
hydrokinetic energy farms [24-27,45,46].

3. HEC-site selection model

The first step of the proposed approach is the definition of all the
feasible HEC-site combinations. This is a key stage upon which depend
several parameters that influence the cost structure (inter alia, the final
layout of the farm or maintenance strategies), including the possible
effects of the economies of scale and the performance of the plant and, in
consequence, the resulting CEA values.

With the aim of generalizing the results provided, generic taxon-
omies of energy converters are considered (Section 3.1), including in-
formation about their reliability, which will be retained for its use in
further sections. As regards locations, the results of the IHE index in the
surroundings of Tarbert are used as a starting point for the definition of
different areas with homogeneous levels of energy resource, which are
processed to identify the suitable areas under specific criteria by means
of spatial analysis algorithms (Section 3.2).

3.1. Characteristics and reliability of the energy converters considered

The present work aims to provide results as accurate and realistic as
possible in a nascent research field, hydrokinetic energy exploitation. As
mentioned above, only horizontal-axis turbine-based devices are
approaching commercial maturity, resulting in a lack of reliable eco-
nomic information of HECs. In order to overcome these limitations, it is
usual to resort to general taxonomies of HECs, grouping generic designs
with a certain homogeneity, especially in the field of reliability, where
surrogate data can be easily available from other renewables (e.g., wind
energy). Likewise, despite the assumptions made, this approach is
helpful to provide accurate figures of the cost structure of HECs and, in
particular, of their costs of installation (Section 5), primarily due to the
possibility of complementing their breakdown by means of different
data sources, which are assumed to be common or scalable for the whole
taxonomy considered [47].

Horizontal-axis turbines are usually classified depending on their
seabed fixing as [48]: (i) bottom-fixed and (ii) floating devices. This
division is connected with the available water depth and, in conse-
quence, with the diameter of the turbine. Monopile bottom-fixed gravity
foundations are usually prescribed up to 20-30 m depth, and floating,
moored solutions for deeper areas [31]. This general picture is similar to
offshore wind energy facilities, allowing us to use surrogate data to
compute accurate reliability figures for HECs under an assembly or
subassembly approach. The reader is referred to Ref. [47] for further
information about this approach and its procedures.

Therefore, in order to select generic energy converter designs,
representative of the aforementioned taxonomies and covering the most
common horizontal-axis turbines and a wide range of diameters, two
different HECs are considered: (i) a floating device of 4.5 m of diameter
(F-HEC), which in turn could be applied to most of the areas of interest
for hydrokinetic energy exploitation, and (ii) a bottom-fixed converter
of 16 m of diameter (BF-HEC), which is of interest in a large number of
non-depth limited coastal areas, such as deep estuaries. The main
characteristics of the HECs selected, along with their reliability data in
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terms of average annual number of reparations required, which are
retained for its use in further sections, are summarized in Table 1.

3.2. Selection of areas for CEA

Previous works have highlighted the energy potential of the Tarbert
Area by considering not only its hydrokinetic energy resource, but also
its morphological configuration, by applying the TSE,q index [30],
along with socioeconomic and environmental aspects, through the
implementation of the IHE index [31]. On the basis of the application of
the IHE index, a large area of approx. 3 km? with values above a mini-
mum threshold of IHE =1 (i.e., the threshold value of the IHE indicating
suitability for hydrokinetic energy exploitation) has been delimited. The
definition of suitable smaller areas for energy exploitation requires to
take into account the spatial variability of the available resource within
this large area; in fact, within it, the maximum value of the IHE index,
IHE = 4.15, is roughly two times higher than its mean value, [HE = 2.10
[31]. The more reduced the area, the greater the IHE index; however,
the larger the area considered, the higher the number of HECs, which
would result in a cost reduction as a consequence of the economies of
scale, not considered in the IHE index. With the aim of defining suitable
areas for hydrokinetic energy exploitation considering this spatial
variability of the energy resource and the resulting effects on the
economies of scale, a complex spatial analysis algorithm (Fig. 3) is
developed and applied to the Tarbert Area as follows.

First, the entire region delimited by the isoline IHE = 1 is subdivided
into several sub-areas or polygons by considering isolines of a value
ranging from 1 to the maximum value of the IHE index within the whole
area by considering a given step. In the present application, a step of 0.2
is proposed; however, this value can be adapted based on the specific
characteristics of the site. Second, the mean value of the IHE index at
each polygon is computed along with their total surface. Third, the
polygons subsequently obtained are rearranged according to their value
of mean IHE index in decreasing order (i.e., increasing their total
available surface). Finally, some of the polygons obtained are retained
for further analysis from the rearranged list. To this end, the selection
procedure considers the following criteria, being applied from the top to
the bottom of the list.

The polygons to be retained must fulfil simultaneously two criteria:
(i) to have, at least, a minimum total surface, Sy, and (ii) to provide a
significant relative increase in the total available surface, AS, with
respect to the preceding selected polygon in the list. In the present work,
these values are established as follows [27,49-54]: Spin = 5 hm? and AS
= 100%. This second criterion allows us to consider the effects of
economies of scale on the cost structure of the hydrokinetic farm.

3.3. Application of HEC-site selection model

The results of the application of the proposed HEC-site selection
model to the Tarbert Area in the Shannon Estuary are provided in Figs. 4
and 5.

In Fig. 4, the different polygons obtained by considering isolines of a
value ranging from IHE = 1 to the maximum value of the IHE index by
considering a step = 0.2 are plotted (in black). Likewise, in order to
facilitate the understanding of the results and of the proposed HEC-site
selection model, additional isolines with step = 0.6 are also plotted
(colour code). A total of 30 polygons are apparent. Finally, as result of
the application of the rest of the procedure and the surface criteria given
by Smin = 5 hm? and AS = 100%, in Fig. 5 the polygons retained are
plotted. Only five polygons resulting from this procedure are considered
for further analysis (A to E), allowing the consideration of the effects of
economy scale. In addition, the polygon IHE = 1 is also retained. Their
main characteristics are presented in Table 2.

Based on the characteristics (water depth) of the areas selected, and
the characteristics of the selected devices (i.e., surface occupied per unit
of HEC and minimum water depth required) (Table 1), a total of seven
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Table 1

Main technical characteristics and reliability data of the HECs considered [rotor diameter (&), swept area (A), minimum water depth (dpin), total surface in plan view
occupied per each device (Suq), cut-in velocity (V,y), rated velocity (V;), cut-off velocity (V.,), rated power (P,), power coefficient in normal operation (Cpno), power
coefficient in stall control (Cpsc), failure rate (1)].

HEC @ (m) A (m?) dinin (m) Sunic (m?) Vi (m/s) V, (m/s) Veo (m/s) P, (kW) Cono Cpsc 2 (no/yr)
BF-HEC 16.00 200.00 25.00 1920.00 1.00 2.50 3.10 1200.00 0.48 na. 4.54
F-HEC 4.50 15.90 7.00 760.00 0.70 2.70 3.75 56.00 0.35 0.20 5.37

techno-economic performance of these combinations is to accurately

5827800 T . . . . .
ITEeqa quantify their annual energy production (AEP). To this end, a high-
IHE = 1.6 resolution numerical model (Delft3D-FLOW) of the Shannon Estuary is
g ::E - g:g implemented (in its 2DH form) and successfully validated, allowing the
Y 5826800 IHE=34 | simulation of its hydrodynamics during a complete year [55-57]. For
= IHE =4.0 . . . o .
E further details about the implementation and validation of the numeri-
3 cal model the reader is referred to Refs. [30,31]. Once the hydrody-
& namics of this coastal area are fully described in spatiotemporal terms,
= 5825800 the electric energy production, E,, of a HEC operating during a period of
;5 time T can be computed as follows [58]:
ACyp [T
E=200 [ wvora, M
5824800 =0
474000 476000 478000 480000
X (m, WGS84 UTM 29U) where A represents the turbine swept area, C, is the power coefficient

which models the efficiency of the HEC selected, p stands for the water
density and V () is the instantaneous vertically averaged flow velocity.
However, an accurate computation of this energy production in a

Fig. 4. Isolines of the IHE index (0.2 of step for isolines in black and 0.6 for
isolines with colour code) within polygon IHE = 1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Table 2

Main characteristics of the sites selected [mean value of the IHE index (IHE,,),
standard deviation (¢), mean water depth (hy,), surface (S), distance between the
centroid of the polygon and the base port (dc.pp)].

HEC-site combinations are retained for further CEA: F-HEC can be
installed within polygons A to E and IHE = 1; in the case of BF-HEC, it
can operate only within polygon E.

4. AEP model Polygon IHE,, + ¢ hy, + o (m) S (hm?) dc.gp (km)
A 3.93 + 0.08 9.22 + 1.09 8.26 1.36
L B 3.74 + 0.20 10.00 + 1.68 18.37 1.38
4.1. Model description C 3.43 + 0.30 12.02 + 2.96 46.32 1.54
D 3.11 +0.43 14.34 + 3.69 99.17 1.30
Once defined the different HEC-site combinations resulting from the E 2.53 + 0.66 17.21 + 5.00 208.96 1.26
methodology described in Section 3, the next step in order to assess the IHE = 1 2.15 £ 0.80 16.97 £ 5.07 297.97 1.48
Polygon A Polygon B Polygon C
5827800 v 5827800 v 5827800 v
5826800 5826800 5826800
> NN %
— Tarbert Tarbert Tarbert
> 5825800 5825800 5825800
&
=
= 5824800 —di___cn. 5824800 —ai___ce 5824800 —ai___cn.
3 474000 476000 478000 480000 474000 476000 478000 480000 474000 476000 478000 480000
0
(72]
Polygon D Polygon E Polygon IHE =1
g 5827800 L 5827800 L 5827800 vg
E
> 5826800 % 5826800 5826800
Tarbert Tarbert Tarbert
5825800 5825800 5825800
D WY

5824800 582480 582480
474000 476000 478000 480000 474000 476000 478000 480000 474000 476000 478000 480000

X (m, WGS84 UTM 29U)

Fig. 5. Delimitation of the resulting polygons (A to E), along with polygon IHE = 1.
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large coastal region, as is the case of the Tarbert Area, is not straight-
forward. Given the heterogeneity in terms of available surface of the
different sub-areas or polygons of interest selected in Section 3, the
spatial variability of the energy resource could result in inaccurate fig-
ures of energy production. To avoid this issue, a specific procedure is
defined in order to compute the energy production of the different HEC-
site combinations. Thus, the site-specific hydrodynamic regime of each
polygon considered has been reconstructed based on high-resolution
numerical results as follows: for each time step of the numerical simu-
lation, the computed values of flow velocity of each grid cell contained
in the polygon considered are averaged, constituting a site-specific and
time-dependent hydrodynamic regime for each polygon analysed. So,
the characteristic velocity at each polygon at each time step, V, (t), can
be computed as:

V. (1) :% i V.(i), )

i=0

where i and t represent the numerical cell number and time step,
respectively. Thus, the characteristic mean velocity at each polygon, V.,
can be computed as:

=T i=n
o=z {% S v, r)} : 3)

=0 i=0

in this way, the energy production of the different HEC-site combina-
tions can be accurately computed, including the effects of the spatial
variability of the energy resource, by combining the time distribution of
the characteristic velocity, V. (t), with the characteristics of each HEC
considered (Table 1) by means of Eq. (1).
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4.2. Application of AEP model

The results of the application of the proposed AEP model to the
Tarbert Area are provided in Figs. 6 and 7.

In Fig. 6, the resulting time distribution of the characteristic velocity
during a complete annual year at each polygon is shown. As a result of
these time distributions, the following characteristic mean velocities, V,,
are attained: 1.20 m/s, 1.05m/s, 1.16 m/s, 1.12 m/s, 1.03 m/s and 0.98
m/s for polygons A, B, C, D, E, and IHE = 1, respectively.

In Fig. 7, the figures of AEP and capacity factor (Cy) for the different
HEC-site combinations retained are plotted. AEP is computed by
combining the site-specific hydrodynamic regime and the power curve
of the HECs considered as provided by the device developers. C is ob-
tained according to Ref. [59].

It can be observed that the polygon where F-HEC produces the
largest amount of energy is that with the largest surface, IHE = 1 with
174.7 GWh, progressively reducing its energy production as the surface
reduces: polygons E with 148.0 GWh, D with 89.9 GWh, C with 45.2
GWh, B with 14.3 GWh, and A with 8.9 GWh. In the case of BF-HEC, its
annual energy production in polygon E is 45.1 GWh. This is the result of
the significantly larger number of devices in the larger polygons (at least
100% of increase in the total surface with respect the preceding polygon
according to the established criteria), which does not indicate a better
performance. In fact, the smaller the polygons, the higher their IHE, and
therefore the performance in terms of C¢could tend to be the opposite. In
the case of F-HEC: polygons A with 16.84%, B with 12.07%, C with
15.12%, D with 13.89%, E with 10.95% and IHE = 1 with 9.28%. In the
case of BF-HEG, its Cy in polygon E is 8.42%. This expected tendency
does not apply to all cases, e.g. polygon B, given that IHE index also
considers, in addition to the energy resource, the total costs although in
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Fig. 6. Time distribution of the characteristic velocity, V. (), in the selected polygons.
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Fig. 7. AEP (above) and Cy (below) for the selected HEC-site combinations.

a more simplified way than that proposed in the present work.
5. CAPEX model
5.1. Fundamentals of CAPEX estimation

CAPEX stand for the capital expenditures needed for the installation,
in the present case, of a hydrokinetic farm. They are usually considered
as a one-off expenditure, usually incurred in the first year of the project
or in the first payment period (prior to the beginning of the operation of
the farm). In consequence, CAPEX group all the construction costs of the
plant, commonly representing more than 70% of its total expenses [45].
As a result of their economic magnitude, and in order to make available
an accurate assessment of CAPEX, it is necessary to define in detail their
cost items and structure, for which a widely used unitary costs model
should be defined (Section 5.1) and subsequently implemented (Section
5.2) to compute the CAPEX of the different HEC-site combinations
defined in Section 3 — instead of a global percentage, which might
produce misleading results.

CAPEX is usually broken down into three cost categories [60]: (i)
management and engineering costs (CAPEX;), which encompasses the
cost of different planning activities needed to ensure the viability of the
project and the fulfilment of all its technical requirements (e.g.,
conceptualization, design, quality management, etc.); (ii)
manufacturing costs (CAPEXj), including the cost of the main structural
elements of the farm and its equipment (e.g., devices, cabling, founda-
tions or moorings, etc.); and (iii) installation costs (CAPEX3), which
include, among others, the expenses of the deployment and grid
connection of the plant. The evaluation of these cost categories in the
proposed model is explained in detail in Section 5.2.

5.2. Definition of CAPEX model

An accurate computation of CAPEX; to CAPEXj3 terms is a key point
to develop the CEA of a hydrokinetic farm, especially in the case of
CAPEX,, which has been estimated at about 80% of the total CAPEX [45,
61]. However, this value is highly dependent on the characteristics of
the farm and should be accurately computed for each specific project. In
this context, the only way to obtain realistic CAPEX figures is, as in the
case of a conventional engineering project, to assess them by means of
measurements and unitary costs. The definition of these data requires a

detailed design of the HEC, e.g., through CAD tools [62], and a reliable
breakdown of unitary costs, which is not typically available in the
literature. To this end, the use of HEC types and representative generic
designs are required.

In the present application, a detailed and validated unitary costs
model [60,63-65] has been used by combining its breakdown (Table 3)
with the specific measurements of the HECs considered, according to
their significative taxonomic similarities. For further details about this
model and its implementation, the reader is referred to Ref. [60].

Likewise, the present CAPEX model also considers the effects of the
economies of scale resulting from the consideration of different farm
sizes for installing the selected HECs, for which and ad hoc algorithmic
procedure is applied. This procedure is based on a detailed analysis of
the farm size (as a function of the installed power, P) and its influence on
CAPEX figures for a wide range of proposed hydrokinetic plants, ranging
from reduced plants, e.g., 0.5 MW [66], which were planned for the
self-sufficiency of local facilities, to large offshore farms, e.g., 50 MW,
with remarkable similarities with wind farms [25]. In this context, an
increase in the number of HECs may lead to a considerable reduction in
the costs in the case of initially proposed small to medium farm sizes;
however, as the size of the farm grows, the increase in these effects
progressively reduces up to a point at which are maximum [33]. In the
present work, these limits have been widely analysed in terms of
installed power in tidal energy and other renewables — for farms with
installed power over approx. 30 MW the CAPEX presents maximum
reductions of about 35% [67-69]. Moreover, as previously established,
this reduction is more abrupt in the case of increasing the size of small
farms than when approaching the aforementioned limit (i.e., 30 MW),
which could be represented through a logarithmic function [70]. Based
on these considerations, and by applying a parametric analysis to several
hydrokinetic farms within a wide range of installed power (i.e., 0.5-50
MW), the effects of the economies of scale in terms of CAPEX reduction
can be computed for hydrokinetic farms below 30 MW as follows:

CAPEX,.4(%) =100 x [8.4805 In(P) + 5.8782]. @)

Above this limit the CAPEX reduction would be set as a constant
(35%).

5.3. Application of CAPEX model

The results of the application of the proposed CAPEX model to the
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Table 3

CAPEX breakdown: unitary costs. Adapted from [60].
Definition Value Units
Cost of occupation of the farm (taxes) 2.00 €/m?
Cost of carbon steel manufactured for the structure of the 8.00 €/kg

nacelle

Cost of manufactured carbon steel for PTO frame 4.00 €/kg
Cost of manufactured fiberglass for the fairing 10.00 €/kg

Cost of thrust bearing

Cost of brake system

Cost of electrical generator
Cost of gearbox 35,000.00 €/MW
Cost of high-speed shaft 3000.00 €/MW
Cost of yaw system 12.00 €/kg
Cost of cooling system 15,000.00 €/MW
Cost of pressure oil system 15,000.00 €/MW
Cost of condition monitoring system 110,000.00  €/MW

40,000.00 €/MW
2000.000 €/MW
180,000.00  €/MW

Cost of protection and connection switches 12.00 €/kg
Cost of control system 12.00 €/kg
Cost of bilge system 12.00 €/kg
Cost of compressed air system 12.00 €/kg
Cost of circuit board 12.00 €/kg
Cost of added elements 3.00 €/kg
Cost of blades 40.00 €/m
Cost of pitch system 500.00 €/m
Cost of core of the rotor 1000.00 €/m
Cost of low-speed shaft 500.00 €/m
Cost of base support of the HEC structure 3.00 €/kg
Cost of transition structure of the HEC 3.00 €/kg
Cost of vertical column of the HEC 3.00 €/kg
Cost of elaborated concrete of the ballast 0.20 €/kg
Cost of special concrete bags 0.30 €/kg
Cost of mooring system (catenary anchor leg mooring) 40.00 €/m

composed by three stud-link chain lines

Cost of concrete monopile foundation up to 30 m water 15,000.00 €/m

depth
Cost of protection switch 25,000.00 €/MW
Cost of submarine connector 25.00 €/kg
Cost of submarine connector installed in the base of the HEC ~ 12.00 €/kg
Cost of internal wiring 12.00 €/kg
Cost of connection box 12.00 €/kg

250.00 €/m
100,000.00  €/MW
100,000.00  €/MW
Cost of electrical boxes 20,000.00 €/MW
Cost of transformers 40,000.00 €/MW
Cost of transformation platform 3.00 €/kg
Cost of submarine exportation cables 500.00 €/m
Cost of ground exportation cables 150.00 €/m

Cost of umbilical cables
Cost of rectifiers
Cost of inverters

Tarbert Area are presented in Table 4. As can be observed, CAPEXj,
represents the lion’s share of the total capital investment, followed by
CAPEX; (about ten times less) and CAPEX3 (about forty times less).
However, their relative importance for the different HEC-site combina-
tions differs widely; in effect, as the surface considered (and therefore
the number of HECs) increases, the value of CAPEX, significantly in-
creases, whereas this increase in the case of CAPEX; is much more
contained. This means that in the case of areas of reduced surface (e.g.,
about 5 hmz), the contribution of CAPEX; to the total CAPEX could
represent 50% of CAPEXo.
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6. OPEX model
6.1. Fundamentals of OPEX estimation

OPEX represent the expenditures incurred during the operation, in
this case, of a hydrokinetic farm. They usually include all the expenses
related with the fixed costs of exploitation and both scheduled and un-
scheduled O&M, such as insurances, taxes, salaries, facilities, etc [25]. In
consequence, OPEX are highly influenced by the performance of the
plant and the O&M strategy defined for each type of installation. As a
general rule, they constitute an important driver of the cost structure of a
hydrokinetic farm, reaching average figures greater than 30% of the
total expenses [45]; however, they may widely vary amongst hydroki-
netic farms depending on their specific characteristics [25]. Resulting
from their importance on the cost structure of a hydrokinetic farm, it is
necessary to estimate OPEX as realistically as possible, analysing in
detail the actual limitations of the state of the art. To this end, an ad hoc
OPEX model is developed (Section 6.2) by considering: (i) reliability
HEC data (Section 3), (ii) high-resolution hydrodynamic numerical
modelling (Section 4), and (iii) several O&M procedures. Finally, this
model is applied to estimate the OPEX of the different HEC-site combi-
nations defined for the Tarbert Area (Section 6.3).

In spite of their important weight on the cost structure of hydroki-
netic farms, the assessment of OPEX is subject to a large number of
uncertainties, which results from the lack of knowledge caused by the
reduced number of real projects. In order to avoid these difficulties,
OPEX estimations usually resort to considering either specific cost items
or the total cost as a function of the installed power [46,71] or as per-
centage of CAPEX [25,72]. Recent works proposed more complex
models for specific maintenance items, including O&M schemes based
on metocean data [47,73,74]; however, high-resolution site-specific
numerical modelling required for accurate OPEX estimations is not
usually considered [25]. Moreover, previous studies are focused on
specific designs of HECs and only take into account a specific O&M
strategy [25,60,63-65]. These weaknesses are considered as a starting
point for the development of an ad hoc OPEX model, which is detailed in
the subsequent section (Section 6.2).

In this regard, prior to the development of an OPEX model, it is
necessary to define an appropriate breakdown whose categories would
allow a developer to consider all the aforementioned aspects. In the
present work, as in the case of CAPEX, a breakdown of OPEX composed
of three different categories is considered [25,60,63,75]: (i) insurances
and fixed costs (OPEX;), which represent one of the most expensive
maintenance costs in renewables [76]; (ii) scheduled or preventive
maintenance (OPEXj), covering calendar- or condition-based supervis-
ing and reconditioning works; and (iii) unscheduled or corrective
maintenance (OPEX3), which stands for unplanned repairing operations.
The evaluation of these cost categories in the proposed model is
explained in detail in Section 6.2.

Table 4

CAPEX results (M€) for the different HEC-site combinations considered.
Cost item F-HEC—A F-HEC—B F-HEC—C F-HEC—D F-HEC—E F-HEC—IHE BF-HEC—E
CAPEX; 5.72 5.92 6.48 7.53 9.73 11.38 5.75
CAPEX, 12.91 22.64 48.02 100.71 213.71 295.90 61.65
HECs 6.50 13.25 30.21 64.74 136.72 190.25 24.11
Foundations n.a. n.a. n.a. n.a. n.a. n.a. 13.54
Moorings 0.70 1.55 4.23 10.87 27.43 37.64 n.a.
Cabling 5.71 7.84 13.58 25.10 49.56 68.01 24.00
CAPEX3 0.15 0.33 0.99 1.77 3.53 5.64 1.40
Power system 0.02 0.04 0.13 0.23 0.47 0.75 0.19
Cabling 0.04 0.08 0.26 0.46 0.92 1.46 0.36
HECs 0.09 0.21 0.60 1.08 2.14 3.42 0.85
CAPEX 18.78 28.89 55.49 110.01 226.97 312.91 68.80
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Table 5
Hydrodynamic thresholds for the operation and maintenance works using OSV
and CTV vessels.

Weather criteria OSV 0&M CTV O&M
Significant wave height, H; (m). Safety and (max.) 1.50 1.20
values (2.00) (1.50)
Tidal currents velocity, V;. (m/s) 1.00 1.00
Wind velocity at 10 m height, U;p (m/s) 10.00 10.00

6.2. Definition of OPEX model

The approach proposed in this work addresses the abovementioned
limitations of current OPEX models by considering: (i) high-resolution
site-specific numerical modelling; and (ii) different O&M procedures,
as a result of analysing HECs representative of various taxonomies
(Section 3). The first aspect is of paramount importance to provide the
required accuracy for the definition of weather windows suitable for the
O&M works; the second one has an important influence resulting from
the differences in the maintenance protocol of floating and bottom-fixed
technologies (e.g., number of technicians required, type of vessel,
duration of works, etc.). Bearing this in mind, the evaluation of OPEXj,
OPEX, and OPEXj is developed as follows.

The accurate estimation of OPEX; represents a complex task given
the low number of real projects developed; thus, reference values should
be provided by developers and stakeholders, in particular from the
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offshore sector [76]. In this regard, as in the case of the abovementioned
simplified estimations of OPEX, it is usual to estimate this term as a
function of the installed power or as a percentage of the CAPEX. The
approach followed in this work is the second, with OPEX; computed as a
1.5% of CAPEX, which has shown to provide accurate results [25,72].
Regarding OPEXy, it encompasses very heterogeneous maintenance
works, covering from cleaning and inspection activities to the replace-
ment of minor components belonging to different systems of the hy-
drokinetic farm [75]. Thus, this term is the result of several cost items
incurred during these works, whose amounts could be highly diverse (e.
g., material, staff, transport, etc.). In this respect, the accurate definition
of weather windows suitable for conducting maintenance works has a
key role in driving the expenses included within the OPEX, term [60,
63], and therefore lead to an optimization of resources and costs [75].
The computation of these weather windows requires the definition of
specific hydrodynamic conditions, usually in form of threshold values,
considering the different weather parameters that could influence the
maintenance works and their implication for the security of the infra-
structure and workers involved. In this regard there exist different types
of vessels to conduct maintenance operations, which can be divided in
two large categories [77]: (i) Crew Transport Vessel (CTV) for offshore
reparations, and (ii) an Offshore Supply Vessel (OSV), usually equipped
with a Remoted Operated Vehicle (ROV), in the case of onshore works.
OSV operation requires specific wave, wind and current conditions,
whereas CTV operation is only limited in terms of wave height [77];
however, given that specific specialized workers (e.g., divers or

Offshore works - CTV
CTV CTV
mobilization demobilization
tresp td WW + LD tr,off td
P ------ »< ><4—>
HEC Reparation HEC
failure starts repaired
Onshore works - OSV
osv Reparation osv
mobilization starts demobilization
tresp ty WW+LD tron Ww ty ty
— Pt ------ P> pt------ Pe—><—>
HEC HEC HEC HEC
failure recovering repaired deployment

Fig. 8. Sketch of the operational protocol for offshore (above) and onshore (below) unplanned reparations (OPEX3).
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Fig. 9. Discrete frequency (non-exceedance) of velocity intervals (0.25 m/s wide) for the polygons considered.

submarine welders) also require specific conditions, CTV operation is
also limited by wind and current conditions [25]. Table 5 summarizes
the different hydrodynamic thresholds, which are defined by consid-
ering not only the limit conditions for the operation of the vessels but
also, as abovementioned, the security of workers, which results in
considerably restrictive conditions, especially in terms of current ve-
locity [25].

In the case of areas of interest for HEC operation sheltered from wave
action, it can be assumed that the only limiting condition is the
magnitude of the currents, and therefore, weather windows should be
computed based on high-resolution hydrodynamic numerical modelling
(Shallow Water models) leading to the accurate computation of its
discrete and cumulative annual velocity frequencies. This computation
should be conducted by considering the time during which the afore-
mentioned threshold is not exceeded and, therefore, the hydrodynamic
conditions are suitable for maintenance operations. It is important to
note that the need for considering waves and winds should be analysed
for each case study.

In this work OPEXj is computed based on reference values for the
different parameters involved in its computation [60] which are adapted
to the site-specific conditions of the different HEC-site combinations
(Section 3) in terms of weather windows appropriate for O&M works
(Table 5).

In the case of OPEX3, the definition of an appropriate operational
protocol is a key aspect for conducting unplanned repairing operations,
allowing the optimization of material and human resources [75]. In this
context, the repairing strategy needs to be adapted according to the
vertical configuration of the hydrokinetic farm, distinguishing between
bottom-fixed and floating converters [77]. These vertical configuration
influences not only the different resources involved in the repairing
procedure and its location (i.e., onshore or offshore) but also the
accessibility to the different components of HECs.

According to Ref. [77], these protocols are defined as follows: in the
case of bottom-fixed HECs, their unplanned maintenance is, in any case,
conducted at onshore facilities; on the contrary, the unplanned main-
tenance of floating HECs can be carried out either onshore or offshore,
depending on the duration of the works, t,. For trivial works (t, < 1 h),
the reparations can be conducted offshore. Minor reparations (1 h < t. <
24 h) are usually prescribed offshore if the components of the HEC are
easily accessible, and at onshore facilities in the opposite case. Finally,
major reparations (¢, > 24 h), are always conducted onshore. This
categorization has an effect on the type of vessel required for conducting
the repairing works (CTV and OSV for offshore and onshore mainte-
nance, respectively), as in the case of OPEX2 computation (see above).
In Fig. 8 the operational protocol for both offshore and onshore
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unplanned reparations is presented in the terms of the following timing
nomenclature [77]: tr is the response time, which represents the time
necessary to detect a failure and mobilize the human and technical re-
sources required; ty stands for the displacement time, considering the
distance between the base port and the hydrokinetic farm; WW repre-
sents the time increment incurred as a consequence of weather windows;
LD stands for time increments resulting from logistic delays; and finally,
troff and t.o, are representative timings of repairing operations for
offshore and onshore works, respectively. Further information regarding
the cost of the resources involved in both protocols can be found in
Ref. [25]. As in the case of OPEXj5, an accurate computation of OPEX3
should be based on the definition of the required weather windows as
previously defined (Table 5).

Based on the aspects previously remarked, the computation of the
OPEXj3 term can be summarized in the following steps: (i) definition of
the operational protocol as a function of the vertical configuration of the
hydrokinetic farm, (ii) computation of the costs incurred as a result of
each repairing operation depending on the timing and resources
involved, (iii) evaluation of the impact of weather windows and delays
on the cost of each operation, (iv) computation of OPEX3 term by
considering the reliability of the devices (required annual number of
interventions), and integrating the results of steps (i), (ii) and (iii).
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Fig. 10. Cumulative frequency (non-exceedance) of flow velocity for the
polygons considered.
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Table 6

Timing (average values) of the different activities con-
ducted during repairing or unscheduled maintenance
works (OPEX3) for offshore and onshore operations.

Variable Duration

te 1.00 h

tq 0.50 h

Ww Site-specific

LD 30% (time increase)
troff 4.00 h

tron 32.00 h

6.3. Application of OPEX model

For the application of the model, in the first place the annual discrete
and cumulative velocity frequencies (non-exceedance) are obtained
from the high-resolution shallow water model, and presented in Figs. 9
and 10, respectively.

The time available for O&M for the different areas is similar, despite
their differences in total surface, with about 40.1%, 47.9%, 42.21%,
43.8%, 48.9% and 51.7% for polygons A, B, C, D, E, and IHE = 1,
respectively (Fig. 10). It can be observed that the smaller the polygons,
the higher IHE tend to have large resource, and therefore large current
magnitude which reduce the available time for O&M. However, given
that IHE index also considers the costs (in a somewhat simplistic way),
this does not apply to all cases, as it can be observed in the case of
polygon B which presents greater O&M windows than larger polygons
such as C and D.

Based on these figures, the proposed OPEX model is applied to the
Tarbert Area by considering the Tarbert facilities as base port (Fig. 1) in
order to compute the timing of the works associated to the operational
protocols for unplanned reparations shown in Fig. 8 (Table 6) [25]. The
results of the application of the OPEX model are provided in Table 7.

As can be observed, OPEX; and OPEX, represent the lion’s share of
the operational expenditures, being about one order magnitude larger
than OPEXj3. Overall OPEX; is larger than OPEX; (more than double
considering all HEC-site combinations); however, their relative impor-
tance is highly dependent on the total surface and the resulting number
of HECs considered, being OPEX; greater than OPEXjy in the case of
polygon A.
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7. CEA parameters computation

The results obtained for AEP, OPEX and CAPEX can be straightfor-
wardly used to compute the viability of the proposed HEC-site combi-
nation through CEA parameters. As previously mentioned, in this
application CEA is developed in terms of Levelized Cost of Energy
(LCOE), which is usually computed as follows [45]:

€]

where k represents the discount rate and T is the lifetime of the project.
According to Ref. [24], values of 10% and 20 years are established for k
and T, respectively. In addition, it is important to note that the discount
rate is not applied to CAPEX insofar as this term corresponds with initial
investments which are not constant along the lifetime of the project. The
interpretation of the LCOE is straightforward: the lower the value of the
LCOE, the better the HEC-site combination for hydrokinetic energy
exploitation.

In Fig. 11, LCOE results for the different HEC-site combinations are
presented. It can be observed that LCOE values reduce as the polygons
occupy progressively a larger area as a result of the effects of the
economies of scale, and up to a point where they attain their largest
influence (i.e., reach a constant peak value), thereby providing the
largest cost reduction. In the case of F-HEC: polygons A with 0.314
€/kWh, B with 0.310 €/kWh, C with 0.196 €/kWh, D with 0.200 €/kWh,
E with 0.247 €/kWh and IHE = 1 with 0.287 €/kWh. In the case of BF-
HEC, its LCOE in polygon E is 0.260 €/kWh.

Thus, in spite of the smallest polygon (polygon A) being that with the
largest Cy and IHE index, the effects of the economies of scale lead to a
polygon with larger available area and less available resource (power),
polygon C, to be that providing the best cost-effective figures, which are
attained by F-HEC.

The results of LCOE obtained are compared with those obtained by
applying previous state-of-the-art procedures used in tidal energy pro-
jects. To this end, simplistic procedures for easily assessing the viability
of projects at their initial steps (e.g. Refs. [24,78,79]), along with
complex procedures providing more accurate results (e.g. Refs. [45,46,
61]) are considered. The comparison is conducted for the selected
combinations: F-HEC operating in polygon C and BF-HEC operating in

Table 7
Annual OPEX results (M€) for the HEC-site combinations considered.
Cost item F-HEC—A F-HEC—B F-HEC—C F-HEC—D F-HEC—E F-HEC—IHE BF-HEC—E
OPEX; 0.28 0.43 0.83 1.65 3.40 4.69 1.03
OPEX, 0.26 0.56 1.47 3.12 6.38 8.70 2.53
OPEX3 0.04 0.04 0.04 0.04 0.04 0.04 0.1
OPEX 0.58 1.03 2.34 4.81 9.82 13.43 3.66
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Fig. 11. LCOE of the HEC-site combinations considered.
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Table 8
Comparison of the results of LCOE according to the proposed methodology
(LCOEyg) and other state-of-the-art procedures ([24,78,79] and [45,45,611).

HEC-site LCOEg LCOE [24,78,79] LCOE [45,45,61]
combination (€/kWh) (€/kWh) (€/kWh)
F-HEC—C 0.196 0.397 0.280
BF-HEC—E 0.260 0.688 0.560

polygon E. For the application of these methodologies CAPEX and OPEX
terms are computed, whereas AEP is determined according to section 4.
LCOE results are provided in Table 8.

As it can be observed, the implementation of more simplistic the-
ories, in particular [24,78,79] leads to significant deviations in LCOE
figures with respect to the proposed methodology in the present study,
of about 103% and 165% for F-HEC in polygon C and BF-HEC in polygon
E, respectively. The application of more detailed methodologies [45,46,
61] provides more accurate results, with deviations of about 43% and
115%, for F-HEC in polygon C and BF-HEC in polygon E, respectively.

The deviations in the results obtained are primarily due to how OPEX
is computed following the different procedures, which correspond to
either predetermined values according to general farm characteristics,
in the case of simple procedures, or are function of the installed power of
the farm, in the case of more complex methodologies. In this way, the
current available procedures do not consider cost reductions with
increasing farm size, and therefore they usually overestimate OPEX
values for large farm projects, as it is the case of the present study.

8. Conclusions

Cost-effective analyses (CEA) of proposed hydrokinetic farms are
often based on highly simplified energy performance parameters and
cost structure, which may lead to suboptimal planning decisions. In
connection with the development of CEA is the delimitation of the areas
of analysis, usually defined by merely considering the available energy
resource and, in some occasions, certain geomorphological parameters,
such as the total water depth. These simplified approaches could be
adequate in the initial stages of the design of a hydrokinetic farm;
however, further and more detailed information is required for the ac-
curate definition of the most appropriate configuration. The current
methodologies applied to tidal energy projects only approximate the
correct values of the CEA parameters, as a result of their inability to
consider specific aspects of the cost analysis, in particular O&M costs,
and their disregard of the potential effects of economies of scale, which
are related to the characteristics of the study areas (total surface, dis-
tance to existing ports, hydrodynamics, etc.).

In this work, a novel approach for accurately computing CEA pa-
rameters of hydrokinetic energy projects is developed, leading to the
selection of the most appropriate HEC-site combination within a coastal
area, and improving previous procedures. The proposed methodology is
subsequently applied to the Shannon Estuary (W Ireland) and the results
computed in terms of Levelized Cost of Energy (LCOE).

The proposed approach consists of five steps. First, a HEC-site se-
lection model is developed by means of the IHE index and spatial
analysis algorithms, leading to the definition of various HEC-site com-
binations which allow the consideration of economies of scale by
retaining different areas for analysis based on specific criteria. Then, the
application of an energy production model leads to the computation of
the Annual Energy Production (AEP) for the different HEC-site combi-
nations selected, for which high-resolution numerical modelling and
specific algorithms are considered. With respect to the cost structure, a
Capital Expenditures (CAPEX) model and an Operational Expenditures
(OPEX) model are developed. The CAPEX model is based on the detailed
breakdown in unitary costs and an ad hoc algorithm for assessing the
effects of the economies of scale of the different HEC-site combinations
retained. The OPEX model considers HEC-specific O&M procedures,
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including the analysis of the necessary human and material resources,
along with the definition of specific O&M weather windows. Finally, the
previous results are integrated to provide reliable CEA parameters for
the different HEC-site combinations, leading to the selection of the best
alternative.

This procedure is illustrated for the Shannon Estuary and, in
particular, the Tarbert Area. The CEA parameters are obtained in terms
of Levelized Cost of Energy (LCOE). It is found that the area with the
largest Cy and IHE index is not that with the best CEA parameters;
instead, the economies of scale lead to a larger area with less available
resource providing the best cost-effective figures. As a result, the HEC-
site combination providing best cost-effective figures is F-HEC at poly-
gon C with 0.196 €/kWh. The results of LCOE obtained are compared
with those obtained by applying state-of-the art procedures used in tidal
energy projects. Significant variations in LCOE results as obtained from
the different methodologies considered are observed ranging from about
40% to 165%, which results from the overly simplistic OPEX computa-
tions leading to a significant overestimation of cost in the case of large
farms. In sum, the proposed approach addresses the major difficulties
and uncertainties when computing the main aspects affecting the CEA of
hydrokinetic energy farms, avoiding simplistic assumptions, and overall
improving on the current procedures. The procedure was illustrated
through a case study in the Shannon Estuary, but it could be applied to
any other coastal area with potential for hydrokinetic energy
exploitation.
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7 GENERAL DISCUSSION

This thesis presents a comprehensive methodology for the decision-making regarding
hydrokinetic energy exploitation within a coastal region, providing all the relevant information
for installing a hydrokinetic energy farm. The methodology consists of three main procedures
(Chapter 4 to Chapter 6), each resulting in a different index (i.e., TSEna, IHE and LCOEng),
whose complexity and accuracy increase as project planning progresses, moving from
preliminary identification of areas suitable for the installation of initial designs to the detailed
assessment of specific locations for full-scale project installations.

The methodology developed in this thesis is applied to the Shannon Estuary, as detailed in
Chapters 4, 5, and 6. Each chapter focuses on the development and implementation of a specific
procedure so as to fully develop it for the characteristics of this coastal area, as well as to provide
the required information for its application to any other coastal region of interest for
hydrokinetic energy exploitation.

In Chapter 4 — Tidal stream energy potential in the Shannon Estuary, the TSEna index
is introduced and applied to the Shannon Estuary. This index represents an adapted version of
the Tidal Stream Exploitability (TSE) index (Iglesias, G. et al., 2012), specifically designed for
non-depth-limited coastal areas like the Shannon Estuary. The original TSE index was
developed and successfully applied for selecting tidal stream energy conversion sites in regions
characterised by limited water depth, such as shallow and intermediate-depth areas (e.g.,
Iglesias, G. et al., 2012; Ramos & Iglesias, 2013; Ramos et al., 2013; Ramos et al., 2014).
However, its straightforward application to deep coastal regions may lead to an overestimation
of the energy potential, particularly in areas with water depths larger than the operational
requirements of most HECs. In such cases, the role of water depth differs from that in depth-
limited areas, requiring adaptation for its accurate application to non-depth-limited areas. To
address this, the analysis of areas with water depths exceeding a predetermined threshold is
conducted by incorporating an additional resource-limiting expression in the TSE penalty
function, &, leading to definition of the new penalty-limiting function, &a. This new function
resorts to a new water depth range given by the threshold hs, above which TSEnq values are
limited to hs, established by considering the characteristics of the currently available conversion
technologies. The application of this procedure enables the delimitation of large areas of interest
for MRE projects at preliminary stages by establishing various TSEna thresholds. Locations
with TSEna values greater than or equal to 1 and TSEna values greater than or equal to 2 indicate
areas of interest and high interest, respectively, for hydrokinetic energy conversion. However,
implementing the TSEndI index is a complex process requiring extensive and precise geospatial
data, particularly hydrodynamic and bathymetric data.

In the first instance, considering the substantial freshwater inflows into the Shannon
Estuary, alongside tidal action, it becomes imperative to consider both baroclinic and barotropic
flows (Iglesias, G. et al., 2008). Hence, achieving an accurate characterization of the
hydrological regime is required. Freshwater inputs are sourced from gauging stations managed
by the Irish Office of Public Works (OPW), facilitating the incorporation of intra-annual
variations in the fluvial contributions of the main rivers discharging into the estuary, namely:
Shannon, Fergus, Feale, Mulkear, Killimor, Deel, Maigue, Ollatrim, and Killimor. Seasonal
variations in their discharge are observed (e.g., winter, spring, summer, and autumn scenarios),
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with River Shannon contributing the lion’s share of the total discharge, with seasonal
contributions ranging from 68% to 86% of the aggregate river discharges.

The subsequent step consists in applying a high-resolution numerical model to
comprehensively describe the hydrodynamics of the Shannon Estuary. In this application, a
shallow water hydrodynamic model, Delft3D FLOW, is implemented and validated against
current velocity field data gathered by Acoustic Doppler Current Profiler (ADCP). This open-
source code resorts to a finite difference scheme to approximate the Navier-Stokes equations
under the Shallow Water and Boussinesq assumptions, coupled with the transport equation,
enabling the computation of the spatial distribution of temperature and salinity, and thereby
density. To avoid spurious numerical disturbances on the area of interest, the model grid extends
not only over the entire Shannon Estuary but also to the 100 m isobath, approximately 30 km
offshore. The resultant grid comprises a total of 69,649 cells of varying size resolution: with a
resolution of 100 x 100 m within the estuary, gradually increasing to 100 x 300 m from the
estuary mouth towards the ocean boundary. Bathymetric data was obtained from the
INFOMAR programme (Integrated Mapping for the Sustainable Development of Ireland’s
Marine Resource) (O'Toole et al., 2020), supplemented by topographic data to comprehensively
characterize the extensive intertidal areas within the estuary. After validating the numerical
model through the comparison of computed flow velocity results with field measurements, it is
used to evaluate the hydrokinetic energy potential of the Shannon Estuary by conducting
various case studies.

First, a preliminary analysis focused on the general distribution of the available energy
resource is conducted by considering both the tide and river discharges, in addition to the
thermohaline conditions at the open boundaries and the resulting baroclinic flows, over a
complete mean spring-neap tidal cycle (= 14.75 days). Seasonal river discharges during this
period are used to define four case studies: winter (CS1), spring (CS2), summer (CS3) and
autumn (CS4). The vast datasets resulting from CS1 to CS4 are used to investigate for the first
time the influence of the freshwater inputs on the general circulation patterns of the Shannon
Estuary, showing that this influence is more limited than might have been expected according
to the large fluvial discharges flowing into this estuary.

Once the general resource distribution has been analysed, the combined effects of the
interaction of both energy resources are assessed over a long period (a complete year) (CS5) to
accurately determine the total available energy. To this end, average monthly river discharges
are input to the model. In this way, in terms of hydrokinetic energy availability, the intra-annual
variability that might arise from variations in freshwater discharges is all but negligible, as it
results from CS5, reinforcing the results from CS1 to CS4. The hydrodynamics of the Shannon
Estuary can be established as clearly tide-dominated, resulting from its large tidal range and
tidal prism. Moreover, a marked ebb dominance is apparent, probably as a result of the complex
interaction of the tide with the bottom contours, especially in specific areas of the inner estuary,
where this effect is reinforced by the action of river discharges.

Even though the above information would have been sufficient to identify the areas with
the largest energy resource, the most suitable areas for its conversion also depend on other
variables, such as the magnitude of peak velocities or water depth. With this in view, and in
order to have a clearer understanding of the exploitability of the hydrokinetic energy resource
in this coastal region, the spatial distribution of the TSEna index is computed in a tidal cycle
during spring tides and mean river discharges and thermohaline conditions (CS6). As it
emerges, extensive areas may be suitable for hydrokinetic energy exploitation. However, the
installation of a hydrokinetic farm requires the accurate delimitation of the areas suited for its
operation. More specifically, the areas above the two abovementioned thresholds of TSEna (i.e.,
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TSEnat > 1 and TSEna > 2) are delimited, resulting in a total of seven areas (Area | to VII)
identified as suitable for hydrokinetic energy exploitation, five of them being of high interest
(i.e., TSEnai > 2) (Areas I, 11, 1V, V and VI), and the remaining two of interest (i.e., TSEna > 1)
(Areas Il and VI). The spatial distribution of the TSEna index, along with their specific
characteristics, show the particular interest of Areas I, Il and IV for hydrokinetic energy
exploitation; however, Areas | and Il are far from port facilities, and makes difficult the energy
storage. Nearer to several facilities, but with a somewhat lower resource, are Areas 11, VI and
VII. On this basis, Areas IlI, IV, VI and VII are retained for further analysis.

To this end, two locations within these areas are selected for high-resolution analysis, one
corresponding with the highest TSEnq, and the other representing the mean TSEna for each
area. At these locations, the time distribution of the available resource is analysed for a complete
mean spring-neap tidal cycle under mean river discharges and thermohaline conditions (CS7).
As a result, the time distribution of the current velocity and power density at the
abovementioned locations are computed. The available resource is found to differ greatly
amongst areas, depending on their specific location within the estuary. Overall, there are
reduced spatial variations in the available resource, except for Area IV, where the minimum
and maximum value of the TSEna differ in roughly 400%, resulting from its large surface area.

For all the interest of the results obtained in Chapter 4, where the new TSEna index has
been developed and applied in order to identify the most suitable areas for hydrokinetic energy
conversion in deep-water areas and characterise their available energy resource, the final
decision regarding the installation of a hydrokinetic energy farm should consider not only the
available resource and specific geomorphological aspects (e.g., water depth), but also Marine
Spatial Planning, and in particular the environmental and socioeconomic factors.

On these grounds, a new procedure, the Integrated Hydrokinetic Energy (IHE) index, is
proposed in Chapter 5 — A holistic methodology for hydrokinetic energy site selection, where
it is developed and applied again to the Shannon Estuary. The IHE index takes into account all
relevant aspects influencing the decision-making process for selecting optimal areas for
hydrokinetic energy exploitation in coastal regions. These aspects include energy resource
availability, costs, as well as socioeconomic and environmental factors. By doing so, it
transcends the limitations of specific conversion technologies or farm layouts, thereby
significantly enhancing existing methodologies. Finally, the IHE index aims to reduce
uncertainties in the decision-making of hydrokinetic energy projects by using a new
comprehensive and integrated approach with application to MRE projects at early stages.

This procedure is carried out through four steps: (i) a thorough characterisation of the
energy resource by high-resolution spatiotemporal numerical modelling; (ii) the development
of a geospatial penalty function that considers the relationship between primary drivers of
capital expenditures (CAPEX) and coastal configuration (depth and distance to coast), thereby
penalizing areas with higher installation costs; (iii) an accurate geospatial analysis of
socioeconomic and environmental uses to assess their compatibility with hydrokinetic energy
exploitation, resulting in an additional penalty function; and finally, (iv) the integration of the
results from steps (i) to (iii) to provide a reliable indicator of the viability of hydrokinetic energy
exploitation across a coastal region.

Firstly, the exploitable energy resource —defined as that can be harnessed within the
operational range of HECs— is characterized and compared with a reference energy level,
representing the minimum annual energy required for hydrokinetic energy exploitation. This
leads to the computation of the HE index, the first term of the IHE index. The exploitable energy
is calculated by using high-resolution numerical results (Chapter 4), but now limiting the energy
output between specific lower and upper thresholds of current velocity required for HEC
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operation (in this case, 0.7 and 3.1 ms™?, respectively). The reference energy level, set at
0.2 kWm2, is based on a comprehensive review of previous research on hydrokinetic energy
potential across numerous coastal regions (Carballo et al., 2009; Fouz et al., 2019; Iglesias, I.
etal.,2021; Liuetal., 2021; Marsh et al., 2021; Neill et al., 2014; O’Rourke et al., 2014; Ramos
et al., 2014; Ramos & Ringwood, 2016; Robins et al., 2015; Sanchez et al., 2014; Thiébot et
al., 2020; Yang et al., 2021), where current velocity data obtained either by numerical modelling
or in situ measurements are analysed. Accordingly, five categories defining the hydrokinetic
energy potential of coastal regions are established based on the HE index: Categories | to V,
from lower to higher potential. Applying this categorization to the Shannon Estuary and using
the nomenclature from Chapter 4 (i.e., Areas | to VII), most previous identified areas fall into
Categories Il (Areas V, VI and VII) and 111 (Areas I, 11, and 1V), but also into Category | (Area
I11). More specifically, Area IV boasts the largest exploitable resource, followed by Areas Il
and I with slightly lower resources, Areas V and VI with significantly lower energy, and finally,
Areas VIl and I11, which are near the threshold of viability from an exploitable energy resource
perspective.

Next, in order to develop and implement a geospatial cost penalty function, it is necessary
to accurately identify the main drivers of costs, particularly CAPEX, and relate them to the
coastal configuration so as to penalise areas where energy exploitation will incur higher
expenses. CAPEX are usually broken down as follows (Dalton et al., 2015; Vazquez & Iglesias,
2016a): (i) device costs, (ii) cable costs, (iii) foundation or mooring system costs, (iv)
installation costs (e.g., transportation and deployment costs), and (v) grid connection costs.
Device and grid connection costs are generally independent of the coastal geomorphology of
the study area, and instead they depend on the specific type of technology. However, cable and
foundation or mooring system costs are clearly dependent on key geomorphological aspects,
namely shoreline distance and water depth, respectively. By considering the main formulations
available in the scientific literature, the relationship between these cost elements and the
abovementioned geomorphological aspects can be established, requiring the definition of a
minimum pre-sizing scheme for a “standard” hydrokinetic farm, including the total plant power
and the number of devices required to fulfil it. Both aspects are analysed with a particular
emphasis on the current trends and prospects of hydrokinetic technology, focused on second-
or third-generation HECs (Segura, E. et al., 2017), and considering representative designs of a
wide range of different technologies applied to real hydrokinetic energy projects, whose main
geomorphological aspects are also assessed, leading to the definition of threshold reference
values. This analysis leads to the definition of a penalty function, Cgyp, relating the costs and the
characteristics of a given location (depth and distance to coast).

The application of the Cyp penalty function to the Shannon Estuary shows an excellent
correlation with the estuary's coastal configuration. Specifically, values of approximately 0.4-
0.6 are found within the central channel of the inner and middle estuary, around 0.9 in the
nearest shoreline areas (which are virtually not penalized due to their reduced depth and
proximity to the coast) and dropping to about 0.2 near the mouth (due to greater water depths
and distance from the coast). The highest costs are observed in Area V, closely followed by
Areas | and 111, then by Areas 11, VI, and IV, with Area VII having the lowest costs. However,
similar to the exploitable resource analysis, the large surface occupied by these areas means
that the costs of installing a hydrokinetic farm can vary significantly within each area, with a
mean variation (the difference between mean and maximum Cgp values) of 24%. In particular,
Areas V and | exhibit variations of 39% and 33%, respectively. These variations can
substantially affect the identification of the best sites for hydrokinetic farm installation and must
be taken into account in the decision-making process.
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The next step in applying the IHE index is to assess the compatibility between hydrokinetic
energy exploitation and existing marine uses. To achieve this, a water use penalty function, Ugp,
is defined and applied to the Shannon Estuary. The development of this function involves
several stages. First, the marine uses in the coastal region are identified, categorised into (i)
socioeconomic activities and (ii) environmental uses. The socioeconomic activities considered
are aquaculture, shellfish harvesting, and navigation. For environmental uses, Special Areas of
Conservation (SACs) and Special Protection Areas (SPAs) are analysed. A quantitative
approach is then proposed to assess the coexistence of these marine uses with hydrokinetic
energy exploitation. This method involves defining the penalty function Ug,, with values
ranging from O (totally restricted, indicating no coexistence) to 1 (no restrictions, indicating full
coexistence), and intermediate values adapted to the specific characteristics of each marine use
(Galparsoro et al., 2021). Regarding its physical interpretation, lower Ugp values indicate higher
restrictions. Lastly, in areas where multiple marine uses overlap, the most restrictive Ugp value
is used.

Regarding the spatial distribution of the different aforementioned marine uses within the
Shannon Estuary, the following observations can be made: (i) extensive areas are occupied by
or are suitable for aquaculture farming; (ii) virtually the entire estuary is used for navigation,
with a legally delimited navigation area encompassing the main channel and various approaches
to the nearby coast; and (iii) environmental uses occupy much larger areas than those dedicated
to socioeconomic activities, but overall not imposing significant restrictions on hydrokinetic
energy operations.

The most compatible area for hydrokinetic energy operation, with fewer socioeconomic
and environmental restrictions, is Area I, followed by Area VI, and subsequently, with similar
values, Areas 1V, V, and Il. However, Areas IlIl and VI are deemed unsuitable for energy
conversion due to the presence of higher restrictions. In contrast to the resource and cost results,
the variations in Ugp within each area are less pronounced, except in Area IV.

Finally, the computation of the IHE index for the Shannon Estuary involves combining the
results obtained from previous steps (i to iii), with each result corresponding to a term
constituting the proposed index (i.e., HE, Cqp, and Ugp). For further details, the reader is referred
to Eq. (1) in Chapter 5. The computation of the IHE index results in the identification of a total
of six areas with potential interest for hydrokinetic energy exploitation (Areas liHe to VIiHg),
corresponding to those with an IHE greater than 1, which significantly differs from previous
analyses. Area IV Hg, near Tarbet, is identified as the most suitable area, as in previous studies,
but now occupying a smaller surface within the previously identified Area IV (delimited in
Chapter 4 by means of the TSEnq index). This new Area IVi4e presents a lower available
resource, but also lower costs and fewer restrictions for hydrokinetic energy operation than in
the case of former Area IV. The other newly identified areas do not correspond to previously
identified areas; instead, they are close to the previous areas, occupying a more limited surface
with somewhat lower resource, but lower costs and fewer restrictions for energy conversion.

The results of the IHE index indicate that Area IV e is of high interest for energy operation,
with a mean value of IHE belonging to category Il and specific locations falling within
category 1V. Additionally, Area live and Area I1li1g, with somewhat less potential, are also of
significant interest, with mean values of IHE belonging to category Il and specific locations
falling within category Ill. Finally, the remaining areas, Area Ili1g, Area Ving, and Area Vline,
could be of interest, albeit with more limited potential, as indicated by their mean values of the
IHE index close to 1.
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The results demonstrate the capacity of the IHE index for identifying the most suitable
locations for hydrokinetic energy conversion in a coastal region, thereby reducing uncertainties
at the early stages of MRE projects. Furthermore, the final design of the farm configuration in
subsequent project stages necessitates a detailed cost analysis of specific HEC-site
combinations, encompassing all relevant expenses incurred during installation and operation.
While installation costs are partially considered in the IHE index, operation costs are beyond
its scope, necessitating the development of complex cost models considering a wide range of
operational parameters (e.g., transport distance by sea and land, vessel requirements, climate
conditions, etc.).

In order to address the limitations outlined in Chapter 5 and to extend the analysis to
specific HEC-site combinations, in Chapter 6 — A methodology for cost-effective analysis of
hydrokinetic energy projects, the IHE index is used as a basis for developing a specific
procedure for conducting cost-effective analysis (CEA) of hydrokinetic energy farms. This
CEA is conducted in terms of Levelized Costs of Energy (LCOE), which are computed based
on the results provided by the IHE index (LCOExe) through a newly developed ad hoc
procedure which is also illustrated by its application to the Shannon Estuary.

The novelty of this procedure lies in the integrated analysis of the following aspects: (i) the
energy production, assessed by combining high-resolution numerical modelling results
(Chapter 5) with spatial analysis algorithms; (ii) the installation costs, analysed in terms of
unitary costs, including the effects of economies of scale often disregarded; and (iii) the
operation costs, computed through an ad hoc Operation and Maintenance (O&M) model,
incorporating various operational parameters and strategies typically evaluated through
simplified methods.

The proposed approach encompasses five steps: (i) developing an HEC-site selection
model by using IHE index results and spatial analysis algorithms to define different HEC-site
combinations, enabling the analysis of economies of scale by analysing various farm sizes
defined based on specific criteria; (ii) applying an energy production model to compute the
Annual Energy Production (AEP) of the different HEC-site combinations based on high-
resolution numerical modelling; (iii) defining a Capital Expenditures (CAPEX) model, which
incorporates a detailed breakdown of unitary costs and an algorithm to assess economies of
scale resulting from the different farm sizes analysed; (iv) establishing an Operational
Expenditures (OPEX) model, considering HEC-specific O&M procedures, including analysis
of human and material resources and defining specific weather windows; and finally, (v)
integrating previous results (ii to iv) to provide reliable CEA parameters for the different
HEC-site combinations, leading to the selection of the best alternative, and therefore its detailed
analysis in MRE projects at final stages.

The first step of the proposed approach is the definition of the feasible HEC-site
combinations. To generalize the results, representative designs of horizontal axis turbine-based
devices, considering those with the largest commercial maturity, are retained: (i) BF-HEC
(bottom-fixed, @ 16 m) and (ii) F-HEC (floating, @ 4.5 m). Their reliability, estimated through
surrogate data, is retained for use in step (iv). For the Shannon Estuary application, the area
with greater IHE index, Area IVing, corresponding to Tarbert surroundings, is retained. IHE
index results are used to define polygons with homogeneous energy resource levels, processed
to identify suitable areas via spatial analysis algorithms. First, the region within the isoline IHE
= 1 is subdivided into sub-areas by isolines ranging from 1 to the maximum IHE value, using a
step of 0.2, which could be adapted to site-specific characteristics. Second, the mean IHE value
and total surface of each polygon are computed. Third, polygons are rearranged in decreasing
order of mean IHE value. Finally, polygons are selected based on two criteria: having at least a
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minimum total surface (Smin = 5 hm?) and providing a significant relative increase in total
available surface (AS = 100%) compared to the preceding polygon, considering economies of
scale in the cost structure of the hydrokinetic farm.

By applying the spatial analysis algorithm, a total of 30 polygons are obtained. However,
after applying the aforementioned criteria, only five polygons (A to E) are retained for further
analysis. Additionally, the polygon IHE = 1 is also retained. Based on the characteristics of the
selected areas (water depth) and the selected devices (surface occupied per HEC unit and
minimum water depth required), a total of seven HEC-site combinations are considered for
further CEA: F-HEC can be installed within polygons A to E and IHE = 1, while BF-HEC can
operate only within polygon E.

Once the different HEC-site combinations are defined, the next step in conducting the CEA
is to accurately quantify their AEP. This involves the analysis of high-resolution hydrodynamic
numerical results of the Shannon Estuary for a complete year, which are made available in
Chapter 5. With the hydrodynamics of the estuary fully described in spatiotemporal terms,
calculating the electric energy production of an HEC over time at a particular site becomes
feasible. However, accurately computing the energy production in a large and heterogeneous
coastal region like the Tarbert Area is complex due to the spatial variability of the energy
resource. To address this, a specific procedure is established as follows. For each time step of
the numerical simulation, the flow velocity values at each grid cell within the considered
polygon are averaged, creating a site-specific, time-dependent hydrodynamic regime for each
polygon. This method leads to an accurate computation of the energy production for different
HEC-site combinations by integrating the site-specific hydrodynamic patterns with the
characteristics of each HEC, thereby accounting for the spatial variability of the energy
resource.

The energy production analysis reveals that the polygon with the largest surface area,
IHE = 1, where F-HEC operates, provides the greatest amount of energy with 174.7 GWh
annually. Energy production decreases progressively as the polygon surface area reduces:
polygon E generates148.0 GWh, polygon D 89.9 GWh, polygon C 45.2 GWh, polygon B
14.3 GWh, and polygon A 8.9 GWh. For BF-HEC, polygon E yields an annual energy
production of 45.1 GWh. This trend correlates with the significantly larger number of devices
in the larger polygons, attributed to the criteria requiring at least a 100% increase in total surface
compared to the preceding polygon, rather than improved performance per device. Indeed,
smaller polygons tend to present higher values of the IHE index, and therefore better
performance in terms of capacity factor (Cr) (Ramos & Iglesias, 2013), which could tend to be
the opposite than in the case of the energy production. Cs attained by F-HEC at the different
polygons are: A with 16.84%, B with 12.07%, C with 15.12%, D with 13.89%, E with 10.95%,
and IHE = 1 with 9.28%. For BF-HEC, the Cs in polygon E is 8.42%. However, this expected
trend of higher IHE indices corresponding to higher Cr does not apply to polygon B, where the
IHE index also reflects total costs, albeit in a more simplified manner than the detailed analysis
conducted in this study.

The third step involves defining and applying a Capital Expenditures (CAPEX) model,
categorized into: (i) management and engineering costs (CAPEX:), which include planning
activities essential for project viability and technical requirements, such as conceptualization,
design, and quality management; (ii) manufacturing costs (CAPEX?>), covering the main
structural elements and equipment of the farm, including devices, cabling, foundations, or
moorings; and (iii) installation costs (CAPEX3), which encompass expenses related to the
deployment and grid connection of the plant. Accurately calculating CAPEX; to CAPEX3 is
crucial for the cost-effective analysis (CEA) of a hydrokinetic farm, particularly for CAPEXz,
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estimated to account for about 80% of the total CAPEX (Allan et al., 2011; Vazquez & Iglesias,
2016a). However, this percentage varies significantly depending on farm characteristics and
requires an accurate computation for each specific project. Realistic CAPEX figures can only
be obtained by assessing measurements and unitary costs, akin to conventional engineering
projects. To this end, detailed HEC designs and reliable unitary cost breakdowns are necessary,
often lacking in literature. To address this, representative generic designs are used, enabling the
adaptation and implementation of a detailed and validated unitary costs model (Segura, E. et
al., 2018; Segura, Eva et al., 2017; Segura, Eva et al., 2019a; Segura, Eva et al., 2019b).

Moreover, the CAPEX model accounts for the effects of economies of scale by considering
different farm sizes. An algorithmic procedure is employed for this purpose, conducting a
parametric cost analysis for a wide range of proposed hydrokinetic plants, spanning from small
nearshore installations to large offshore farms. The analysis reveals a varying influence of
economies of scale based on farm size (Dismukes & Upton, 2015): while smaller to medium-
sized farms benefit significantly from increased device numbers leading to considerable cost
reductions, this effect diminishes as farm size grows, eventually reaching a maximum.
Specifically, maximum CAPEX reductions of approximately 35% are observed for
hydrokinetic energy farms with installed power exceeding roughly 30 MW (Goss et al., 2021;
Santa Catarina, 2022; Shields et al., 2021), with reductions becoming less pronounced as
installed power approaches this threshold, following a logarithmic profile (Low et al., 2016).
Beyond the 30 MW limit, the CAPEX reduction can be considered a constant value (i.e., 35%).

The analysis of the CAPEX model applied to the Tarbert Area reveals that CAPEX>
constitutes the lion’s share of the total capital investment, with CAPEX; and CAPEX;
representing about 10% and 2.5% of CAPEX>, respectively. However, their relative
contribution varies significantly for the different HEC-site combinations. In particular, as the
surface area increases (and so the number of HECs), the value of CAPEX: also experiences a
notable increase, whereas the increase in CAPEX; is comparatively more restrained. This
indicates that in areas with smaller surface areas (e.g., around 5 hm?), the contribution of
CAPEX to the total CAPEX could amount to approximately 50% of CAPEXo.

The fourth step involves the development and implementation of an Operational
Expenditures (OPEX) model, which considers three main cost categories: (i) insurances and
fixed costs (OPEXy), (ii) scheduled or preventive maintenance (OPEX?), and (iii) unscheduled
or corrective maintenance (OPEX3). OPEX are significantly influenced by plant performance
and the defined O&M strategy, often constituting a substantial portion of the total expenses in
hydrokinetic farms, averaging over 30% (Vazquez & lIglesias, 2016a). However, these costs
can vary widely based on the specific characteristics of each hydrokinetic farm (Lépez et al.,
2020). Therefore, an accurate estimation of OPEX is crucial, requiring a detailed analysis of
the current state of the art, as described in Chapter 6, along with specific aspects involved in
the economic assessment of various OPEX terms. The novelty of this OPEX model lies in the
consideration of HEC-specific O&M procedures, including the analysis of the necessary human
and material resources, as well as the definition of specific O&M weather windows.

Upon application of the OPEX model, it is observed that OPEX; and OPEX> constitute the
majority of operational expenditures, with OPEX: being approximately double than the
magnitude of OPEX; for all HEC-site combinations. However, the relative importance of these
categories varies depending on the total surface area and the resulting number of HECs
considered, with OPEX; surpassing OPEX: in the case of polygon A.

In the final step, the results from steps (ii) to (iv) —AEP, CAPEX, and OPEX,
respectively— are used to determine the viability of the proposed HEC-site combinations
resulting from step (i) through Levelized Cost of Energy (LCOE) computations. For further
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details, the reader is referred to Eq. (3) in Chapter 6. A lower LCOE value indicates a better
HEC-site combination for hydrokinetic energy exploitation. It is obtained that LCOE values
decrease as the polygons occupy larger areas, reflecting the effects of economies of scale, until
reaching a point where these effects peak, at which the greatest cost reduction is attained. For
instance, in the case of F-HEC, LCOE values decrease from 0.314 €/kWh in polygon A to 0.196
€/kWh in polygon C. Similarly, for BF-HEC, its LCOE in polygon E is 0.260 €/kWh. Despite
polygon A having the highest Cs and IHE index, the effects of economies of scale lead to
polygon C, with a larger available surface but less available resource, providing the best cost-
effective figures, particularly for F-HEC.

The comparison of LCOE results obtained by using the proposed approach with those
resulting from previous works reveal significant overestimations, ranging from about 40% to
165% (Allan et al., 2011; Ernst, 2007; Ernst, 2010; Vazquez & Iglesias, 2015; Vazquez &
Iglesias, 2016a; Vazquez & Iglesias, 2016b). These variations stem from previous
methodologies' overly simplistic OPEX computations, leading to a substantial overestimation
of costs, especially in the case of large farms. Overall, the proposed approach addresses major
difficulties and uncertainties in computing the main aspects affecting the CEA of hydrokinetic
energy farms. By avoiding simplistic assumptions and improving upon current procedures, it
provides more accurate and reliable results for decision-making in MRE projects at final stages.
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8 CONCLUSIONS

In this thesis a comprehensive methodology for the exploitation of the hydrokinetic energy
resource in a coastal region of interest is developed whose application will provide all the
relevant elements required for a proper decision-making process. This methodology, which
involves the obtention of a large dataset of high-resolution hydrodynamic numerical modelling
results, along with socioeconomic and environmental data, and their analysis through
cutting-edge geospatial techniques, is applied on the Shannon Estuary, a waterbody located on
the Western Irish coast, well known for its vast hydrokinetic energy potential. The herein
developed methodology is based on the development and application of three different
procedures, whose final objective is the computation of a specific metric or index, made
available for providing a reliable support in the decision-making process of a specific stage of
hydrokinetic energy farm planning, from initial designs to full-scale projects, increasing in
complexity and accuracy as planning progresses, namely: (i) Tidal Stream Exploitability index
adapted to non-depth-limited areas, TSEnai index (Chapter 4); (ii) Integrated Hydrokinetic
Energy index, IHE index (Chapter 5); and (iii) Cost-Effective Analysis (CEA) in terms of
Levelized Costs of Energy based on the IHE index, LCOE e (Chapter 6).

The TSEna index constitutes an adaptation of the so-called TSE index, formerly applied
for preliminary tidal stream farm sitting in depth-limited coastal areas (e.g., inner or middle part
of shallow estuaries), but now revised for its proper implementation to non-depth-limited areas
(e.g., deep estuaries), such as the Shannon Estuary, allowing the selection of large areas of
interest for MRE projects at preliminary stages, suitable of requiring further analysis at
subsequent project stages. The application of the TSE index to non-depth-limited coastal areas
would lead to an inappropriate site selection, resulting from considering overestimated energy
resource figures, as a consequence of the role of water depth, which differs from that in depth-
limited areas, requiring adaptation for its accurate application. To this end, a new
penalty-limiting function, &, is developed by defining a new range in the former penalty
function, & given by a threshold above which TSEna values are limited to those corresponding
to threshold water depths, established by considering the characteristics of the currently
available energy conversion technologies. Resulting from the implementation of the TSEna
index, a total of seven areas (Areas | to VII) suitable for hydrokinetic energy conversion have
been preliminarily delimited by considering specific thresholds of the index and applying
spatial analysis techniques. However, subsequent steps of hydrokinetic energy farm planning
should consider not only the available energy resource but also other relevant aspects, such as
the exploitability of this energy resource, along with socioeconomic and environmental
restraints.

With this in mind, the IHE index is developed, consisting in a comprehensive tool for
selecting optimal areas for hydrokinetic energy exploitation in coastal regions, considering
energy resource availability, installation costs, and socioeconomic and environmental factors,
thus overcoming the limitations of considering specific conversion technologies or farm
layouts, and therefore allowing its application to MRE projects at early stages. This index is
composed of four terms, each of them obtained at a specific step: (i) characterising the spatial
distribution of the exploitable energy resource by means of the Hydrokinetic Energy (HE)
index; (ii) determining installation costs resulting from coastal configuration (i.e., water depth
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and shoreline distance) through the geospatial cost penalty function (Cgp); (iii) assessing the
coexistence of hydrokinetic energy exploitation with the remaining existing or potential coastal
uses by implementing the geospatial water use penalty function (Ug); and finally, (iv)
integrating previous steps (i to iii) to obtain the IHE index. The physical interpretation of the
index and the terms that constitute it is as follows. HE values equal or higher than 1 indicate
suitability for hydrokinetic energy operation, without considering other restrictions; regarding
the penalty functions, Cgp and Ugp, they range from 1 (no restriction) to O (total restriction).
Consequently, the higher the IHE index, the more favourable the site for hydrokinetic energy
exploitation, with values equal or above 1 indicating suitability threshold. Resulting from its
application to the Shannon Estuary, six areas (Area line to Area Vlixe) are identified as suitable
for hydrokinetic energy conversion, which differ from those selected in previous studies. The
most suitable area, Area IV g, near Tarbert, occupies a smaller surface with somewhat lower
resource and fewer restrictions compared to those identified by the TSEnq index. Nevertheless,
once identified the best area for installing a hydrokinetic farm, the final definition of this farm
will require a detailed cost-effective analysis of the different feasible HEC-site combinations,
for which a detailed methodology is subsequently developed and implemented in terms of
LCOE based on the results of the IHE index, LCOE He.

CEA expressed in terms of LCOE e constitutes a brand-new procedure for conducting an
accurate cost-effective analysis of hydrokinetic energy projects, avoiding simplified
approaches, and therefore suboptimal farm planning. In sum, it provides a novel approach
leading to the selection of the most appropriate HEC-site combination within a coastal area of
interest, allowing its detailed analysis in MRE projects at final stages, and improving previous
procedures. Its implementation consists of five steps: (i) the definition of the different feasible
HEC-site combinations through a cutting-edge HEC-site selection model based on the IHE
index and spatial analysis algorithms; (ii) the assessment of the energy production of the
different alternatives defined in (i); (iii) the computation of CAPEX through a detailed
breakdown; (iv) the assessment of OPEX considering HEC-specific O&M procedures,
including the analysis of the different resources and the timing involved; and finally, (v) the
integration of results from previous steps (i to iv) to provide reliable CEA parameters for the
different HEC-site combinations, leading to the selection of the best combination. This
procedure is illustrated for the Shannon Estuary, specifically the Tarbert Area, obtaining CEA
parameters in terms of LCOE. This analysis reveals that the area with the highest energy
production, performance or IHE index figures is not necessarily the most cost-effective; instead,
economies of scale may lead to a larger area with fewer available resource presenting better
cost-effective figures. LCOE e results show that the most cost-effective HEC-site combination
is F-HEC operating in polygon C, with 0.196 €/kWh. When comparing the LCOE e results to
those obtained in previous works, significant overestimations are observed, ranging from about
40% to 165%. From a detailed analysis of the procedure and results obtained, it can be
established that previous results are inaccurate primarily resulting from their overly simplistic
OPEX computations which significantly overestimate costs for large farms.

The present methodology and procedures involved could be used to provide similar
information in any other coastal region of interest for hydrokinetic energy exploitation where
the required geospatial data are available (i.e., socioeconomic, geomorphological and
environmental restraints). Finally, an intensive effort has been made over the last months in
order to extend the procedures herein developed for considering in detail the intra-annual
variability on the hydrokinetic energy resource (e.g., time periods shorter than seasons), leading
to their application in estuarine areas whose hydrodynamics are indeed dominated by river
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discharges. In this regard, new parameters accounting for the variability in the hydrokinetic
energy resource are now under development.
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APPENDIX 1
EXTENDED ABSTRACT
(IN GALICIAN)

O cambio climatico e o quecemento global centraron o interese das sociedades do século XXI
en dous aspectos medioambientais clave: (i) as emisions de gases de efecto invernadoiro e (ii)
a contaminacion do aire. Estes problemas tefien unha importancia particular nas zonas costeiras,
caracterizadas por unha intensa actividade socioecondmica e, en consecuencia, por un elevado
consumo de enerxia (Bailey & Solomon, 2004; Lonati et al., 2010). Neste contexto, o interese
polas fontes de enerxia libres de carbono experimentou un crecemento exponencial, coas
enerxias renovables marifias (ERMs) gafiando recofiecemento coma un contribuinte
significativo ao sector da enerxia verde e tendo o potencial de reducir de xeito significativo as
emisiéns de gases de efecto invernadoiro e, polo tanto, mitigar o cambio climéatico (Ramos et
al., 2021).

Entre as diferentes formas de ERM, a enerxia hidrocinética sitiase como unha opcion a
destacar. Representa un tipo especifico de enerxia hidroeléctrica resultante da accion
combinada das correntes de marea e dos fluxos barotrdpicos resultantes das descargas fluviais
(Fouz et al., 2019), destacando pola sta facilidade de predicién (Carballo et al., 2009), a
producién de electricidade de alta calidade (Lewis et al., 2019) e o seu reducido impacto
ambiental (Brooks, 2011). Os estuarios, caracterizados por fortes correntes de marea e, en
ocasions, cuantiosas descargas fluviais, representan lugares prometedores para a explotacién da
enerxia hidrocinética (Fouz et al., 2019; Iglesias, I. et al., 2021). Nos Gltimos anos, realizaronse
esforzos significativos no desenvolvemento de convertedores de enerxia hidrocinética (HECS,
polas suas siglas en inglés), particularmente turbinas hidrocinéticas (Kamal & Saini, 2022;
Khan et al., 2009), e na identificacion de areas 6ptimas para a sGa operacion. Habitualmente,
os procedementos de seleccion de emprazamento realizanse en base ao recurso enerxético
dispofiible (p.ex., Carballo et al., 2009; Fouz et al., 2019; Mejia-Olivares et al., 2018; Ramos et
al., 2014; Robins et al., 2015; Sanchez et al., 2014; Yang et al., 2021), con s6 un pufiado de
estudos que incorporan parametros xeomorfoloxicos como a profundidade da auga (p.ex.,
Iglesias, G. et al.,, 2012). Con todo, & medida que avanzan 0s proxectos, consideracions
adicionais como factores socioecondémicos e ambientais vdlvense cruciais. Neste contexto,
asegurar a coexistencia da explotacion enerxética con outras actividades marifias e considerar
0s custos de instalacion e operacion especificos do emprazamento (Castro-Santos et al., 2018)
resulta de suma importancia, especialmente en zonas estuarinas, onde varias localizacions
poden ter potencial para a implantacion de granxas hidrocinéticas (Vazquez & Iglesias, 2016a).
Dadas estas complexidades, requirense estudos de detalle para levar a cabo unha tomar de
decisions informada. Asi, deben desenvolverse métricas fiables para apoiar este proceso,
garantindo a viabilidade técnica e econdmica, incluso nas primeiras etapas do proxecto,
permitindo asi que os investidores vexan reducidas as incertezas inherentes aos proxectos e a
planificacion de granxas de enerxia hidrocinética.

Con todo, o desenvolvemento de tales métricas non é sinxelo e require unha descricién
detallada de tddolos aspectos relevantes asociados a instalacion e operacion dunha granxa
hidrocinética nunha area costeira especifica. Esta descricidn debe abarcar non sé consideracions
técnico-econdmicas (p.ex., requisitos e restricions técnicas, estrutura de custos, fiabilidade,
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mantemento, etc.), senon tamén factores hidrodinamicos. Unha caracterizacion detallada da
hidrodinamica costeira € particularmente crucial, especialmente en estuarios suxeitos a
importantes descargas fluviais, onde a sua influencia na variabilidade do recurso enerxético
dispofiible (p.ex., variabilidade intraanual ou estacionalidade) e a sUa interaccion cos fluxos de
marea non foron investigadas adecuadamente.

Polo contrario, numerosas investigacions intentaron abordar o desafio da localizacién de
granxas de corrente de marea en zonas costeiras onde a hidrodinamica esta principalmente
dominada pola accién da marea e a variabilidade do recurso enerxético é practicamente nula.
Ainda que as descargas fluviais estdn habitualmente presentes nesas zonas costeiras, estas
xogan, en xeral, un papel secundario, como resultado da sua reducida importancia en
comparacion co prisma de marea; non obstante, poden ter unha importancia significativa en
localizacions especificas. Ademais, estes estudos xeralmente céntranse en zonas costeiras de
profundidade limitada (p.ex., partes internas e medias de estuarios pouco profundos) onde a
xeomorfoloxia, e especialmente a profundidade da auga, é fundamental para definir os mellores
emprazamentos para a explotacion da enerxia hidrocinética. Non obstante, no caso de estuarios
profundos, a profundidade da auga non xoga o mesmo papel, e a sta influencia nos
procedementos de seleccién de localizaciéns non foi analizada exhaustivamente, resultando
xeralmente na sobreestimacion da dispofiibilidade enerxética.

Esta tese presenta unha metodoloxia cuxa aplicacién nunha zona costeira conducira
a un proceso de toma de decisions informado para a explotacion do recurso enerxeético
hidrocinético, superando as limitacions antes mencionadas dos estudos actualmente
dispofiibles. A metodoloxia comprende tres procedementos diferentes, de xeito que cada un
dos cales da como resultado unha métrica ou indice diferente, desefiados para etapas especificas
da planificacion de granxas de enerxia hidrocinética, desde desefios iniciais ata proxectos a gran
escala, aumentando en complexidade e precision @ medida que avanza a planificacion do
proxecto. Estes procedementos, baseados en modelaxe numérica hidrodindmica de alta
resolucion e técnicas avanzadas de analise xeoespacial e algoritmos, exemplificanse a través da
sta aplicacion a un caso de estudo no estuario do Shannon (Oeste de Irlanda), un corpo de auga
non limitado pola profundidade, suxeito a importantes descargas fluviais, e amplamente
cofiecido polo seu potencial para a explotacién da enerxia hidrocinética.

A presente tese estd estruturada en oito capitulos, dos cales os Capitulos 4, 5 e 6
correspdndense con sendas publicacidns en revistas cientificas, constituindo o ndcleo principal
da tese. Primeiro, o Capitulo 1 ofrece unha perspectiva xeral deste traballo. A continuacion, no
Capitulo 2, preséntase brevemente a hipOtese principal xunto cos obxectivos finais e
intermedios, definindose estes ultimos de acordo cos diferentes pasos necesarios para cumprir
0 obxectivo final proposto. Seguidamente, no Capitulo 3, introdlcense brevemente 0s
principais aspectos metodoldxicos desta tese pofiéndoos en conexion co obxectivo intermedio
e artigo de investigacién no cal son desenvolvidos e implementados. A continuacion, nos
Capitulos 4 — Tidal stream energy potential in the Shannon Estuary, publicado en Renewable
Energy, 5 — A holistic methdolody for hydrokinetic energy site selection, publicado en Applied
Energy, e 6 — A methodology for cost-effective analysis of hydrokinetic energy projects,
publicado en Energy, exponse de xeito detallado o desenvolvemento metodoloxia proposta, asi
coma a sua aplicacién no estuario do Shannon, abordandose en cada un deles diferentes
aspectos especificos e fundamentais para a consecucion do obxectivo final desta tese.
Posteriormente, no Capitulo 7, realizase unha andlise integral dos resultados obtidos nos
capitulos precedentes (Capitulos 4 a 6) para describir adecuadamente a sia importancia dentro
do contexto xeral deste traballo, e garantindo asi a comprensién do lector sobre a presente
investigacion coma un conxunto. Finalmente, no Capitulo 8, preseéntanse 0s principais
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resultados de forma sintética xunto cos futuros traballos de investigacion xa planificados, parte
dos cales esta actualmente en desenvolvemento.

A continuacidn, preséntase de forma sintética a metodoloxia proposta, resumindo os seus
aspectos mais destacados, asi coma os resultados e as principais conclusions obtidas.

Esta tese presenta unha metodoloxia completa para a toma de decisions respecto da
explotacion da enerxia hidrocinética dentro dunha rexion costeira, proporcionando toda a
informacion relevante para instalar unha granxa de enerxia hidrocinética. A metodoloxia consta
de tres procedementos principais, cada un deles dando lugar a un indice diferente, cuxa
complexidade e precision aumentan & medida que avanza a planificacion do proxecto, pasando
da identificacion preliminar de areas axeitadas para a instalacion de desefios iniciais &
avaliacion detallada de localizacions especificas para a instalacion de proxectos a gran escala.
Estes procedementos son os correspondentes aos indices: (i) TSEnal, Tidal Stream Exploitability
index adapted to non-depth-limited areas (Capitulo 4); (ii) IHE, Integrated Hydrokinetic
Energy index (Capitulo 5); e (iii) LCOEng, Cost-Effective Analysis (CEA) in terms of Levelized
Costs of Energy based on the IHE index (Capitulo 6).

O desenvolvemento e implementacion do indice TSEnq —unha version revisada do Tidal
Stream Exploitability (TSE) index (lglesias, G. et al., 2012), adaptada para a sta aplicacion
zonas costeiras de profundidade non limitada— implica varios pasos clave. Primeiramente, €
necesario avaliar o potencial da enerxia hidrocinética (isto €, resultante da accion conxunta das
correntes de marea e os fluxos fluviais) dentro dunha rexién costeira. Isto require dunha
caracterizacion precisa dos fluxos mareais e fluviais, asi como da sUa interaccion, a cal se leva
a cabo a través da implementacion de alta resolucion dun modelo numérico de augas pouco
profundas no estuario do Shannon. A aplicacion desta técnica de modelaxe numérica permite
unha analise precisa da distribucion espazo-temporal do recurso enerxético mediante a
consideracion de varios casos de estudo.

Dada a variabilidade dos réximes hidroloxicos, & hora de definir estes casos de estudo, €
importante poder capturar non so a variabilidade dos ciclos mareais, senon tamén das descargas
fluviais, de xeito que permita analizar a variacion intraanual das correntes inducidas por ditas
descargas. Polo tanto, analizanse catro escenarios estacionais caracteristicos, cubrindo un ciclo
completo de mareas vivas-mortas medias (é dicir, 14.75 dias, aproximadamente) baixo
descargas fluviais estacionais. Esta analise proporciona informacion sobre a magnitude e
distribucion dos recursos de enerxia hidrocinética e a sta dependencia dos caudais fluviais.
Posteriormente, unha vez determinadas as caracteristicas xerais do recurso hidrocinético, o
modelo é executado durante todo un ano considerando as descargas medias mensuais dos rios
para calcular con precision o recurso total dispofiible xunto con outros parametros de interese
(Alvarez et al., 2020). Non obstante, estes escenarios estacionais e anuais non son suficientes
para unha seleccion axeitada do emprazamento, xa que non consideran factores cruciais como
a profundidade da auga. Por iso, o indice TSEnq calctlase nun ciclo de marea durante mareas
vivas e baixo a accién de descargas fluviais medias e das condicions termohalinas.

Este indice permite delimitar zonas aptas para o aproveitamento enerxético hidrocinético,
caracterizando as zonas seleccionadas en funcion do seu nivel de interese en base a limites
especificos. Na presente aplicacion, addptanse os valores de TSEnq maior ou igual que 1 e 2
para denotar zonas de interese e de moito interese respectivamente. A seleccién preliminar do
emprazamento baseada no indice TSEnq € examinada mais a fondo a través dunha anélise
numérica de alta resolucion temporal, seleccionando para isto dous puntos significativos dentro
de cada zona previamente delimitada: aqueles correspondentes ao valor maximo e medio do
indice dentro de cada zona.
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Ainda que a informacion proporcionada polo indice TSEnq pode resultar valiosa nas etapas
preliminares do proxecto, a decision final respecto & instalacion dunha granxa de enerxia
hidrocinética require un enfoque integrado, tendo en conta aspectos relativos a Planificacion
Espacial Marifia, e en particular os factores ambientais e socioeconémicos, incluindo o calculo
dos custos de instalacion da mesma. Estes aspectos abordanse detalladamente no segundo
procedemento considerado, o indice IHE.

O segundo procedemento desenvolvido na presente tese consiste na conceptualizacion e
aplicacion do indice IHE, que integra tres factores clave para a seleccion de emprazamentos
para 0 aproveitamento da enerxia hidrocinética (Vazquez & Iglesias, 2016b): (i) o recurso
explotable (é dicir, aquel que é efectivamente aproveitable por un convertedor, xa que se atopa
dentro do seu rango de operacion), que se determina a través do modelo numérico de alta
resolucion implementado no Capitulo 4; (ii) a configuracion xeomorfoloxica, cuxa influencia
se determina de xeito paramétrico mediante a relacion entre os principais custos de instalacion
(CAPEX, polas suas siglas en inglés) e as variables mais caracteristicas da configuracion
costeira, distancia a costa e profundidade da auga, permitindo asi penalizar aquelas zonas onde
a instalacion dun aproveitamento enerxético resultaria mais antieconémica; e, finalmente, (iii)
0s aspectos socioecondmicos (acuicultura, marisqueo e navegacién) e ambientais (Zonas de
Especial Conservacion e Zonas de Especial Proteccion, SACs e SPAs polas suas siglas en inglés
respectivamente, ambas contempladas na Rede Natura 2000), que son considerados no indice
mediante o tratamento dunha inxente cantidade de datos xeoespaciais, permitindo asi analizar
a coexistencia do aproveitamento enerxético con outros usos costeiros actuais ou potenciais.

Deste xeito, a interpretacion fisica do indice IHE é sinxela. Canto mais alto sexa o indice
IHE, mellor ser4d o emprazamento para a explotacion da enerxia hidrocinética, con valores
superiores a 1 indicando a idoneidade para a explotacion da enerxia hidrocinética. Isto
corresponderia cun emprazamento cun IHE = 1 (valor minimo para a idoneidade), e sen
ningunha penalizacion en termos de CAPEX (e por tanto xeomorfoldxicos) e aspectos
socioecondmicos ou ambientais. Asi, ao ter en consideracion tdédolos aspectos involucrados na
definicion do emprazamento, o indice proporciona unha interpretacion clara da idoneidade
deste. Os resultados da implementacion do indice IHE serviran de base para seleccionar as
localizacions mais apropiadas para a conversion de enerxia hidrocinética nunha rexion costeira,
reducindo as incertezas na planificacion de proxectos comerciais nas stas primeiras etapas. O
desefio final da configuracién do aproveitamento enerxético en etapas posteriores do proxecto
requiriria dunha andlise detallada da rendibilidade das diferentes alternativas posibles de
convertedor e emprazamento, para o cal se desefia o derradeiro procedemento contemplado na
presente tese, 0 LCOE HE.

Finalmente, o terceiro e ultimo procedemento desenvolvido nesta tese consiste en facer
dispofiible un novo enfoque para calcular con precision os pardmetros de analise
custo-beneficio (CEA, polas suas siglas en inglés) dos proxectos de enerxia hidrocinética. Para
isto, na presente aplicacién recérrese ao calculo dos custos nivelados da enerxia (LCOE, polas
suas siglas en inglés), baseados nos resultados da aplicacién do indice IHE, o que da lugar a
un novo pardmetro denominado LCOEng, cuxa determinacion levaria & seleccion da
combinacion éptima de convertedor e emprazamento para instalar unha granxa hidrocinética
nunha zona costeira (Bahaj et al., 2008; Si et al., 2022).

Este novo enfoque abrangue catro aspectos: (i) a definicién de combinacidns factibles de
convertedor e emprazamento, baseada na andlise espacial do indice IHE e na delimitacion de
zonas de interese realizada a partir deste (Capitulo 5); (ii) a avaliacion da producion de enerxia
das diferentes alternativas definidas en (i), calculada mediante resultados numéricos de alta
resolucion (Capitulo 5), que son tratados novamente para considerar adecuadamente a
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variabilidade espacial do recurso enerxético e garantir a precision dos resultados; (iii) a analise
detallada do CAPEX do aproveitamento, incluindo custos de enxefiaria e xestion, fabricacion e
instalacion, xunto cos efectos das economias de escala, realizada mediante a combinacion dun
estudo de detalle dos custos unitarios, desefios xenéricos representativos de HECs e analises
paramétricas das granxas hidrocinéticas propostas respectivamente; e finalmente, (iv) o célculo
do OPEX da granxa, incluindo seguros e custos fixos, mantemento programado ou preventivo
e mantemento non programado ou correctivo, considerando datos de fiabilidade dos HECs, a
definicion de fiestras meteoroloxicas baseadas en modelaxe numeérica hidrodinamica de alta
resolucion (Capitulo 5) e varios procedementos de operacién e mantemento (O&M)
dependendo da configuracion da granxa.

Deste xeito, a interpretacion fisica do indice LCOE e é sinxela. Canto mais baixo sexa o
indice, e en consecuencia o0 pardmetro coste-beneficio da alternativa analizada (neste caso,
€/kWh, xa que se leva a cabo en termos de LCOE), mellor serd o emprazamento para a
explotacion da enerxia hidrocinética. Ademais, o enfoque proposto aborda as principais
dificultades e incertezas & hora de calcular os aspectos que, dun xeito mais destacado, afectan
ao CEA das granxas de enerxia hidrocinética, evitando suposicions simplistas e non fiables que
poidan resultar nunha sobreestimacion significativa do OPEX, especialmente no caso de
grandes granxas, e mellorando en xeral os procedementos actuais.

A metodoloxia presentada é aplicada ao estuario do Shannon nos Capitulos 4, 5 e 6, cada
un deles focalizado nun aspecto especifico da sta aplicacion, e por tanto nun procedemento ou
indice, de modo que esta pode ser totalmente desenvolvida para as caracteristicas desta zona
costeira, asi como proporcionar a informacién necesaria para poder aplicala noutra rexion
costeira de interese para o aproveitamento enerxético hidrocinético. Cabe destacar que o seu
desenvolvemento implica facer dispofiible un gran conxunto de datos de modelaxe numérica
hidrodindmica de alta resolucion e a sua analise a través de procedementos de analise
xeoespacial de vangarda, conducindo & aplicacién dos diferentes procedementos, cuxo
obxectivo final é o calculo dunha métrica ou indice especifico, que sirva para proporcionar un
apoio fiable no proceso de toma de decisions dunha etapa concreta da planificacion do
aproveitamento hidrocinético, desde desefios iniciais ata proxectos a gran escala, aumentando
en complexidade e precision @ medida que avanzan as fases do proxecto.

No Capitulo 4 — Tidal stream energy potential in the Shannon Estuary, Iévase a cabo o
desenvolvemento e aplicacion do indice TSEnq. Este constitle unha adaptacién do chamado
indice TSE, anteriormente aplicado para a seleccion preliminar de emprazamentos de granxas
de correntes de marea en zonas costeiras con limitacion de profundidade (p.ex., parte interior
ou media de estuarios pouco profundos), pero agora revisado para a sua aplicacién axeitada a
zonas sen limitacién de profundidade (p.ex., estuarios profundos), como o estuario do Shannon.
A aplicacion do indice TSE a zonas costeiras sen profundidade limitada levaria a unha seleccién
inadecuada do emprazamento, como resultado de considerar cifras de recurso enerxético
sobreestimadas, en consecuencia co papel que xoga a profundidade da auga, que difire daquel
en zonas de profundidade limitada, requirindo dunha adaptacién para a sta aplicacion precisa.
Con este fin, desenvolveuse unha nova funcion de penalizacion-limitacion, &, definindo un
novo rango na anterior funcion de penalizacion, & dado por un valor limite de profundidade por
riba do cal os valores de TSEna estadn limitados aos correspondentes a esta profundidade da
auga limitada, que se estableceu tendo en conta as caracteristicas das tecnoloxias de conversion
de enerxia actualmente dispofiibles. A aplicacion deste procedemento posibilita a delimitacion
de grandes areas con potencialidade para o aproveitamento da enerxia hidrocinética, permitindo
asi a sta aplicacion en proxectos de ERM en fases preliminares. Como resultado da aplicacion
do indice TSEna ao estuario do Shannon, un total de sete areas (Areas | a VII) adecuadas para
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a conversion de enerxia hidrocinética foron delimitadas de xeito preliminar, considerando
limites especificos do valor do indice e aplicando técnicas de andlise espacial. Con todo, 0s
pasos seguintes na planificacion de granxas de enerxia hidrocinética deberian considerar non
SO 0 recurso enerxético dispofiible, sen6n tamén outros aspectos relevantes, como a
explotabilidade deste recurso enerxético, xunto con restricions socioeconémicas e ambientais,
cuxa consideracion conduciu ao paso inicial para o desenvolvemento e implementacion do
indice IHE.

Neste senso, no Capitulo 5 — A holistic methodology for hydrokinetic energy site
selection, preséntase o desenvolvemento e aplicacion do indice IHE. Dito indice constitde unha
ferramenta integral para seleccionar as mellores zonas para a explotacion de enerxia
hidrocinética en rexidns costeiras, considerando a dispofiibilidade de recursos enerxéticos, 0s
custos de instalacion e os factores socioeconomicos e ambientais, superando asi as limitacions
de considerar tecnoloxias de conversion especificas ou desefios concretos de granxa e
permitindo a sua aplicacion en proxectos de ERM en fases pouco avanzadas. A sUa
implementacion implica catro pasos: (i) caracterizar a distribucion espacial do recurso
enerxético explotable mediante o indice de Enerxia Hidrocinética (HE, polas stas siglas en
inglés); (ii) determinar os custos de instalacion resultantes da configuracion costeira (isto é,
profundidade da auga e distancia a lifia de costa) a través da funcion de penalizacion xeoespacial
de custos (Cgp, polas suas siglas en inglés); (iii) avaliar a coexistencia da explotacion de enerxia
hidrocinética co resto dos usos costeiros existentes ou potenciais mediante a implementacion
da funcién de penalizacion xeoespacial de uso da auga (Ugp, polas suas siglas en inglés); e,
finalmente, (iv) integrar os pasos anteriores (i a iii) para obter o indice IHE. A interpretacion
fisica do indice e os termos que o constitlen son os seguintes. Os valores de HE iguais ou
superiores a 1 indican aptitude para a operacién de enerxia hidrocinética, sen considerar outras
restricions; en relacion cos termos de penalizacion, Cg € Ugp, varian de 1 (sen restricién) a 0
(restricion total). Por conseguinte, canto maior sexa o indice IHE, mais favorable serd o
emprazamento para a explotacion de enerxia hidrocinética, con valores iguais ou superiores a
1 indicando aptitude para tales operacions. Como resultado da sta aplicacion ao estuario do
Shannon, o indice IHE identificou seis areas (Area line @ Area Vlig) con valores de IHE
superiores a 1 e, polo tanto, indicativos de aptitude para a conversion de enerxia hidrocinética,
que difiren das seleccionadas en estudos anteriores. A area mais adecuada, Area 1V g, preto de
Tarbert, ocupa unha superficie menor con recursos algo inferiores € menos restricions en
comparacion coa identificada mediante o indice TSEnq. Con todo, unha vez identificada a
mellor &rea para instalar unha granxa hidrocinética, a definicion final desta granxa require unha
analise detallada dos custos das diferentes combinacidns de convertedor e emprazamento, para
0 que se desenvolve e aplica unha metodoloxia en termos de LCOE baseada nos resultados do
indice IHE, LCOE k.

Asi, finalmente, no Capitulo 6 — A methodology for cost-effective analysis of hydrokinetic
energy projects, preséntase o desenvolvemento e aplicacién do procedemento conducente ao
calculo do parametro LCOE we. Este constitle un procedemento totalmente novo para realizar
unha anélise precisa e efectiva de custos de proxectos de enerxia hidrocinética, evitando
enfoques simplificados e, por tanto, unha planificacion subdptima do aproveitamento
enerxético. En resumo, proporciona unha nova aproximacién que leva & seleccion da
combinacion de convertedor e emprazamento mais adecuada dentro dunha area costeira de
interese, posibilitando a sua analise detallada en proxectos de ERM na sta fase final e
mellorando asi 0s procedementos anteriormente dispofiibles. A sta implementacion consta de
cinco pasos: (i) a definicion das diferentes combinacions de convertedor e emprazamento
factibles a través dun modelo de vangarda para a seleccion destas combinacions baseado no
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indice IHE e algoritmos de andlise espacial; (ii) a avaliacion da producidn de enerxia das
diferentes alternativas definidas en (i); (iii) o calculo do CAPEX a través dun estudo de detalle
do seus custos unitarios; (iv) a avaliacion do OPEX considerando procedementos de O&M
especificos para diferentes tipos de convertedores, incluindo a analise dos diferentes recursos e
o tempo implicado; e, finalmente, (v) a integracion dos resultados dos pasos anteriores (i a iv)
para proporcionar parametros de andlise de custo-beneficio fiables para as diferentes
combinacidns de convertedor e emprazamento, levando & seleccion da mellor alternativa. Este
procedemento illstrase para o estuario do Shannon, especificamente a Area de Tarbert, obtendo
o0s pardmetros de analise de custo-beneficio en termos de LCOE. Esta andlise revela que a area
con mellor rendemento e cifras do indice IHE non é necesariamente a mais rendible; polo
contrario, as economias de escala favorecen unha area maior con menos recursos dispofiibles
pero mellores cifras en termos de custo-beneficio. Consecuentemente, a combinacion de
convertedor e emprazamento con mellores resultados en termos de custo-beneficio € instalar a
tecnoloxia F-HEC (flotante) no poligono C, cun LCOE e de 0.196 €/kWh. Ao comparar os
resultados de LCOE ne cos obtidos mediante a aplicacion de procedementos desenvolvidos en
traballos previos (Allan et al., 2011; Ernst, 2007; Ernst, 2010; Vazquez & Iglesias, 2015;
Vazquez & lIglesias, 2016a; Vazquez & Iglesias, 2016b), obsérvanse sobreestimacions
significativas, que van desde aproximadamente o 40% ao 165%. Estas discrepancias derivan
dos célculos do OPEX, excesivamente simplificados nas metodoloxias anteriores, as cales
sobreestiman de xeito significativo os custos para grandes instalacions de aproveitamento
enerxético.

A metodoloxia presentada e 0s procedementos que a constitien poderian ser utilizado para
proporcionar informacion semellante en calquera outra rexion costeira de interese para a
explotacion de enerxia hidrocinética onde estean dispofiibles os datos xeoespaciais necesarios
(condicionantes socioeconémicos, xeomorfoldxicos e medioambientais). Finalmente, cabe
mencionar que se fixo un esforzo intenso nos Gltimos meses para ampliar os procedementos
aqui desenvolvidos para considerar detalladamente a variabilidade intraanual no recurso
enerxético hidrocinético (p.ex., periodos de tempo mais curtos que as estacions), o que conduce
& sua aplicacion en éareas estuarinas cuxa hidrodinamica estd totalmente dominada polas
descargas fluviais. Neste senso, estan en desenvolvemento novos parametros que tefien en conta
a variabilidade no recurso hidrocinético.
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El cambio climético y el calentamiento global centraron el interés de las sociedades del siglo
XXI en dos aspectos medioambientales clave: (i) las emisiones de gases de efecto invernadero
y (i) la contaminacion del aire. Estos problemas tienen una importancia particular en las zonas
costeras, caracterizadas por una intensa actividad socioeconémica y, en consecuencia, por un
elevado consumo de energia (Bailey & Solomon, 2004; Lonati et al., 2010). En este contexto,
el interés por las fuentes de energia libres de carbono ha experimentado un crecimiento
exponencial, con las energias renovables marinas (ERMs) ganando reconocimiento como un
contribuyente significativo al sector de la energia verde y con el potencial de reducir de manera
significativa las emisiones de gases de efecto invernadero y, por lo tanto, mitigar el cambio
climatico (Ramos et al., 2021).

Entre las diferentes formas de ERM, la energia hidrocinética se sitla como una opcion a
destacar. Representa un tipo especifico de energia hidroeléctrica resultante de la accion
combinada de las corrientes de marea y de los flujos barotropicos resultantes de las descargas
fluviales (Fouz et al., 2019), destacando por su facilidad de prediccién (Carballo et al., 2009),
la produccion de electricidad de alta calidad (Lewis et al., 2019) y su reducido impacto
ambiental (Brooks, 2011). Los estuarios, caracterizados por fuertes corrientes de marea y, en
ocasiones, cuantiosas descargas fluviales, representan lugares prometedores para la explotacion
de la energia hidrocinética (Fouz et al., 2019; Iglesias, I. et al., 2021). En los Gltimos afios se
realizaron esfuerzos significativos en el desarrollo de convertidores de energia hidrocinética
(HECs, por sus siglas en inglés), particularmente turbinas hidrocinéticas (Kamal & Saini, 2022;
Khan et al., 2009), y en la identificacion de zonas Optimas para su operacién. Habitualmente,
los procedimientos de seleccion de emplazamiento se realizan en base al recurso energético
disponible (p.ej., Carballo et al., 2009; Fouz et al., 2019; Mejia-Olivares et al., 2018; Ramos et
al., 2014; Robins et al., 2015; Sanchez et al., 2014; Yang et al., 2021), con s6lo un pufiado de
estudios que incorporan parametros geomorfolégicos como la profundidad del agua (p.ej.,
Iglesias, G. et al.,, 2012). Con todo, a medida que avanzan los proyectos, consideraciones
adicionales como factores socioecondémicos y ambientales se vuelven cruciales. En este
contexto, asegurar la coexistencia de la explotacion energética con otras actividades marinas y
considerar los costes de instalacion y operacién especificos del emplazamiento (Castro-Santos
et al., 2018) resulta de suma importancia, especialmente en zonas estuarinas, donde varias
localizaciones pueden tener potencial para la implantacion de granjas hidrocinéticas (Vazquez
& lglesias, 2016a). Dadas estas complejidades, se requieren estudios de detalle para llevar a
cabo una tomar de decisiones informada. Asi, deben desarrollarse métricas fiables para apoyar
este proceso, garantizando la viabilidad técnica y economica, incluso en las primeras etapas del
proyecto, permitiendo asi que los inversores vean reducidas las incertidumbres inherentes a los
proyectos y a la planificacion de granjas de energia hidrocinética.

Con todo, el desarrollo de tales métricas no es sencillo y requiere una descripcion detallada
de todos los aspectos relevantes asociados a la instalacion y operacion de una granja
hidrocinética en una zona costera especifica. Esta descripcion debe abarcar no soélo
consideraciones técnico-economicas (p.ej., requisitos y restricciones técnicas, estructura de
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costes, fiabilidad, mantenimiento, etc.), sino también factores hidrodindmicos. Una
caracterizacion detallada de la hidrodinamica costera es particularmente crucial, especialmente
en estuarios sujetos a importantes descargas fluviales, donde su influencia en la variabilidad del
recurso energético disponible (p.ej., variabilidad intraanual o estacionalidad) y su interaccion
con los flujos de marea no fueron investigados adecuadamente.

Por el contrario, numerosas investigaciones intentaron abordar el desafio de la localizacion
de granjas de corriente de marea en zonas costeras donde la hidrodinamica esté principalmente
dominada por la accion de la marea y la variabilidad del recurso energético es practicamente
nula. Aunqgue las descargas fluviales estan habitualmente presentes en esas zonas costeras, estas
juegan, en general, un papel secundario, como resultado de su reducida importancia en
comparacion con el prisma de marea; no obstante, pueden tener una importancia significativa
en localizaciones especificas. Ademas, estos estudios generalmente se centran en zonas costeras
de profundidad limitada (p.ej., partes internas y medias de estuarios poco profundos) donde la
geomorfologia, y especialmente la profundidad del agua, es fundamental para definir los
mejores emplazamientos para la explotacion de la energia hidrocinética. No obstante, en el caso
de estuarios profundos, la profundidad del agua no juega el mismo papel, y su influencia en los
procedimientos de seleccion de localizaciones no fue analizada exhaustivamente, resultando
generalmente en la sobreestimacion de la disponibilidad energética.

Esta tesis presenta una metodologia cuya aplicacion en una zona costera conducira a
un proceso de toma de decisiones informado para la explotacién del recurso energético
hidrocinético, superando las limitaciones antes mencionadas de los estudios actualmente
disponibles. La metodologia comprende tres procedimientos diferentes, de forma que cada uno
de los cuales da como resultado una métrica o indice diferente, disefiados para etapas
especificas de la planificacion de granjas de energia hidrocinética, desde disefios iniciales hasta
proyectos a gran escala, aumentando en complejidad y precision a la medida que avanza la
planificacion del proyecto. Estos procedimientos, basados en modelizacion numérica
hidrodinamica de alta resolucion y técnicas avanzadas de analisis geoespacial y algoritmos, se
ejemplifican a través de su aplicacion a un caso de estudio en el estuario del Shannon (Oeste de
Irlanda), un cuerpo de agua no limitado por la profundidad, sujeto a importantes descargas
fluviales, y ampliamente conocido por su potencial para la explotacién de la energia
hidrocinética.

La presente tesis esta estructurada en ocho capitulos, de los cuales los Capitulos 4,5y 6 se
corresponden con sendas publicaciones en revistas cientificas, constituyendo el ndcleo principal
de latesis. Primero, el Capitulo 1 ofrece una perspectiva general de este trabajo. A continuacion,
en el Capitulo 2, se presenta brevemente la hipotesis principal junto con los objetivos finales e
intermedios, definiéndose estos ultimos de acuerdo con los diferentes pasos necesarios para
cumplir el objetivo final propuesto. Seguidamente, en el Capitulo 3, se introducen brevemente
los principales aspectos metodoldgicos de esta tesis poniéndolos en conexion con el objetivo
intermedio y articulo de investigacion en el cual son desarrollados e implementados. A
continuacion, en los Capitulos 4 — Tidal stream energy potential in the Shannon Estuary,
publicado en Renewable Energy, 5 — A holistic methodology for hydrokinetic energy site
selection, publicado en Applied Energy, y 6 — A methodology for cost-effective analysis of
hydrokinetic energy projects, publicado en Energy, se expone de manera detallada el desarrollo
metodologia propuesta, asi como su aplicacion al estuario del Shannon, abordandose en cada
uno de ellos diferentes aspectos especificos y fundamentales para la consecucion del objetivo
final de esta tesis. Posteriormente, en el Capitulo 7, se realiza un analisis integral de los
resultados obtenidos en los capitulos precedentes (Capitulos 4 a 6) para describir
adecuadamente su importancia dentro del contexto general de este trabajo, y garantizando asi
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la comprension del lector sobre la presente investigacion como un conjunto. Finalmente, en el
Capitulo 8, se presentan los principales resultados de forma sintética junto con los futuros
trabajos de investigacion ya planificados, parte de los cuales estd actualmente en desarrollo.

A continuacién, se presenta de forma sintética la metodologia propuesta, resumiendo sus
aspectos més destacados, asi como los resultados y las principales conclusiones obtenidas.

Esta tesis presenta una metodologia completa para la toma de decisiones respecto de la
explotacion de la energia hidrocinética dentro de una region costera, proporcionando toda la
informacidn relevante para instalar una granja de energia hidrocinética. La metodologia consta
de tres procedimientos principales, cada uno de ellos dando lugar a un indice diferente, cuya
complejidad y precision aumentan a la medida que avanza la planificacion del proyecto,
pasando de la identificacion preliminar de areas adecuadas para la instalacion de disefios
iniciales a la evaluacion detallada de localizaciones especificas para la instalacion de proyectos
a gran escala. Estos procedimientos son los correspondientes a los indices: (i) TSEna, Tidal
Stream Exploitability index adapted to non-depth-limited areas (Capitulo 4); (ii) IHE,
Integrated Hydrokinetic Energy index (Capitulo 5); e (iii) LCOE g, Cost-Effective Analysis
(CEA) in terms of Levelized Costs of Energy based on the IHE index (Capitulo 6).

El desarrollo e implementacion del indice TSEng —una version revisada del Tidal Stream
Exploitability (TSE) index (Iglesias, G. et al., 2012), adaptada para su aplicacion zonas costeras
de profundidad no limitada— implica varios pasos clave. Primeramente, es necesario evaluar
el potencial de la energia hidrocinética (esto es, resultante de la accidon conjunta de las corrientes
de marea y los flujos fluviales) dentro de una region costera. Esto requiere de una
caracterizacion precisa de los flujos mareales y fluviales, asi como de su interaccion, la cual se
lleva a cabo a través de la implementacién de alta resolucion de un modelo numérico de aguas
poco profundas en el estuario del Shannon. La aplicacidon de esta técnica de modelizacion
numerica permite un andlisis preciso de la distribucion espacio-temporal del recurso energético
mediante la consideracion de varios casos de estudio.

Dada la variabilidad de los regimenes hidrologicos, a la hora de definir estos casos de
estudio, es importante poder capturar no sélo la variabilidad de los ciclos mareales, sino también
de las descargas fluviales, de forma que permita analizar la variacién intraanual de las corrientes
inducidas por dichas descargas. Por lo tanto, se analizan cuatro escenarios estacionales
caracteristicos, cubriendo un ciclo completo de mareas vivas-muertas medias (es decir, 14.75
dias, aproximadamente) bajo descargas fluviales estacionales. Este analisis proporciona
informacién sobre la magnitud y distribucion de los recursos de energia hidrocinética y su
dependencia de los caudales fluviales. Posteriormente, una vez determinadas las caracteristicas
generales del recurso hidrocinético, el modelo es ejecutado durante todo un afio considerando
las descargas medias mensuales de los rios para calcular con precision el recurso total
disponible junto con otros parametros de interés (Alvarez et al., 2020). No obstante, estos
escenarios estacionales y anuales no son suficientes para una seleccion idénea del
emplazamiento, ya que no consideran factores cruciales como la profundidad del agua. Por eso,
el indice TSEna se calcula en un ciclo de marea durante mareas vivas y bajo la accion de
descargas fluviales medias y de las condiciones termohalinas.

Este indice permite delimitar zonas aptas para el aprovechamiento energético
hidrocinético, caracterizando las zonas seleccionadas en funcion de su nivel de interés en base
a limites especificos. En la presente aplicacion, se adoptan los valores de TSEnq mayor o igual
que 1y 2 para denotar zonas de interés y de mucho interés respectivamente. La seleccion
preliminar del emplazamiento basada en el indice TSEnq es examinada mas a fondo a través de
un analisis numérico de alta resolucion temporal, seleccionando para esto dos puntos
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significativos dentro de cada zona previamente delimitada: aquellos correspondientes al valor
méaximo y medio del indice dentro de cada zona.

Aunque la informacion proporcionada por el indice TSEna puede resultar valiosa en las
etapas preliminares del proyecto, la decision final respecto a la instalacion de una granja de
energia hidrocinética requiere un enfoque integrado, teniendo en cuenta aspectos relativos a la
Planificacion Espacial Marina, y en particular los factores ambientales y socioeconomicos,
incluyendo el calculo de los costes de instalacion de la misma. Estos aspectos se abordan
detalladamente en el segundo procedimiento considerado, el indice IHE.

El segundo procedimiento desarrollado en la presente tesis consiste en la conceptualizacion
y aplicacion del indice IHE, que integra tres factores clave para la seleccién de emplazamientos
para el aprovechamiento de la energia hidrocinética (Vazquez & lglesias, 2016b): (i) el recurso
explotable (es decir, aquel que es efectivamente aprovechable por un convertidor, ya que se
encuentra dentro de su rango de operacion), que se determina a través del modelo numérico de
alta resolucién implementado en el Capitulo 4; (ii) la configuracion geomorfoldgica, cuya
influencia se determina de forma paramétrica mediante la relacion entre los principales costes
de instalacion (CAPEX, por sus siglas en inglés) y las variables méas caracteristicas de la
configuracién costera, distancia la costa y profundidad del agua, permitiendo asi penalizar
aquellas zonas donde la instalacion de un aprovechamiento energético resultaria mas
antieconomica; y, finalmente, (iii) los aspectos socioeconémicos (acuicultura, marisqueo y
navegacion) y ambientales (Zonas de Especial Conservacion y Zonas de Especial Proteccion,
SACs y SPAs por sus siglas en inglés respectivamente, ambas contempladas en la Red Natura
2000), que son considerados en el indice mediante el tratamiento de una ingente cantidad de
datos geoespaciales, permitiendo asi analizar la coexistencia del aprovechamiento energético
con otros usos costeros actuales o potenciales.

De este modo, la interpretacion fisica del indice IHE es sencilla. Cuanto més alto sea el
indice IHE, mejor sera el emplazamiento para la explotacion de la energia hidrocinética, con
valores superiores a 1 indicando la idoneidad para la explotacion de la energia hidrocinética.
Esto se corresponderia con un emplazamiento con un IHE = 1 (valor minimo para la idoneidad),
y sin ninguna penalizacion en términos de CAPEX (y por tanto geomorfoldgicos) y aspectos
socioecondémicos 0 ambientales. Asi, al tener en consideracion todos los aspectos involucrados
en la definicion del emplazamiento, el indice proporciona una interpretacion clara de la
idoneidad del mismo. Los resultados de la implementacion del indice IHE serviran de base para
seleccionar las localizaciones mas apropiadas para la conversion de energia hidrocinética en
una region costera, reduciendo las incertidumbres en la planificacion de proyectos comerciales
en sus primeras etapas. El disefio final de la configuracion del aprovechamiento energético en
etapas posteriores del proyecto requeriria de un analisis detallado de la rentabilidad de las
diferentes alternativas posibles de convertidor y emplazamiento, para lo cual se disefia el Gltimo
procedimiento contemplado en la presente tesis, el LCOE HE.

Finalmente, el tercero y Gltimo procedimiento desarrollado en esta tesis consiste en hacer
disponible un nuevo enfoque para calcular con precisién los pardmetros de analisis
coste-beneficio (CEA, por sus siglas en inglés) de los proyectos de energia hidrocinética. Para
esto, en la presente aplicacion se recurre al calculo de los costes nivelados de la energia
(LCOE, por sus siglas en inglés), basados en los resultados de la aplicacion del indice IHE, lo
que da lugar a un nuevo pardmetro denominado LCOEHg, cuya determinacion llevaria a
la seleccion de la combinacion optima de convertidor y emplazamiento para instalar una
granja hidrocinética en una zona costera (Bahaj et al., 2008; Si et al., 2022).

Este nuevo enfoque abarca cuatro aspectos: (i) la definicion de combinaciones factibles de
convertidor y emplazamiento, basada en el anlisis espacial del indice IHE y en la delimitacion

100



EXTENDED ABSTRACT (IN SPANISH)

de zonas de interés realizada a partir de este (Capitulo 5); (ii) la evaluacion de la produccion de
energia de las diferentes alternativas definidas en (i), calculada mediante resultados numeéricos
de alta resolucion (Capitulo 5), que son tratados nuevamente para considerar adecuadamente la
variabilidad espacial del recurso energético y garantizar la precision de los resultados; (iii) el
analisis detallado del CAPEX del aprovechamiento, incluyendo costes de ingenieria y gestion,
fabricacion e instalacion, junto con los efectos de las economias de escala, realizado mediante
la combinacion de un estudio de detalle de los costes unitarios, disefios genéricos
representativos de HECs y andlisis paramétricos de las granjas hidrocinéticas propuestas,
respectivamente; y finalmente, (iv) el célculo del OPEX de la granja, incluyendo seguros y
costes fijos, mantenimiento programado o preventivo y mantenimiento no programado o
correctivo, considerando datos de fiabilidad de los HECs, la definicion de ventanas
meteoroldgicas basadas en modelizacion numérica hidrodinamica de alta resolucion (Capitulo
5) y varios procedimientos de operacion y mantenimiento (O&M) dependiendo de la
configuracién de la granja.

De este modo, la interpretacion fisica del indice LCOE e es sencilla. Cuanto mas bajo sea
el indice, y en consecuencia el parametro coste-beneficio de la alternativa analizada (en este
caso, €/kWh, ya que se lleva a cabo en términos de LCOE), mejor sera el emplazamiento para
la explotacidén de la energia hidrocinética. Ademas, el enfogque propuesto aborda las principales
dificultades e incertidumbres a la hora de calcular los aspectos que, de una manera mas
destacada, afectan al CEA de las granjas de energia hidrocinética, evitando suposiciones
simplistas y no fiables que puedan resultar en una sobreestimacion significativa del OPEX,
especialmente en el caso de grandes granjas, y mejorando en general los procedimientos
actuales.

La metodologia presentada es aplicada al estuario del Shannon en los Capitulos 4, 5y 6,
cada uno de ellos focalizado en un aspecto especifico de su aplicacién, y por tanto en un
procedimiento o indice, de modo que esta puede ser totalmente desarrollada para las
caracteristicas de esta zona costera, asi como proporcionar la informacion necesaria para poder
aplicarla en otra region costera de interés para el aprovechamiento energético hidrocinético.
Cabe destacar que su desarrollo implica hacer disponible un gran conjunto de datos de
modelizacion numérica hidrodinamica de alta resolucion y su andlisis a través de
procedimientos de andlisis geoespacial de vanguardia, conduciendo a la aplicacion de los
diferentes procedimientos, cuyo objetivo final es el calculo de una métrica o indice especifico,
que sirva para proporcionar un apoyo fiable en el proceso de toma de decisiones de una etapa
concreta de la planificacion del aprovechamiento hidrocinético, desde disefios iniciales hasta
proyectos a gran escala, aumentando en complejidad y precision a la medida que avanzan las
fases del proyecto.

En el Capitulo 4 — Tidal stream energy potential in the Shannon Estuary, se lleva a cabo
el desarrollo y aplicacion del indice TSEnq. Este constituye una adaptacion del llamado indice
TSE, anteriormente aplicado para la seleccion preliminar de emplazamientos de granjas de
corrientes de marea en zonas costeras con limitacion de profundidad (p.ej., parte interior o
media de estuarios poco profundos), pero ahora revisado para su aplicacion adecuada a zonas
sin limitacion de profundidad (p.ej., estuarios profundos), como el estuario del Shannon. La
aplicacion del indice TSE a zonas costeras sin profundidad limitada llevaria a una seleccion
inadecuada del emplazamiento, como resultado de considerar cifras de recurso energético
sobreestimadas, en consecuencia con el papel que juega la profundidad del agua, que difiere de
aquel en zonas de profundidad limitada, requiriendo de una adaptacion para su aplicacion
precisa. Con este fin, se desarroll6 una nueva funcién de penalizacion-limitacion, &,
definiendo un nuevo rango en la anterior funcion de penalizacion, & dado por un valor limite
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de profundidad por encima del cual los valores de TSEnq estan limitados a los correspondientes
a esta profundidad del agua limitada, que se establecié teniendo en cuenta las caracteristicas de
las tecnologias de conversion de energia actualmente disponibles. La aplicacién de este
procedimiento posibilita la delimitacion de grandes areas con potencialidad para el
aprovechamiento de la energia hidrocinética, permitiendo asi su aplicacion en proyectos de
ERM en fases preliminares. Como resultado de la aplicacion del indice TSEnq al estuario del
Shannon, un total de siete areas (Areas | a VII) adecuadas para la conversion de energia
hidrocinética fueron delimitadas de manera preliminar, considerando limites especificos del
valor del indice y aplicando técnicas de analisis espacial. Con todo, los pasos siguientes en la
planificacion de granjas de energia hidrocinética deberian considerar no sélo el recurso
energético disponible, sino también otros aspectos relevantes, como la explotabilidade de este
recurso energeético, junto con restricciones socioeconomicas y ambientales, cuya consideracion
condujo al paso inicial para el desarrollo e implementacion del indice IHE.

En este sentido, en el Capitulo 5 — A holistic methodology for hydrokinetic energy site
selection, se presenta el desarrollo y aplicacion del indice IHE. Dicho indice constituye una
herramienta integrada para seleccionar las mejores zonas para la explotacién de energia
hidrocinética en regiones costeras, considerando la disponibilidad del recurso energético, los
costes de instalacién y factores socioecondémicos y ambientales, superando asi las limitaciones
de considerar tecnologias de conversion especificas o disefios concretos de granja y permitiendo
su aplicacion en proyectos de ERM en fases poco avanzadas. Su implementacion implica cuatro
pasos: (i) caracterizar la distribucion espacial del recurso energético explotable mediante el
indice de Energia Hidrocinética (HE, por sus siglas en inglés); (ii) determinar los costes de
instalacion resultantes de la configuracion costera (esto es, profundidad del agua y distancia a
la linea de costa) a través de la funcion de penalizacion geoespacial de costes (Cgp, por sus siglas
en inglés); (iii) evaluar la coexistencia de la explotacion de energia hidrocinética con el resto
de los usos costeros existentes o potenciales mediante la implementacion de la funcion de
penalizacion geoespacial de uso del agua (Ugp, por sus siglas en inglés); y, finalmente, (iv)
integrar los pasos anteriores (i a iii) para obtener el indice IHE. La interpretacion fisica del
indice y los términos que lo constituyen es la siguiente. Los valores de HE iguales o superiores
a 1 indican aptitud para la conversion de la energia hidrocinética, sin considerar otras
restricciones; en relacion con los términos de penalizacion, Cgp ¥ Ugp, varian de 1 (sin
restriccion) a 0 (restriccion total). Por consiguiente, cuanto mayor sea el indice IHE, méas
favorable sera el emplazamiento para la explotacion de la energia hidrocinética, con valores
iguales o superiores a 1 indicando aptitud para tales operaciones. Como resultado de su
aplicacion al estuario del Shannon, el indice IHE identifico seis areas (Area line a Area VIing)
con valores de IHE superiores a 1y, por lo tanto, indicativos de aptitud para la conversion de
energia hidrocinética, que difieren de las seleccionadas en estudios anteriores. EI area mas
adecuada, Area IV g, cerca de Tarbert, ocupa una superficie menor con recursos algo inferiores
Yy menos restricciones en comparacion con la zona identificada mediante el indice TSEnq. Con
todo, una vez identificada la mejor area para instalar una granja hidrocinética, la definicion final
requiere un analisis detallado de los costes de las diferentes combinaciones de convertidor y
emplazamiento, para lo cual se desarrolla y aplica una metodologia en términos de LCOE
basada en los resultados del indice IHE, LCOE .

Asi, finalmente, en el Capitulo 6 — A methodology for cost-effective analysis of
hydrokinetic energy projects, se presenta el desarrollo y aplicacién del procedimiento
conducente al calculo del parametro LCOEHe. Este constituye un procedimiento totalmente
nuevo para realizar un analisis preciso y efectivo de costes de proyectos de energia
hidrocinética, evitando enfoques simplificados y, por tanto, una planificacion subdptima del
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aprovechamiento energético. En resumen, proporciona una nueva aproximacion que lleva a la
seleccién de la combinacion de convertidor y emplazamiento mas adecuada dentro de un area
costera de interés, posibilitando su analisis detallado en proyectos de ERM en su fase final y
mejorando asi los procedimientos anteriormente disponibles. Su implementacion consta de
cinco pasos: (i) la definicion de las diferentes combinaciones de convertidor y emplazamiento
factibles a través de un modelo de vanguardia para la seleccion de estas combinaciones basado
en el indice IHE y algoritmos de analisis espacial; (ii) la evaluacion de la produccion de energia
de las diferentes alternativas definidas en (i); (iii) el calculo del CAPEX a través de un estudio
de detalle de sus costes unitarios; (iv) la evaluacion del OPEX considerando procedimientos de
O&M especificos para diferentes tipos de convertidores, incluyendo el anélisis de los diferentes
recursos y el tiempo implicado; y, finalmente, (v) la integracion de los resultados de los pasos
anteriores (i a iv) para proporcionar parametros de analisis de coste-beneficio fiables para las
diferentes combinaciones de convertidor y emplazamiento, llevando a la seleccion de la mejor
alternativa. Este procedimiento se ilustra para el estuario del Shannon, especificamente para el
area de Tarbert, obteniendo los pardmetros de analisis de coste-beneficio en términos de LCOE.
Este analisis revela que el area con mejor rendimiento y cifras del indice IHE no es
necesariamente la mas rentable; por el contrario, las economias de escala favorecen a un area
mayor con menos recurso disponible pero mejores cifras en términos de coste-beneficio.
Consecuentemente, la combinacién de convertidor y emplazamiento con mejores resultados en
términos de coste-beneficio resulta de instalar la tecnologia F-HEC (flotante) en el poligono C,
con un LCOEHe de 0.196 €/kWh. Al comparar los resultados de LCOE1e con los obtenidos
mediante la aplicacién de procedimientos desarrollados en trabajos previos (Allan et al., 2011,
Ernst, 2007; Ernst, 2010; Vazquez & Iglesias, 2015; Vazquez & lglesias, 2016la; Vazquez &
Iglesias, 2016b), se observan sobreestimaciones significativas, que van desde aproximadamente
el 40% al 165%. Estas discrepancias derivan de los céalculos del OPEX, excesivamente
simplificados en las metodologias anteriormente disponibles, las cuéles sobreestiman de
manera significativa los costes para grandes instalaciones de aprovechamiento energético.

La metodologia presentada y los procedimientos que la constituyen podrian ser utilizados
para proporcionar informacion semejante en cualquier otra region costera de interés para la
explotacion de la energia hidrocinética donde estén disponibles los datos geoespaciales
necesarios (condicionantes socioecondémicos, geomorfolégicos y medioambientales).
Finalmente, cabe mencionar que se hizo un esfuerzo intenso en los Gltimos meses para ampliar
los procedimientos aqui desarrollados para considerar detalladamente la variabilidad intraanual
en el recurso energético hidrocinético (p.ej., periodos de tiempo mas cortos que las estaciones),
lo que conduce a su aplicacion en areas estuarinas cuya hidrodindmica esta totalmente
dominada por las descargas fluviales. En este sentido, estin en desarrollo nuevos pardmetros
que tienen en cuenta la variabilidad en el recurso hidrocinético.
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This thesis develops a comprehensive methodology for the
exploitation of the hydrokinetic energy resource in coastal
regions —a specific type of marine renewable energy (MRE)—,
providing the required information for an informed decision-
making process, which is applied to the Shannon Estuary (W
Ireland). The methodology comprises three different
procedures, each of them resulting in a specific index
designed to analyse different stages of hydrokinetic energy
farm planning: (i) Tidal Stream Exploitability index adapted to
non-depth-limited areas, TSE,q index, for projects at
preliminary stages; (ii) Integrated Hydrokinetic Energy index,
IHE index, for projects at early stages; and (iii) Cost-Effective
Analysis (CEA) in terms of Levelized Costs of Energy based on
the ITHE index, LCOE g, for projects at final stages.
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