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SUMMARY 
 

In the last years, environmental concern has increased. Protests 
against climate change have been massive in the main cities of the 
world. Deadlines for points of no return have been reached again and 
again. Now, the problem of climate change caused by humans is a 
reality, and adverse effects can only be mitigated. This problem is 
closely linked to emissions of greenhouse gases. One of the main 
contributors to emissions is power generation. Technology and 
research are developing more and more competitive green 
technologies. In some cases, like wind power, it is a high proportion 
of the power generation mix of developed countries. Following the 
example of wind power, marine energy might help to decrease the use 
of fossil fuels. Tidal energy is one of the marine energies with the 
highest development capacity. There are serveral ways to obtain 
energy from the tides. A dam in an estuary can be built, in order to 
harness the dammed tide every tidal cycle. Morphological features 
that create currents can also be used to harvest energy. To take 
advantage of morphological features, so far, most converters had to be 
installed in high draft places. So, potential locations of moderate 
depths could not be used. For example, estuaries, where depths are 
usually lower than 20m. In the northwestern coast of the Iberian 
Peninsule, estuaries have been studied for energetic use of tidal 
currents.  

New tidal energy converters are able to work at places with low 
depths. So, the chance to use the energy of tidal currents in estuaries is 
open. Currently, there is no commercial use yet, due mainly to three 
causes that keep the take off of this renewable technology on standby: 

 
1. Technological difficulties arising from the installation of 

machinery on marine environment. 
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2. Preservation of natural areas can generate protests against these 
projects. 

3. There is a real risk, hard to quantify, of economic failure, due 
to changes on boundary conditions. 

 
Thus, generating electricity from marine energy has lights and 
shadows that can only be tackled and solved by a thorough scientific 
analysis of all the points that can take the project to failure. A marine 
spatial planning is important, but so is assessing risks arising from the 
installation of these devices on places with other uses. The central axis 
of this thesis is focused on three basic objectives: studying accurately 
the morphodynamic processes, the uses of the estuaries and 
minimizing the risks to find the best locations. These objectives 
should be useful for decision-making when planning tidal stream 
farms, based on the example of the estuary of Ribadeo. So, the work is 
structured in three main chapters: 

In Chapter 1 a study of the sedimentary dynamics of the estuary 
was done, in order to know how it affects the traffic of the main ports. 
To this end, following the Spanish recommendations for construction 
of access channels to ports and docks, the dimensiones of the access 
channel to the estuary are defined taking into account the technical 
determinants of ships. 

Subsequently, a high resolution numerical model, which is able to 
model the sedimentary dynamics of the estuary, is defined. Once the 
numerical model is validated, it can be used for a high resolution 
modelling projecting four years into the future. This information is 
essential to check where increasing and erosion take place and, 
therefore, to determine how this movement of sediments affects the 
functionality of the access channel. Based on safety limits set for port 
operations, functionality values that cannot be exceeded are set. 
Finally, a timetable of maintenance dredgings is set. It will be vital to 
keep the port structures, and the local economy, in operation. 

When modelling an estuary as a potential location for energetic 
use, bathymetry is one of the most important boundary conditions. As 
seen in chapter 1, regular dredgings are needed to keep the access 
channels safe. So, the bathymetry of the studied zone is going to 
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change regularly. Chapter 2 is focused on studying currents for 
energetic use, and investigating potential impacts of bathymetric 
changes on TEC performance. In addition, preliminary figures 
(operation hours, magnitude, and direction) are suggested to ensure 
economic viability of the installations. For this purpose, a 3D 
numerical model has been implemented, to calculate two different 
scenarios, before and after a maintenance dredging. 

Three possible zones, with appropriate dimensions to build tidal 
stream farms, were found. At each location, one point was analyzed 
for a medium tide time. At two places, after a periodical dredging, 
available velocity and energy decreased. At the third point, both 
increased. Based on these results, the effect of these changes on 
turbine production is studied. 

Fitting tidal stream farms in surroundings with multiple uses and 
activities is the third goal of this thesis. To this purpose, a 
classification of uses is proposed, based on conducted studies, EU, 
state and regional law, and technical criteria. This classification limits 
and excludes installing TECs at zones with existing uses. Thus, 
potential conflicts decrease, the environment is preserved, zones 
where investment is feasible are created and positive synergies 
between different uses arise. 

In parallel, the work performed in chapter 2 is resumed. A study 
of annual resource, before and after a dredging is performed by means 
of a concise numerical model. This model shows the annual energy in 
all the domain of potential energy use. 

So far, conducted studies always confined the analysis of 
energetic resource to a point in the map and a determined time. With 
this new projection, maps with information of all the annual resource 
can be created. These maps can be cross-checked with exclusion 
layers, so that an investor can quickly decide the most appropriate 
location (Chapter 3). 

Finally, a tool for location and quantification of the risk 
associated to periodical dredging (DAR) is created. Combined with 
the previous layers, it allows to end the work of locating an energetic 
use zone. Thus, the risk of increasing or decreasing stream velocities 
and less hours of operation of the devices is limited. This way, the 
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uncertainty is reduced, and so are the zones where TECs can be 
installed  

In conclusion, this thesis addresses in a global way the difficulties 
of finding suitable locations for tidal stream exploitation, without 
clashing with existing uses. Risk and operation uncertainty are 
decreased. So, decision-making is made easier for investors. A 
multidisciplinary action protocol has been created. From the example 
of the estuary of Ribadeo, it can be easily extrapolated to other 
estuaries. 
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RESUMEN 
 

En los últimos años la sensibilidad de la sociedad con el medio 
ambiente ha aumentado. Protestas contra el cambio climático, han 
estado llenando las calles de las principales ciudades del mundo. Los 
plazos para alcanzar los puntos de no retorno han sido alcanzados una 
y otra vez, y ahora el problema del cambio climático provocado por 
los humanos es ya una realidad y solo pueden paliarse sus efectos 
adversos. Este problema está íntimamente relacionado con la emisión 
de gases de efecto invernadero. Uno de los actores que más 
contribuyen a la emisión de estos gases a la atmósfera es la generación 
de energía eléctrica. La técnica y la investigación están desarrollando 
tecnologías verdes que cada vez son más competitivas, y en algunos 
casos como la energía eólica están llegando a suponer altos 
porcentajes en el mix de generación eléctrica de los países 
desarrollados. Fijándose en el ejemplo de la energía eólica, las 
energías marinas podrían llegar a suponer una ayuda para disminuir la 
importancia de los combustibles fósiles. Una de las energías marinas 
con mayor capacidad de desarrollo es la energía de las mareas. Para 
obtener energía de las mareas podemos recurrir a una presa en una ría 
o estuario para turbinar la marea represada con cada ciclo de marea o 
bien aprovechar los condicionantes morfológicos que crean corrientes 
y captar la energía de las mismas. Para aprovechar esta última, la gran 
mayoría de convertidores que se han desarrollado hasta la fecha tenían 
que ser instalados en lugares de gran calado, por lo que localizaciones 
con potencial pero sin una elevada profundidad no podían ser 
aprovechados. Es el caso de las rías y estuarios, en donde por razones 
de sedimentación no se puede contar con un calado elevado, casi 
siempre menor a 20 m. En la costa noroccidental de la península 
ibérica las rías y estuarios han sido estudiados para su 
aprovechamiento energético a partir de las posibilidades que ofrecen 
las corrientes de marea. Los nuevos dispositivos convertidores de 
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energía de corrientes de marea, son capaces de operar en lugares con 
profundidades reducidas, por lo que se abre la posibilidad de 
aprovechar la energía de corrientes de marea en rías y estuarios. 

En la actualidad aún no existe ningún aprovechamiento comercial 
debido fundamentalmente a tres causas que mantienen en stand by el 
despegue de esta tecnología renovable: 

 
 1 Dificultades tecnológicas derivadas de la instalación de 

maquinaria en el medio marino.  
2 La conservación de los parajes naturales y la convivencia de 

usos del medio marino puede alzar voces disonantes en contra de estos 
proyectos. 

 3 Existe un riesgo real y difícil de cuantificar de fracaso 
económico de estos proyectos debido a cambios en las condiciones de 
contorno. 

 
De esta manera generar electricidad a partir de las fuerzas marinas 
presenta luces y sombras que solo pueden ser abordadas y 
solucionadas a partir de un análisis científico riguroso de todos y cada 
uno de los puntos que pueden hacer fracasar un proyecto. Es 
importante realizar un adecuado marine spatial planing, pero no es 
menos importante poder cuantificar los riesgos y la probabilidad de 
ocurrencia de los mismos, derivados de la instalación de este tipo de 
dispositivos en lugares con otros usos. El eje central de esta tesis se 
centra en tres ejes fundamentales: estudiar fielmente los procesos 
morfodinámicos, los usos de las rías y estuarios, y minimizar los 
riesgos para encontrar las mejores ubicaciones que sirvan para la toma 
de decisiones a la hora de planificar plantas de energía de corrientes 
de marea a partir del ejemplo de la ría de Ribadeo. De esta manera se 
estructura el trabajo en tres capítulos principales.  

En el capítulo 1, se estudia la dinámica sedimentaria de la ría y 
como esta afecta al tráfico de los principales puertos de la misma. Para 
este fin y siguiendo las recomendaciones de la norma española de 
construcción de canales de acceso a puertos y dársenas, se definen a 
partir de los condicionantes técnicos de los buques, las dimensiones en 
planta y alzado del canal acceso a la ría.  
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Posteriormente se construye un modelo numérico de alta 
resolución que es capaz de modelar la dinámica sedimentaria la ría. La 
validación se realiza con medidas de campo de velocidades, niveles y 
sedimentos. Una vez que el modelo numérico está validado, se puede 
usar para una modelización de alta resolución de la dinámica 
sedimentaria a 4 años vista. Esta información es de vital importancia 
para comprobar donde se producen acreciones y erosiones del lecho 
marino, y por lo tanto determinar cómo este movimiento de 
sedimentos afecta a la operatividad del canal de acceso. En base a 
unos límites de seguridad establecidos para las operaciones portuarias, 
se establecen valores de operatividad que nunca pueden ser rebasados. 
En último lugar se establece un calendario de dragados de 
mantenimiento, que en definitiva serán de vital importancia para 
mantener en funcionamiento las estructuras portuarias de la ria, y la 
economía de la zona. 

A la hora de modelizar una ría o estuario como posible lugar para 
su aprovechamiento energético, la batimetría es una de las condiciones 
de contorno más importantes. Ya comprobada en el capítulo 1 la 
necesidad de dragados periódicos para mantener en condiciones de 
seguridad los accesos a los puertos, se va a modificar periódicamente 
la batimetría de la zona de estudio. El capítulo 2 de esta tesis se centra 
en el estudio de las corrientes para su aprovechamiento energético, e 
investigar los posibles impactos de los cambios batimétricos en el 
rendimiento de los convertidores. A mayores se proponen valores 
preliminares (horas operativas, magnitud, dirección) para asegurar la 
viabilidad económica de las instalaciones. Para este fin se implementó 
un modelo numérico en tres dimensiones con el que se calculaban dos 
escenarios diferentes, antes y después de un dragado de 
mantenimiento.  

Se encontraron tres posibles áreas, con dimensiones apropiadas 
para la construcción de granjas de corrientes de marea. Se analizó un 
punto en cada localizacion para un momento de marea media. Se 
observaron dos lugares en los que después de un dragado periódico 
disminuían la velocidad y energía disponibles aumentándose en el 
tercero. Con estos resultados se trata de ver cómo pueden afectar estos 
cambios a la producción de las turbinas. 
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El capítulo 3 de esta tesis trata de dar encaje a la explotación de 
energía de corrientes de marea, en un entorno con múltiples usos y 
actividades. Para este propósito, en base a estudios realizados, 
legislación comunitaria, estatal y regional, y criterios técnicos se 
propone una clasificación de usos, que limita y excluye la instalación 
de dispositivos convertidores en zonas con otros usos actuales. De esta 
manera se disminuyen posibles conflictos, se preserva el medio 
ambiente, se crean zonas en las que la inversión sería posible y se 
pueden aprovechar sinergias positivas entre distintos usos.  

Paralelamente se retoma el trabajo realizado en el capítulo 2, y se 
realiza un estudio de recurso anual antes y después de un dragado, 
mediante un modelo numérico muy conciso capaz de mostrar la 
energía anual, en todo el dominio con posible aprovechamiento 
energético. Hasta el momento los estudios realizados siempre 
circunscribían el análisis de recurso energético a un punto en el mapa 
y a un momento determinado.  

Con esta nueva proyección se pueden crear mapas de información 
de todo el recurso anual. Estos pueden ser cruzados con las capas de 
exclusión de manera que un inversor pueda decidir rápidamente la 
localización más adecuada.  

Finalmente se crea una herramienta de localización y 
cuantificación de riesgo asociado a dragados periódicos (DAR). En 
combinación con las capas anteriores permite culminar el trabajo de 
localización zonal de una explotación energética, limitando el riesgo 
de que se reduzcan o incrementen las velocidades en las corrientes, o 
disminuyan las horas de operación de los dispositivos. De esta manera 
se aminora la incertidumbre reduciendo una vez más las zonas en las 
que podríamos incluir los convertidores de energía.  

En conclusión esta tesis aborda de una forma global la 
problemática de encontrar localizaciones adecuadas para la 
explotación de energía de corrientes de marea, sin incurrir en conflicto 
con ningún uso existente, facilitando la toma de decisiones de los 
inversores al disminuir el riesgo y la incertidumbre en la operatividad 
y rentabilidad de las explotaciones. Se crea así un protocolo de 
actuación multidisciplinar que a partir del ejemplo de la ría de 
Ribadeo, es fácilmente extrapolable a otros estuarios. 
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RESUMO 
 

Nos últimos anos aumentou a sensibilidade da sociedade co medio 
ambiente. As protestas contra o cambio climático foron enchendo as 
rúas das principais cidades do mundo. Os prazos para chegar aos 
puntos de non retorno alcanzáronse unha e outra vez, e agora o 
problema do cambio climático provocado polos humanos agora é unha 
realidade e só se poden paliar os seus efectos adversos. Este problema 
está intimamente relacionado coa emisión de gases de efecto 
invernadoiro. Un dos actores que máis contribúe á emisión destes 
gases á atmosfera é a xeración de enerxía eléctrica. A técnica e a 
investigación están a desenvolver tecnoloxías verdes que son cada vez 
máis competitivas e, nalgúns casos, como a enerxía eólica, están 
alcanzando porcentaxes altas na mestura de xeración de enerxía dos 
países desenvolvidos. Mirando o exemplo da enerxía eólica, a enerxía 
mariña podería contribuír a reducir a importancia dos combustibles 
fósiles. Unha das enerxías mariñas con maior capacidade de 
desenvolvemento é a enerxía das mareas. Para obter enerxía das 
mareas podemos recorrer a unha presa nun río ou ría para turbinar a 
marea presa con cada ciclo das mareas ou aproveitar as condicións 
morfolóxicas que crean correntes e captar a súa enerxía. Para 
aproveitalo, a gran maioría dos convertedores que se desenvolveron 
ata a data tiveron que instalarse en lugares de gran calado, polo que 
non se poderían explotar localizacións con potencial pero sen alta 
profundidade. É o caso das rías e das rías, onde por razóns de 
sedimentación non é posible ter un calado elevado, case sempre 
menos de 20 m. Na costa noroeste da Península Ibérica estudáronse 
rías e estuarios para o seu uso enerxético a partir das posibilidades que 
ofrecen as correntes de mareas. Os novos dispositivos de conversión 
de enerxía das correntes mareas poden funcionar en lugares con 
profundidades reducidas, polo que ábrese a posibilidade de aproveitar 
a enerxía das correntes de mareas nas rías e nas rías. 
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Na actualidade aínda non hai uso comercial debido 
principalmente a tres causas que manteñen esta tecnoloxía renovable 
en espera.  

 
1 Dificultades tecnolóxicas derivadas da instalación de 

maquinaria no medio mariño.  
2 A conservación das paisaxes naturais e a convivencia de usos do 

medio mariño poden elevar voces disonantes fronte a estes proxectos. 
3 Existe un risco real e difícil de cuantificar o fracaso económico 

destes proxectos debido aos cambios nas condicións de contorno  
 

Deste xeito, a xeración de electricidade das forzas mariñas presenta 
luces e sombras que só se poden abordar e solucionar a partir dunha 
rigorosa análise científica de todos e cada un dos puntos que poden 
provocar un fallo do proxecto. É importante realizar unha 
planificación espacial mariña adecuada, pero non é menos importante 
poder cuantificar os riscos e a probabilidade de que se produzan, 
derivados da instalación deste tipo de dispositivos en lugares con 
outros usos. O eixo central desta tese céntrase en tres eixos 
fundamentais: estudar fielmente os procesos morfodinámicos, os usos 
de estuarios e estuarios e minimizar os riscos para atopar os mellores 
lugares que sirvan para tomar decisións á hora de planificar plantas. a 
enerxía das correntes mareas a partir do exemplo da ría de Ribadeo. 
Deste xeito a obra estrutúrase en tres capítulos principais. 

No capítulo 1 estúdase a dinámica sedimentaria da ría e como 
afecta isto ao tráfico dos principais portos da mesma. Para este 
propósito e seguindo as recomendacións da norma española de 
construción de canles de acceso a portos e peiraos, defínense a partir 
das condicións técnicas das naves, as dimensións no plano e alzado da 
canle de acceso á ría. Posteriormente constrúese un modelo numérico 
de alta resolución que é capaz de modelar a dinámica sedimentaria da 
ría. A validación realízase con medidas de campo de velocidades, 
niveis e sedimentos. Unha vez que o modelo numérico é validado, 
pode usarse para un modelado de alta resolución da dinámica 
sedimentaria nun horizonte de 4 anos. Esta información é de vital 
importancia para comprobar onde se producen as acrecions e erosións 
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do fondo mariño e, polo tanto, determinar como afecta este 
movemento de sedimentos á operatibidade da canle de acceso. Con 
base nos límites de seguridade establecidos para as operacións 
portuarias, establécense valores operativos que nunca se poden 
superar. Por último, establécese un calendario de dragado de 
mantemento, que será de vital importancia para manter en 
funcionamento as estruturas portuarias e a economía da zona. 

Ao modelar unha ría como lugar posible para produccion de 
enerxía, a batimetría é unha das condicións límite máis importantes. 
Xa comprobado no capítulo 1 a necesidade de dragados periódicos 
para manter o acceso seguro aos portos, a batimetría da área de estudo 
modificarase periódicamente. O capítulo 2 desta tese céntrase no 
estudo das correntes para o consumo de enerxía e investiga os posibles 
impactos dos cambios batimétricos no rendemento dos convertedores. 
Propóñense uns valores preliminares (horarios de operación, 
magnitude, dirección) para asegurar a viabilidade económica das 
instalacións. Para este fin, implementouse un modelo numérico 
tridimensional co que se calcularon dous escenarios diferentes, antes e 
despois dun dragado de mantemento. Atopáronse tres zonas posibles, 
con dimensións apropiadas para a construción de granxas de marea. 
Analizouse un punto en cada lugar durante un momento da marea 
media. Observáronse dous lugares onde tras un dragado periódico a 
velocidade e a enerxía dispoñibles diminuíron, aumentando no 
terceiro. Estes resultados tratan de ver como estes cambios poden 
afectar á produción de enerxía das turbinas. 

O capítulo 3 desta tese trata de acomodar a explotación de enerxía 
procedente das correntes de marea, nun ambiente con múltiples usos e 
actividades. Para este propósito, en base a estudos realizados, 
lexislación comunitaria, estatal, rexional e a criterios técnicos, 
proponse unha clasificación de usos, que limita e exclúe a instalación 
de dispositivos convertedores en zonas con outros usos actuais. Deste 
xeito, redúcense os posibles conflitos, consérvase o ambiente, créanse 
zonas onde sería posible o investimento e pódense explotar sinerxías 
positivas entre diferentes usos. Ao mesmo tempo, retómase o traballo 
realizado no capítulo 2 e realízase un estudo anual de recursos antes e 
despois do dragado, empregando un modelo numérico moi conciso 
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capaz de amosar enerxía anual, en todo o dominio que teña un posible 
aproveitamento enerxético. Ata o de agora, os estudos realizados 
sempre circunscribían a análise dos recursos enerxéticos nun punto do 
mapa e nun momento determinado. Con esta nova proxección pódense 
crear mapas de información de todo o recurso anual. Pódense cruzar 
coas capas de exclusión para que un investidor poida decidir 
rapidamente a localización máis adecuada. 

Finalmente, créase unha ferramenta de localización e 
cuantificación de riscos asociada ao dragado periódico (DAR). En 
combinación coas capas anteriores, é posible completar o traballo da 
localización zonal dunha explotación enerxética, limitando o risco de 
que as velocidades nas correntes sexan reducidas ou aumentadas, ou 
as horas de funcionamento dos dispositivos diminúan. Deste xeito 
redúcese a incerteza ao reducir unha vez máis as áreas nas que 
poderiamos incluír convertedores de enerxía. 

En conclusión, esta tese aborda de xeito global o problema de 
atopar lugares axeitados para a explotación da enerxía das correntes 
mareas, sen incorrer en conflito con ningún uso existente, facilitando a 
toma de decisións dos investidores, reducindo o risco e a incerteza no 
funcionamento e a rendibilidade das explotacións. Créase así un 
protocolo de acción multidisciplinar que, a partir do exemplo da ría de 
Ribadeo, é facilmente extrapolable a outras rías. 
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RESUMEN EN LENGUA CASTELLANA DE MÁS 
DE 3000 PALABRAS 
 
INTRODUCCION GENERAL 

Estado del arte 
La demanda energética mundial está creciendo. Cuando se piensa 

en energía, normalmente se cae en la tentación de pensar en energía 
eléctrica. Pero por ejemplo en la Unión Europea el sector transporte 
consume el 33% de la energía total y no proviene de la energía 
eléctrica si no de combustibles fósiles. En los últimos años la 
movilidad –sobre todo la movilidad urbana- tiende a una mayor 
implantación de los dispositivos eléctricos, no así por el momento el 
sector de transporte de mercancía. Por lo que si en el futuro, y como 
todo parece indicar, se plantea una movilidad personal con 
dispositivos eléctricos, el suministro de energía eléctrica puede verse 
comprometido.  

En los últimos años la sensibilidad de la sociedad con el medio 
ambiente ha aumentado. Protestas contra el cambio climático, han 
estado llenando las calles de las principales ciudades del mundo. Los 
plazos para alcanzar los puntos de no retorno han sido alcanzados una 
y otra vez, y ahora el problema del cambio climático provocado por 
los humanos es ya una realidad y solo pueden paliarse sus efectos 
adversos. Este problema está íntimamente relacionado con la emisión 
de gases de efecto invernadero. Los gobiernos cada vez tienen más 
presión por parte de sectores (en su mayoría jóvenes), para reducir en 
el mix eléctrico tecnologías de producción convencionales. Se está 
dando un impulso mayor a las tecnologías verdes, pero estas aún están 
lejos de poder suplir a los combustibles fósiles y nucleares. A parte la 
generación a través de renovables suele ir acompañada de una 
ocupación importante del medio ambiente, generalmente en 
localizaciones sensibles a impactos ambientales, por lo que a veces es 
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rechazada también por los mismos sectores que piden a voces este tipo 
de instalaciones.  

Este es el caldo de cultivo que motiva este trabajo de 
investigación. Por un lado la sociedad demanda y demandará una 
mayor contribución de las energías verdes en el mix de generación 
eléctrica. Por otro lado, es muy probable que el consumo eléctrico se 
incremente en el futuro por razones económicas y también es plausible 
que el consumo se dispare al hacer la transición hacia los vehículos 
eléctricos. Por otro lado la concienciación medioambiental, es cada 
vez más importante, por lo cual los proyectos que ocupen 
localizaciones sensibles van a estar condicionados desde el primer 
momento por los Stakeholders.  

Se han presentado numerosas iniciativas para tratar de generar 
energía eléctrica a partir de la potencia de los océanos. La energía 
oceánica cumple perfectamente con las demandas de la sociedad en 
materia de energía renovable, con un elevado potencial de 
contribución al sistema. Para obtener energía de las mareas podemos 
recurrir a una presa en una ría y turbinar la marea represada con cada 
ciclo de marea o bien aprovechar los condicionantes morfológicos que 
crean corrientes y captar la energía de las mismas. Para aprovechar 
esta última, la gran mayoría de convertidores que se han desarrollado 
hasta la fecha tenían que ser instalados en lugares de gran calado, por 
lo que localizaciones con potencial, pero sin una elevada profundidad 
no podían ser aprovechados. Es el caso de las rías y estuarios, en 
donde por razones de sedimentación no se puede contar con un calado 
elevado (casi siempre menor a 20 m). En la costa noroccidental de la 
península ibérica las rías y estuarios han sido estudiados para su 
aprovechamiento energético a partir de las posibilidades que ofrecen 
las corrientes de marea. Los nuevos dispositivos convertidores de 
energía de corrientes de marea, son capaces de operar en lugares con 
profundidades reducidas, por lo que se abre la posibilidad de 
aprovechar la energía de corrientes de marea en España y Portugal. 
Pero por el momento no existe ningún aprovechamiento comercial 
debido a causas que mantienen en stand by el despegue de estas 
tecnologías.  
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1. Dificultades tecnológicas derivadas de la instalación de 
maquinaria en el medio marino.  

2. Dificultades financieras y de marco legal para las empresas 
energéticas. 

3. La convivencia de usos del medio marino puede alzar voces 
disonantes en contra de estos proyectos  

4. La conservación de los parajes naturales. 
5. Pero no menos importante existe un riesgo real y difícil de 

cuantificar de fracaso económico de estos proyectos debido a cambios 
en las condiciones de contorno.  

 
De esta manera generar electricidad a partir de las fuerzas marinas 
presenta muchas sombras que solo pueden ser abordadas y 
solucionadas a partir de un análisis científico riguroso de todos y cada 
uno de los puntos que pueden hacer fracasar un proyecto. Es 
importante, conocer fielmente las rías o estuarios donde se pretende 
hacer el aprovechamiento. Es muy importante conocer la 
morfodinámica de la zona a través de medidas en campo y 
modelizaciones numéricas de elevada resolución. Es extremadamente 
importante realizar un adecuado marine spatial planing, pero no es 
menos importante poder cuantificar los riesgos y la probabilidad de 
ocurrencia de los mismos, derivados de la instalación de este tipo de 
dispositivos en lugares con otros usos.  

Estos interrogantes y problemas son comunes para la mayoría de 
ubicaciones en las que se han planteado en el pasado parques de 
energía de corrientes de marea. Algunas de ellas podrían ser viables ya 
que en las zonas estudiadas existe recurso suficiente para ser 
explotado pero, si se aborda el problema desde un punto de vista 
multidisciplinar otros factores pueden hacerlo totalmente inviable. Por 
estos motivos para encontrar las mejores ubicaciones para un 
aprovechamiento comercial de energía de corrientes de marea, es 
necesario aplicar una metodología clara y concisa. Esta se basará en 
un análisis completo de la ría que sirva a los futuros inversores de 
herramienta principal de decisión para futuras localizaciones de 
parques marinos de corrientes de marea, minimizando el impacto 
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negativo de la opinión pública y maximizando la rentabilidad de la 
inversión realizada. 

 
DESCRIPCION DE LA LOCALIZACIÓN  
Para mostrar la metodología de trabajo, se tomará como ejemplo la 
Ría de Ribadeo, un pequeño cuerpo de agua que sirve de frontera 
natural entre dos comunidades autónomas –Galicia al oeste y Asturias 
al este- en el noroeste de España. Debido a la morfología 
(morphology) de la ría y a los principales agentes de forzamiento: 
marea, descargas fluviales y viento, en la ría se generan velocidades 
significativas en el agua. Estas velocidades – mayores de 1 m/s- han 
sido estudiadas y evaluadas previamente llegando a la conclusión de 
que por disponibilidad de recurso, la instalación de una planta de 
energía de corrientes de marea sería posible.  

El estuario de Ribadeo es por su abrigo natural un lugar de 
concentración de actividades comerciales, pesqueras y turístico 
importante. Los compromisos medioambientales y de conservación 
hacen de las localizaciones marinas en general y de los estuarios en 
particular lugares de especial interés para la flora y la fauna. Además 
la conservación de los vestigios arqueológicos es imprescindible. 

En este estuario se encuentran diversas estructuras portuarias. De 
la viabilidad de este sector depende una gran cantidad de trabajadores. 
La posibilidad de explotación de estas estructuras depende de 
mantener libres de todo obstáculo los canales de acceso y las dársenas. 
Es necesario disponer de una agenda para mantener estos canales en 
condiciones de tráfico seguro, y comprobar qué efecto pueden tener 
estas actividades de conservación para el resto de actividades que en 
esta ría se concentran. Una de las estructuras portuarias más 
importantes de esta ría es el puerto de Ribadeo. Es un puerto de 
especial importancia debido a que es el que por él se comercializan 
más de 500000 Tn de materias primas y mercancías generales. En esta 
ría se ubica el astillero más importante de la zona. Astilleros Gondán, 
que participa en múltiples proyectos internacionales, necesita un 
acceso seguro por mar a sus instalaciones. Además dos marinas sirven 
como lugar de atraque para el sector turístico de la navegación 
deportiva.  
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Muchos buques mercantes y de guerra han naufragado en estas 
aguas. La mayor parte de avistamientos y descubrimientos de los 
pecios y las pequeñas piezas se da en el área de la Dársena del puerto 
deportivo, coincidente con la localización histórica del puerto. Por 
este motivo las zonas que coinciden con el puerto actual deben ser 
estudiadas con atención en favor de no perturbar los restos 
arqueológicos. En esta ría se han producido 11 hallazgos de elementos 
singulares. Algunos tan importantes como el Santiago de Galicia 
Buque del siglo XVI de la Segunda Armada Invencible. Este llegó a 
Ribadeo con importantes desperfectos y se hundió en las 
inmediaciones de lo que hoy conforma el puerto deportivo. Es 
considerado el galeón español mejor conservado. Muchos otros 
buques fueron víctimas de las aguas del canal de entrada al puerto. La 
existencia y documentación de estos pecios no imposibilita la 
existencia de nuevos descubrimientos, teniendo en cuenta el elevado 
número de naufragios catalogados. Por este motivo es necesario 
establecer un contorno de protección que según las recomendaciones 
del gobierno regional debe ser de 200 metros contados desde el 
elemento a proteger. Cualquier actuación antrópica que se lleve a cabo 
en la ría puede afectar a los restos de los pecios. Por este motivo es 
imprescindible identificarlos e inventariarlos.  

El sector primario en la Ría de Ribadeo está compuesto por la 
pesca, el marisqueo y las plantas de acuicultura de ostra. Los 
principales caladeros de pesca que utilizan los buques de las 
poblaciones ribereñas se encuentran en la bocana de la ría por lo que 
se puede afirmar que en la parte intermedia de esta no se produce una 
actividad relevante, salvo un pequeño polígono situado en la parte 
media de la ría. El marisqueo sí que es una actividad importante, tanto 
en la zona media como en la interior, destacando la captura de 
bivalvos y pulpos. Por último desde hace años se está potenciando el 
cultivo de ostra en batea con necesidades de espacio muy altas.  

El turismo es, sobre todo en los meses estivales, una actividad que 
emplea a un gran número de población de la Ría y de sus 
inmediaciones. Por este motivo será de especial importancia no 
interferir ni ocupar zonas destinadas al turismo y el uso y disfrute de 
la franja costera. Por lo tanto las zonas de baño destinadas al turismo 
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deben ser estudiadas con atención. Así pues la legislación de Costas 
española menciona en su artículo 69,que en los tramos de costa que no 
estén balizados como zona de baño se entenderá que ésta ocupa una 
franja de mar contigua a la costa de una anchura de 200 metros en las 
playas y 50 metros en el resto de la costa. En esas zonas deben 
adoptarse las precauciones necesarias para evitar riesgos a la 
seguridad humana.  

En la Ria de Ribadeo se debe respetar el ecosistema de fondo. 
Algunas zonas poseen lugares con fondos poblados por macro algas, 
representadas prácticamente por Pelvetia Canaliculata con manchas de 
Ulva en zonas intermareales. En menor medida se pueden encontrar en 
los fondos otras especies como Ascophyllum Nodosum, Fucus 
Ceranoides, Fucus Espirabis, Fucus Vesiculosus, Gracilaria Verrucosa 
y Mastocarpus Stellatus. La necesidad de conservar invariable el 
ecosistema de estas zonas hace necesario catalogarlas como lugares de 
total exclusión para otras actividades. 

 
METODOLOGÍA 
Para el desarrollo de esta tesis se implementaron dos modelos 
numéricos de alta resolución. Un 2D sedimentario, enfocado a 
entender la dinámica sedimentaria que provoca la necesidad de 
acometer los trabajos de dragado que mantienen operativo el canal de 
entrada a las estructuras portuarias. Un segundo modelo numérico en 
tres dimensiones se ha implementado para determinar el recurso 
existente en la ría y determinar el impacto de dragados de 
mantenimiento en los convertidores de energía. El modelo numérico 
utilizado en las dos ocasiones es Delft 3D Flow, desarrollado por WL 
Delft Hidraulics, permite simular el transporte originado por la marea, 
las olas y las condiciones meteorológicas incluyendo los efectos de 
diferencias de salinidad y temperaturas. Este tipo de modelo también 
permite simular el transporte de sedimentos apoyándose tanto en carga 
de fondo como en la carga de sedimentos en suspensión.  

Tanto para la implementación como para la posterior validación 
del modelo numérico son necesarios datos reales de condiciones de 
contorno que se obtuvieron de campañas de campo, colaboraciones 
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con otros grupos de investigación y consulta con distintas 
organizaciones y organismos públicos. 

Como se ha mencionado en esta ría confluyen muchos intereses. 
Para no interferir en los otros usos y evitar opiniones en contra de los 
proyectos, es primordial definir detalladamente todos los usos y zonas 
de interés que supongan exclusividad de utilización. De este modo se 
minimiza el posible rechazo que tiene el uso energético de la ría al no 
modificar el estatus quo. Las personas cuyo trabajo depende directa o 
indirectamente de las actividades que se desarrollan en la ría, pueden 
suponer un contratiempo y manifestarse en contra de una posible 
explotación energética de la ría. Para crear una seguridad al inversor, 
tanto jurídica como social, los usos existentes se catalogan y ordenan 
en un GIS. Estas capas de información se elaboran siguiendo 
normativa, estudios de campo, y trabajos previamente realizados. 
Abarcarán también figuras de protección medioambiental y 
arqueológica. 

 
CONCLUSIÓN 
El eje central de esta tesis se centra en tres ambitos fundamentales: 
estudiar fielmente los procesos morfodinámicos, los usos de las rías y 
estuarios, y minimizar los riesgos para encontrar las mejores 
ubicaciones que sirvan para la toma de decisiones a la hora de 
planificar plantas de energía de corrientes de marea a partir del 
ejemplo de la ría de Ribadeo. De esta manera se estructura el trabajo 
en tres capítulos principales.  

En el capítulo 1, se estudia la dinámica sedimentaria de la ría y 
como esta afecta al tráfico de los principales puertos de la misma. Para 
este fin y siguiendo las recomendaciones de la norma española de 
construcción de canales de acceso a puertos y dársenas, se definen a 
partir de los condicionantes técnicos de los buques, las dimensiones en 
planta y alzado del canal acceso a la ría. Posteriormente se construye 
un modelo numérico de alta resolución que es capaz de modelar la 
dinámica sedimentaria la ría. La validación se realiza con medidas de 
campo de velocidades, niveles y sedimentos. Una vez que el modelo 
numérico está validado, se puede usar para una modelización de alta 
resolución de la dinámica sedimentaria a 4 años vista. Esta 



MIGUEL ÁLVAREZ DÍAZ 

32 
 

información es de vital importancia para comprobar donde se 
producen acreciones y erosiones del lecho marino, y por lo tanto 
determinar cómo este movimiento de sedimentos afecta a la 
operatividad del canal de acceso. En base a unos límites de seguridad 
establecidos para las operaciones portuarias, se establecen valores de 
operatividad que nunca pueden ser rebasados. En último lugar se 
establece un calendario de dragados de mantenimiento, que en 
definitiva serán de vital importancia para mantener en funcionamiento 
las estructuras portuarias de la ria, y la economía de la zona. 

A la hora de modelizar una ría o estuario como posible lugar para 
su aprovechamiento energético, la batimetría es una de las condiciones 
de contorno más importantes. Ya comprobada en el capítulo 1 la 
necesidad de dragados periódicos para mantener en condiciones de 
seguridad los accesos a los puertos, se va a modificar periódicamente 
la batimetría de la zona de estudio.  

El capitulo 2 de esta tesis se centra en el estudio de las corrientes 
para su aprovechamiento energético, e investigar los posibles 
impactos de los cambios batimétricos en el rendimiento de los 
convertidores. A mayores se proponen valores preliminares (horas 
operativas, magnitud, dirección) para asegurar la viabilidad económica 
de las instalaciones. Para este fin se implementó un modelo numérico 
en tres dimensiones con el que se calculan dos escenarios diferentes, 
antes y después de un dragado de mantenimiento. Se encontraron tres 
posibles áreas, con dimensiones apropiadas para la construcción de 
granjas de corrientes de marea. Se analizó un punto en cada 
localización para un momento de marea media. Se observaron dos 
lugares en los que después de un dragado periódico disminuían la 
velocidad y energía disponibles aumentándose en el tercero. Con estos 
resultados se trata de ver cómo pueden afectar estos cambios a la 
producción de las turbinas. 

El capítulo 3 de esta tesis trata de dar encaje a la explotación de 
energía de corrientes de marea, en un entorno con múltiples usos y 
actividades. Para este propósito, en base a estudios realizados, 
legislación comunitaria, estatal y regional, y criterios técnicos se 
propone una clasificación de usos, que limita y excluye la instalación 
de dispositivos convertidores en zonas con otros usos actuales. De esta 
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manera se disminuyen posibles conflictos, se preserva el medio 
ambiente, se crean zonas en las que la inversión sería posible y se 
pueden aprovechar sinergias positivas entre distintos usos. 
Paralelamente se retoma el trabajo realizado en el capítulo 2, y se 
realiza un estudio de recurso anual antes y después de un dragado, 
mediante un modelo numérico muy conciso capaz de mostrar la 
energía anual, en todo el dominio con posible aprovechamiento 
energético. Hasta el momento los estudios realizados siempre 
circunscribían el análisis de recurso energético a un punto en el mapa 
y a un momento determinado. Con esta nueva proyección se pueden 
crear mapas de información de todo el recurso anual. Estos pueden ser 
cruzados con las capas de exclusión de manera que un inversor pueda 
decidir rápidamente la localización más adecuada.  

Finalmente se crea una herramienta de localización y 
cuantificación de riesgo asociado a dragados periódicos (DAR). En 
combinación con las capas anteriores permite culminar el trabajo de 
localización zonal de una explotación energética, limitando el riesgo 
de que se reduzcan o incrementen las velocidades en las corrientes, o 
disminuyan las horas de operación de los dispositivos. De esta manera 
se aminora la incertidumbre reduciendo una vez más las zonas en las 
que podríamos incluir los convertidores de energía.  

En conclusión esta tesis aborda de una forma global la 
problemática de encontrar localizaciones adecuadas para la 
explotación de energía de corrientes de marea, sin incurrir en conflicto 
con ningún uso existente, facilitando la toma de decisiones de los 
inversores al disminuir el riesgo y la incertidumbre en la operatividad 
y rentabilidad de las explotaciones. Se crea así un protocolo de 
actuación multidisciplinar que a partir del ejemplo de la ría de 
Ribadeo, es fácilmente extrapolable a otros estuarios. 
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GENERAL INTRODUCTION 
 

STATE OF THE ART 
Global energy demand is increasing. Energy is not just electric energy. 
For example, in the European Union, transport consumes 33% of total 
energy, and it does not consume electric energy, but fossil fuels. In the 
last years, electric vehicles are increasing in urban mobility, but not in 
freight transport. In the future, this increase of electric vehicles can 
compromise the electric supply. In the last years, environmental 
concern has increased. Protests against climate change have been 
massive in the main cities of the world. Deadlines for points of no 
return have been reached again and again. Now, the problem of 
climate change caused by humans is a reality, and adverse effects can 
only be mitigated. This problem is closely linked to emissions of 
greenhouse gases. Governments get more and more pressure 
(especially from the youth) to reduce the proportion of conventional 
technologies in the mix. Green technologies are being promoted, but 
they are still far from replacing fossil fuels and nuclear power. 
Besides, renewable generation usually means an important land 
occupation at sensitive locations. So, the same people that demand 
renewable energy also reject this kind of occupations. 

This is the breeding ground that motivates this research work. On 
the one hand, society demands a higher contribution of renewable 
energies on the power generation mix. On the other hand, power 
consumption will probably increase in the future due to economical 
reasons. Besides, consumption will likely increase as electrical 
vehicles become widespread. Environmental awareness is another key 
factor that is becoming more and more important. So, projects on 
sensitive locations will be conditioned from the start by stakeholders. 

In recent years, there have been many initiatives to generate 
power from the oceans. Ocean energy has a high potential and meets 
the demands of the society on renewable energies. To obtain energy 
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from tides, there are several options. One of them is a dam in an 
estuary, to harness the energy of a body of water every tide cycle. 
Another option is harnessing the kinetic energy of its currents. So far, 
to take advantage of tidal currents, most tidal energy converters 
(TECs) had to be installed at places of great depth. So, locations with 
a high potential, but low depth, could not be used. This is the case of 
estuaries, where depth is usually lower than 20m, due to 
sedimentation. In the northwestern coast of the Iberian Peninsule, tidal 
currents in estuaries have been studied for energy purposes. New tidal 
energy converters (TECs) are able to operate at low depth locations, 
which creates a new possibility to take advantage of tidal currents in 
Spain and Portugal. However, there is no commercial use due to three 
causes that keep these technologies in stand by: 

 
1. Technological difficulties arising from the installation of 

machinery on marine environment. 
2. Financial and legal constraints for energy companies. 
3. Coexistence of uses on marine environment can generate 

protest against these projects. 
4. Preservation of natural areas . 
5. There is a real risk , hard to quantify, of economic failure, due 

to changes on boundary conditions. 
 

So, generating power from oceans casts a lot of shadows that can only 
be addressed and solved from a thorough scientific analysis of every 
single point that can lead a project to failure. A detailed knowledge of 
the estuary is important. Knowing the morphodynamics of the zone by 
field data and high resolution numerical modelling is vital. So is an 
appropriate marine spatial planning. Quantifying risks and their 
probability of occurrence due to the installation of these devices at 
locations with other uses is not less important 

These questions and problems are common for most locations that 
have been raised for tidal stream farms in the past. Some of them 
might be feasible, as there is enough resource to be exploited at the 
studied zones. However, if the issue is addressed from a 
multidisciplinary point of view, other factors can make it unfeasible. 
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On this basis, a clear and concise methodology must be applied to 
find the best locations for a tidal stream energy use. This methodology 
is based on a complete analysis of the estuary. It will be useful for 
future investors as the main decision-making tool for future locations 
of tidal stream farms, minimizing the negative impact on public 
opinion and maximizing the profitability of the investment made. 

  
A SHORT DESCRIPTION OF THE LOCATION 
In order to show the work methodology, the estuary of Ribadeo (Ría 
de Ribadeo) will be an example. It is a small body of water that marks 
the natural border between two autonomous regions -Galicia at the 
west and Asturias at the east- in Northwestern Spain. Due to the 
morphology of the estuary and the main driving agents: tide, river 
discharges and winds, significant velocities are generated. These 
velocities -higher than 1m/s- have been previously studied and 
evaluated. As a conclussion, a tidal stream farm is feasible due to the 
availability of resource. The estuary of Ribadeo is, due to its natural 
harbour, a place of concentration of commercial, fishing and tourist 
activities. Environmental and conservation commitments make marine 
locations in general, and estuaries in particular, places of special 
interest for flora and fauna. Moreover, preservation of archaeological 
remains is essential. 

In this estuary, there are several port structures. Many workers 
depend on this sector. The possibility of use of these structures 
depends on keeping free from obstacles the access channels and the 
docks. A planning to keep the channels in conditions of safe traffic is 
needed. The effect of these maintenance works on the rest of activities 
must be checked. 

One of the most important port structures of this estuary is the 
port of Ribadeo. It is a port of special importance, as more than 
500,000 T of raw materials and general goods are commercialized 
through it. In this estuary, the most important shipyard of the zone is 
located, ‘Astilleros Gondán’. It that takes part in numerous 
international projects, and needs a safe sea access to its facilities. 
Besides, two marinas serve as docking places for the tourist sector of 
yachts. 
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A lot of merchant and war ships have sunk in these waters. Most 
sightings and discoveries of wrecks and small parts have been at the 
dock of the yachting port, the historical location of the port. For this 
reason, zones around the current port must be carefully studied in 
order to avoid interference with archaeological remains. In this 
estuary, there have been 11 findings of singular elements. Some of 
them are as important as the ‘Santiago de Galicia’, a XVI century 
galleon of the Second Armada. This ship arrived in Ribadeo with 
serious damage and sank at the surroundings of the yachting port. It is 
regarded as the best conserved Spanish galleon. Many other ships 
where victims of the waters of the entrance channel. The existance and 
documentation of these wrecks does not discard new discoveries, 
taking into account the large number of shipwrecks listed. So, a 
protection zone must be established. According to the Autonomous 
Government recommendations, it must be about 200m measured from 
the protected element. Any human intervention in the estuary can 
affect the wrecks. For this reason, identifying and listing is essential. 

The primary sector in the Ribadeo estuary is made of fishing, 
shellfish haversting and oyster farming. The main fishing grounds that 
coastal town use are at the mouth of the estuary. So, in the middle part 
of the estuary there are no relevant activities, but a little industrial 
park. Shellfish harvesting is an important activity, in the middle as 
well as in the upper part. Octupus and bivalve molluscs are the main 
species. Finally, for the last years, oyster growing platforms are being 
boosted. These platforms need a large volume. 

Tourism is, especially during summer months, an activity that 
employs many workers from the Ría and its surroundings. Because of 
this, locations at zones dedicated to tourism and leisure must be 
avoided. So, bathing areas dedicated to tourism must be carefully 
studied. Spanish Coastal Law states in article 69 that, at coastal areas 
not buoyed as bathing area, the coast occupies a sea trip 200m wide at 
beaches and 50m at other coastal zones. At this areas, caution must be 
taken to avoid risk to human safety. 

The seabed ecosystem of the estuary must be respected. At some 
zones, the seabed is populated by macroalgae, as Pelvetia Canaliculata 
with Ulva spots in intertidal zones. To a lesser extent, other species 
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can be found at the seabed, like Ascophyllum Nodosum, Fucus 
Ceranoides, Fucus Espirabis, Fucus Vesiculosus, Gracilaria Verrucosa 
and Mastocarpus Stellatus. 

Due to the requirement of preservating these ecosystems, they are 
listed as places of total exclusion for other activities. 

 
METHODOLOGICAL APPROACH 
To develop this thesis, two high definition numerical models have 
been implemented: 
 

• A 2D sedimentary numerical model, focused on understanding 
the sedimentary dynamics that causes the need of undertaking 
the dredging works that keep the access channel operative. 

• A 3D numerical model, implemented to determine the 
available resource in the estuary, and to determine the impact 
of maintenance dredging on TECs.  
 

The numerical model for both is Delft 3D Flow, developed by WL 
Delft Hydraulics. It allows to simulate the transportation caused by 
tides, waves, and weather conditions, including differences of salinity 
and temperature. This kind of model also allows to simulate the 
transport of sediments, supported on bed load as well as suspended 
sediments load. 

Real data of boundary conditions are required for the 
implementation as well as for the subsequent validation of the 
numerical model. These data were obtained from field campaign, 
collaborations with other research groups and enquiries to several 
organizations and public institutions. 

As mentioned before, many interests converge in this estuary. To 
avoid interference with other uses and public voices against the 
projects, a detailed definition of all the uses and interest zones that 
mean exclusive use is essential. This way, the potential rejection of 
the energy use of the estuary is minimized, as it does not change the 
status quo. People whose jobs depend, directly or indirectly, on the 
activities developed in the estuary, might stand up against energy 
explotation of the estuary. 
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To create legal as well as social certainty for the investors, 
existing uses must be listed and organized in a GIS. These layers of 
information are made following regulations, field studies and work 
previously done. These layers include environmental and 
archaeological protection figures. 

 
OBJECTIVES 
The central axis of this thesis is focused on three basic objectives: 
studying accurately the morphodynamic processes, the uses of the 
estuaries and minimizing the risks to find the best locations. These 
objectives should be useful for decision-making when planning tidal 
stream farms, based on the example of the estuary of Ribadeo. So, the 
work is structured in three main chapters: 

 
I. Studying the sedimentary dynamics of the estuary and how it 

affects the traffic of the main ports is essential. To this end, 
following the Spanish recommendations for construction of 
access channels to ports and docks, the dimensiones of the 
access channel to the estuary are defined taking into account 
the technical determinants of ships.Subsequently, a high 
resolution numerical model, which is able to model the 
sedimentary dynamics of the estuary, is defined. Once the 
numerical model is validated, it can be used for a high 
resolution modelling projecting four years into the future. This 
information is essential to check where increasing and erosion 
take place and, therefore, to determine how this movement of 
sediments affects the functionality of the access channel. 
Based on safety limits set for port operations, functionality 
values that cannot be exceeded are set. Finally, a timetable of 
maintenance dredgings is set. It will be vital to keep the port 
structures, and the local economy, in operation (Chapter 1). 
  

II. When modelling an estuary as a potential location for 
energetic use, bathymetry is one of the most important 
boundary conditions. As seen in chapter 1, regular dredgings 
are needed to keep the access channels safe. So, the 



General Introduction 
 

41 
 

bathymetry of the studied zone is going to change regularly. 
Chapter 2 is focused on studying currents for energetic use, 
and investigating potential impacts of bathymetric changes on 
TEC performance. In addition, preliminary figures (operation 
hours, magnitude, direction) are suggested to ensure economic 
viability of the installations. For this purpose, a 3D numerical 
model has been implemented, to calculate two different 
scenarios, before and after a maintenance dredging.Three 
possible zones, with appropriate dimensions to build tidal 
stream farms, were found. At each location, one point was 
analyzed for a medium tide time. At two places, after a 
periodical dredging, available velocity and energy decreased. 
At the third point, both increased. Based on these results, the 
effect of these changes on turbine production is studied. 
 

II. Fitting tidal stream farms in surroundings with multiple uses 
and activities is the third goal of this thesis. To this purpose, a 
classification of uses is proposed, based on conducted studies, 
EU, state and regional law, and technical criteria. This 
classification limits and excludes installing TECs at zones with 
existing uses. 
 

 Thus, potential conflicts decrease, the environment is 
 preserved, zones where investment is feasible are created and 
 positive synergies between different uses arise. 

 In parallel, the work performed in chapter 2 is resumed. A 
 study of annual resource, before and after a dredging is 
 performed by means of a concise numerical model. This model 
 shows the annual energy in all the domain of potential energy 
 use. 

 
 So far, conducted studies always confined the analysis of 

 energetic resource to a point in the map and a determined time. 
 With this new projection, maps with information of all the 
 annual resource can be created. These maps can be cross-
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 checked with exclusion layers, so that an investor can quickly 
 decide the most appropriate location (Chapter 3). 

IV. Finally, a tool for location and quantification of the risk 
associated to periodical dredging (DAR) is created. Combined 
with the previous layers, it allows to end the work of locating a 
energetic use zone. Thus, the risk of increasing or decreasing 
stream velocities and less hours of operation of the devices is 
limited. This way, the uncertainty is reduced, and so are the 
zones where TECs can be installed (Chapter 3). 

 
In conclusion, this thesis addresses in a global way the difficulties 

of finding suitable locations for tidal stream exploitation, without 
clashing with existing uses. Risk and operation uncertainty are 
decreased. So, decision-making is made easier for investors.  

A multidisciplinary action protocol has been created. From the 
example of the estuary of Ribadeo, it can be easily extrapolated to 
other estuaries. 
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1 AN INTEGRATED APPROACH FOR THE 
PLANNING OF DREDGING OPERATIONS IN 
ESTUARIES 
Ports are often located in naturally sheltered areas such as estuaries. 
The strong tidal currents that occur in many of these areas drive a 
dynamic morphodynamic regime, with the result that the approach 
channels to these ports are gradually infilled. Periodic dredging is 
therefore necessary to maintain the operativity of the port. A case in 
point is Ribadeo (NW Spain), an important port for the economy of 
the area. In this work, the sediment transport patterns of the estuary 
(Ria de Ribadeo) are investigated through high-resolution numerical 
modelling and field measurements covering a 4-year period. On this 
basis, a decision-aid tool is developed that enables to predict the time 
evolution of the approach channel and thus contributes to the planning 
of dredging operations and, more generally, the maintenance of 
adequate operativity levels in a cost-effective way. 

 
Keywords: estuary; dredging; port; sediment transport; 

navigation channel; numerical modelling. 
 

1.1 INTRODUCTION 
Shipping may be affected by a number of coastal processes (López 
and Iglesias, 2013; López et al., 2015; Teodoro et al., 2014; Rosa-
Santos et al., 2009), not least sediment transport and its repercussions 
on restricted or semi-restricted navigation channels. Sediment infilling 
may affect port operativity by limiting the time for vessels to access, 
or depart from, a port. This is the case of a number of ports located in 
rias in Galicia (NW Spain).  
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A ria is a particular type of estuary: a drowned river valley in 
which the accumulation of sediment since the Holocene transgression 
has not kept pace with sealevel rise, and therefore the bathymetry 
reflects closely the topography of the original river valley. Galician 
rias are generally characterised as positive, partially mixed estuaries 
(Iglesias et al., 2008).  

The Port of Ribadeo is located in the middle section of the 
Ribadeo ria (in the vernacular, Ria de Ribadeo or Ria del Eo, after the 
name of the river), at 43º 32.865´ N, 007º 02.054´ W (Figure 1), and 
is the largest in trade volume of all the ports managed by the Regional 
Port Authority (Ports of Galicia). It has a great importance for the 
local and regional economy, with a hinterland exceeding a radius of 
50 km from the port, which generates a considerable Short Sea 
Shipping. 

The strong tidal currents in the Ria of Ribadeo (up to 2 ms-1) and 
the resulting residual circulation patterns (Ramos et al., 2013) cause 
large amounts of sediments to be transported, steadily infilling the 
approach channel to the Port of Ribadeo. A reduction in depth in the 
approach channel means that larger tidal levels are required for ships 
to access the Port, thereby limiting the operativity of the port and, 
consequently, threatening the economic activity in the area (García-
Morales et al., 2015). For this reason, the port authority undertakes 
periodic dredging of the approach channel so as to maintain 
operativity.  

The aim of this work is to define a new integrated approach for 
the analysis of dredging operations in shallow coastal areas, such as 
estuaries, allowing the definition of an appropriate plan ensuring an 
adequate operativity at lower maintenance costs. With this aim, firstly, 
in Section 2, the requirements of the approach channel to the Port of 
Ribadeo are thoroughly defined. Next, in Section 3, high-resolution 
numerical simulations based on accurate field measurements are 
conducted covering a 4-year period. In Section 4, the tidal levels at the 
Port of Ribadeo computed through numerical modelling are analysed. 
Then, the results obtained in the aforementioned sections are 
combined leading to a decision-aid tool for the planning of dredging 
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operations. Finally, in Section 5 the main conclusions of this work are 
presented. 

 

 
Figure 1. Location of Ría de Ribadeo (b) and Port of Ribadeo (c) in NW Spain (a). 

 
 

1.2 REQUIREMENTS OF THE APPROACH CHANNEL 
 

1.2.1 Determining factors 
A correct definition of the geometry of the approach channel and 

harbour basin of a port located in a depth-limited area is of great 
importance for its appropriate functioning. The requirements for these 
areas are calculated in the present work for the Port of Ribadeo 
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following a comprehensive methodology based on the 
Recommendation for Design of Maritime Configuration of Ports, 
Approach Channels and Harbour Basins (Puertos del Estado, 1999b; 
Álvarez, 2013) . 

The geometric definition of the navigational channel and harbour 
basin, both in terms of cross section and layout, should be based on a 
thorough knowledge of: i) the area occupied by the vessel (Sutulo et 
al., 2010; Briggs et al., 2015), which depends on the vessel 
dimensions, ii) the different factors affecting its movements, iii) and 
the water level. Furthermore, in the study area it is necessary to 
consider that the orientation of the approach channel is similar to that 
of the breakwaters and dock of the Commercial Port of Ribadeo 
(Figure 1), and their foundations are at –5.00 m relative to the datum 
(LAT, lowest astronomical tide); therefore, the maximum dredging 
depth relative to the datum should not exceed 5 m to avoid 
undermining the structures. This is indeed the depth at which the 
approach channel is currently dredged during maintenance operations, 
and the depth retained for the following analysis.  

In the present study the cross section and layout requirements are 
defined based on the design vessel, i.e. the vessel which best 
represents the different types of vessels operating in the area of 
interest. With this aim, a comprehensive study of the shipping at the 
Port of Ribadeo was conducted. In total, during 2014 a total of 176 
vessels operated at this Port, of which 158 were of general cargo, the 
remaining being composed of nine passenger ships, 4 gearless 
container vessels, 4 research vessels, 3 fishing trawlers and 1 bulk 
carrier. After a thorough analysis of the characteristics of the different 
types of vessels, the design vessel at this Port is defined. Its 
characteristics are shown in Table 1. 
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Table 1. Characteristics of the design vessel at the Port of Ribadeo 

 
Parameter Measure 

Gross Tonnage 2,700 GT 
Length 90 m 

Length between perpendiculars 85 m 
Draught 5.72 m 

Deep load draught 5.41 m 
Moment of inertia 11,449 kg m2 

Freeboard 1.79 m 
Depth 7.2 m 

 
1.2.2 Cross-section requirements 
The cross section of a channel is sometimes designed in a 

deterministic way, i.e. on the basis of a single parameter (i.e. the 
draught of design vessel); it is more adequate, however, to take into 
account a number of factors (Puertos del Estado, 1999a) (Figure 2).  

 
Figure 2. Sketch showing the factors considered in the design of the cross 
section of the approach channel. [Source ROM 3.1 99 Part VII]. 
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The first set of factors, represented by F1, integrates all the factors 
depending on the vessel itself. It represents the lowest level that any 
point of the vessel can reach in relation to the mean level of the water 
where it is located. For the definition of F1, in the present work a 
thorough study of the sea conditions in the area is conducted (Álvarez, 
2013). This information combined with the characteristics of the 
design vessel allows the computation of F1. The second set of factors, 
represented by F2, provides an analysis of the tides and other 
variations in the mean water level (astronomical and meteorological 
tides, variations in river flows, etc…), i.e. a factor determining the 
reference level of the water where the vessel is located. This is a key 
factor given that in the case of a vessel with specific depth 
requirements (larger than 5 m depth in the present application), a 
certain tidal level is required for them to operate in the area. Finally, 
F3 includes the last set of factors depending on the seabed, including 
bathymetry inaccuracies, sediment deposits and dredging performance 
tolerances (Álvarez, 2013). The values of the different factors 
considered in the present work are summarised in Table 2.  

The required water depth will be the result of considering both the 
vessel and seabed related factors, F1 and F3, respectively. Therefore, a 
total of 7.44 m is required for the design vessel to access or leave the 
Port of Ribadeo. Given that the water depth of the approach channel 
for operation purposes at LAT is set to 5 m, the required tidal level or 
F2 is 2.44 m.  
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Table 2. Parameters for prevention of grounding in the channel 
 

PARAMETERS VALUE (m) 

Vessel             
related factors 

(F1) 

Static draught 5.41 

Additional draught due to 
changes in water density 

0.16 

Additional draught due to 
cargo distribution 

0.20 

Dynamic trim or squat 0.62 
Motions caused by waves 0.10 
Heeling caused by wind 0.08 

Clearance for safety control of 
the vessel´s maneuverability 

0.5 

Total (F1) 7.07 

Water level         
related factor 

(F2) 

Astronomical tide Variable 

Total (F2) 
F1+F3-channel 

depth 

Seabed             
related factors 

(F3) 

Margin for bathymetry 
inaccuracies 

0.07 

Deposit of sediments 
Variable (0 

after dredging) 
Dredging performance 

tolerance 
0.37 

Total (F3) 0.37 
 

 
1.2.3 Layout requirements 
The layout of the channel has to be adapted to the local 

morphological aspects, as well as to technical, economic and 
environmental constraints. In the case of the Port of Ribadeo, the 
approach channel has a total length of 2,262 m in three straight and 
two curved stretches. The two curved stretches have a radius, r, of 
260.5 m and 639 m, respectively. For technical and safety reasons the 
approach channel to this port consists of a single lane fairway whose 
requirements are calculated in the present study for the design vessel.  

As a result of the implementation of the aforementioned 
methodology the overall width of the fairway is set to 90 m and 100 m 
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in straight sections and curves, respectively. Finally, due to the 
presence of moorings lines in the dockside, the straight section in this 
area is increased 15 m (Álvarez, 2013). The cross section and layout 
requirements thus obtained are shown in Figure 3 and the resulting 
plan view of the area occupied by the approach channel in Figure 4. 

 
 
 

 
Figure 3. Cross section and layout requirements of the approach channel to the 
Port of Ribadeo. 
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Figure 4. Plan view representation of the area occupied by the approach 
channel. 
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1.3 NUMERICAL MODEL  
1.3.1. Model equations 
The next step consists in studying the evolution of the bottom of 

the approach channel defined in Section 2 through a 4-year period, 
accounting for the complex morphodynamics of this ria. With this aim 
a finite-difference Navier-Stokes 3D solver, Delft3D, is implemented 
on the ria, which has been successfully used in other Galician Rias 
[e.g. (Carballo et al., 2009a; Iglesias and Carballo, 2009; Prumm and 
Iglesias, 2016; Sanchez et al., 2014; Iglesias et al., 2008; Carballo et 
al., 2009b; Sánchez et al., 2013)]. Delft3D-FLOW is a hydrodynamic 
and transport model which solves the Navier–Stokes equations for an 
incompressible fluid under the shallow water and Boussinesq 
assumptions. The model equations read: 
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where u, v and w represent the components of the velocity in the 
directions x, y and z, respectively; Q represents the sources of mass 
per unit area; f is the Coriolis parameter; g is the gravitational 
acceleration; ζ is the free surface elevation relative to z = 0; υh and υv 

stand for the horizontal and vertical kinematic eddy viscosity 
coefficients, respectively; ρ and ρ0 are the water density and the 
reference density of sea water, respectively; c represents the mass 
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concentration of any constituent (e.g. salinity and temperature); Dh 
and Dv stand for the horizontal and vertical eddy diffusivity 
coefficients, respectively; λd represents the first order decay process; 
finally, R is the source term per unit area. 

In addition, the model computes sediment transport and 
morphological updating by simulating both bed-load and suspended 
load transport. In the case of suspended load, the advection-diffusion 
equation (mass balance) is solved, which reads:  
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where 𝑐(𝑙) is the mass concentration of the sediment fraction (l);; 
𝜖𝑠,𝑥

(𝑙), 𝜖𝑠,𝑦
(𝑙), 𝜖𝑠,𝑧

(𝑙) stands for eddy diffusivities of the sediment 
fraction (l); finally, 𝑤𝑠(𝑙) is the sediment settling velocity of the 
sediment fraction (l). The local flow velocities and eddy diffusivities 
are computed by the hydrodynamic model. The sediment transport is 
computed in the same way as the transport of any other constituent 
(e.g. salinity or temperature); nevertheless, there exist a number of 
important differences between sediments and other constituents —
exchange of sediment between the bed and the flow, or parameters 
such as the settling velocity, whose appropriate computation is of 
major importance for obtaining accurate results (Deltares, 2011). 

The effect of sediments on fluid density is considered by using the 
empirical relationship formulated by UNESCO (Unesco, 1981) which 
accounts for the varying temperature and salinity. In the case of the 
sediment transport, this relationship is extended in order to consider 
the density effect of sediment fractions in the fluid mixture. For this 
purpose the mass of the different sediment fractions is added and the 
displaced water mass subtracted. This can be expressed as: 
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where 𝜌𝑤 (𝑆) is the specific water density with salinity concentration 
S; 𝜌𝑠(𝑙) is the specific density of the sediment fraction (l); finally 𝑙𝑠𝑒𝑑 
is the number of sediment fractions. 

The settling velocity for non-cohesive and cohesive sediment 
fractions is computed with different formulations. In the case of non-
cohesive sediments the Van Rijn method is implemented (Van Rijn, 
1993), which depends on the diameter of the sediment in suspension: 

 

( )

( )( )

( )( )

( )( )

( )2

( )3

,0 2

( )

1
, 65 100

0.01 110
1 1 , 100 1000

1.

18

1 1 , 1000

−
< ≤

 −ν  + − < ≤ 
 



−

=



ν

l l
s

s

l l
sl

s s
s

l l
s

s gD
                                          μm  D  μm

 s gD
w             μm  D  μm

D v

s gD                                    μm









 <


s D

(7) 
 

where 𝑠(𝑙) is the relative density of sediment fraction (l) (𝑠(𝑙) = 𝜌𝑠(𝑙)

𝜌𝑤
), 

𝐷𝑠
(𝑙) accounts for the representative diameter of the sediment fraction 

(l), and 𝑣 stands for the kinematic viscosity coefficient of water. 
With respect to the cohesive sediment fraction, a complex 

formulation is used which includes the computation of two settling 
velocities, for fresh water and salt water. For full details about the 
methodology for modelling this and other processes related to the 
cohesive sediment fraction, such as dispersion, erosion or deposition, 
the reader is referred to Delft Flow Manual (Deltares, 2011). 
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1.3.2 Model implementation 
In the present study, and following previous works on the 

hydrodynamics of this ria (Ramos et al., 2013), the hydrodynamic and 
sediment transport model is implemented in its 2D form with a high 
spatial resolution (Periáñez et al., 2013). Given that the aim of this 
research is to conduct an accurate assessment of the morphological 
evolution of the approach channel over a 4-year period, the numerical 
grid (Figure 5) covers not only the area of interest (the middle ria) but 
the entire estuary (including the inner and outer ria), whose 
morphodynamics may affect the bedload sediment transport in the 
channel. The resolution within the ria is set to 40 m, with the size of 
the cells increasing progressively towards the sea boundary, which is 
located sufficiently distant that numerical disturbances do not affect 
the area of interest.  

 
Figure 5. Numerical grid used for hydro-morphodynamic computations. For 
clarity only 1 in 4 grid lines are plotted.  
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The bathymetric data of the ria and the adjoining continental shelf 
(Figure 6) are obtained from the relevant nautical charts, which are 
digitised and interpolated onto the computational grid. In addition, the 
most recent bathymetric data from previous dredging operations in the 
approach channel were also included in the numerical grid. Finally, 
the intertidal areas are modelled by considering topographic data with 
5 m of resolution. Given that this ria presents large shallow areas, a 
spatially varying value of the Manning coefficient, n, is input to the 
model, defined as a function of the water depth (Table 3) (e.g. Cheng 
et al., 1993; Dias and Lopes, 2006).  

 
Figure 6. Bathymetry of the area of study. 
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Table 3. Manning value, n, as function of water depth, d 
 

d (m) n 
d < -2.0 0.042 

-2.0 ≤ d < -1.5 0.038 
-1.5 ≤ d < -1.0 0.034 
-1.0 ≤ d < -0.5 0.030 
-0.5 ≤ d < 0.0 0.027 
0.0 ≤ d < 0.5 0.024 
0.5 ≤ d < 1.0 0.022 
1.0 ≤ d < 3.0 0.020 
3.0 ≤ d < 10.0 0.018 

d > 10 0.015 

 
The turbulent eddy viscosity, 𝑣, and diffusivity, D, are calibration 
parameters. For the calibration, field data of water levels and currents 
measured by an Acoustic Doppler Profiler (ADCP) (location ADCP 2, 
Figure 1) during three weeks (from 16th of October 2011 to 4th of 
November 2011) are compared with model data obtained with 
different values of 𝑣 and D. The values of the correlation coefficient, 
R, for the horizontal velocities, u and v and water levels, ƞ, are 
presented in Table 4. On the basis of these results, the turbulent eddy 
viscosity and diffusivity are set to 5 m2s-1. Then, the performance of 
the model using these values is checked at an additional location 
(ADCP 1) for the same period (Table 5). The good agreement 
obtained between simulated and observed values shows that the model 
is capable of appropriately capturing the ria hydrodynamics. 
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Table 4. Correlation coefficient, R, between simulated and observed data for 
different eddy viscosities and diffusivities at location ADCP 2 
 

 
𝝊,𝑫 (𝒎𝟐𝒔−𝟏) 

Velocities correlation Sea level correlation 

RU RV Rη 

1 0.8200 0.8912 0.9920 

5 0.9449 0.9710 0.9938 

15 0.9345 0.9294 0.9920 

30 0.9256 0.9277 0.9920 

50 0.9024 0.9177 0.9921 

100 0.8607 0.8933 0.9920 

 
Table 5. Correlation coefficient, R, between simulated and observed data for 
turbulent eddy viscosity and diffusivity set to 5 m2s-1 at locations ADCP 1 and 2. 

 
 RU RV Rη 

ADCP 1 0.9451 0.9556 0.9919 
ADCP 2 0.9449 0.9710 0.9938 

 
1.3.3 Case study 
With the aim of analysing the evolution of the bathymetry of the 

approach channel resulting from the complex morphodynamics of Ria 
de Ribadeo, the model is run for a total of 4 years, from 2012 to 2016. 
The initial date for the simulations corresponds to the date when the 
last dredging was conducted and therefore accurate depth data of the 
approach channel are available (which in turn is the initial depth 
considered for numerical modelling).  

All the relevant hydrodynamic and morphodynamic forcing 
factors are considered in the simulation: tide, river discharges, and 
salinity and temperature at open boundaries, as well as the spatial 
distribution of the sediments. The tide is introduced by considering the 
values of the seven major tidal constituents provided by TPXO data 
(Egbert et al., 1994) (Table 6); river discharges are set to the mean 
historic discharge (April 2009 to December 2012) (18,83m3s-1); 
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finally, the salinity and temperature at the open boundaries are 
computed through ROMS (Regional Ocean Modelling System) (Otero 
et al., 2008). Regarding the mophological data, the principal model 
forcing parameters considered are shown in Table 7 (Hu et al., 2009).  

 
Table 6. Tidal constituents at the ocean boundary of the numerical grid. 

 
Constituent Amplitude (cm) Phase (°) 

M2 125.13 91.40 
S2 43.96 112.17 
N2 26.47 71.45 
K2 12.27 120.23 
K1 7.14 73.27 
O1 6.23 324.20 
P1 2.16 64.82 

 
Table 7. Principal morphological parameters used in the implementation of the 
numerical model. 
 

Parameter Value 
Specific density (Kg/m3) 2650 
Dry bed density (Kg/m3) 1600 

Initial sediment layer at bed 
(m) 

5 

Median sediment diameter 
(D50) 

Spatial 
distribution 

 
With respect to the grain size, the ria has a complex distribution 

that must be characterised if the evolution of the approach channel is 
to be appropriately modelled (Flor et al., 1983; Encinar and 
Rodríguez, 1983; Flor et al., 1992). The spatial distribution of the 
mean grain size diameter, D50, is input to the model following 
previous studies, and in particular using measured data (Figure 7) 
provided by the Port Authority from the latest dredging operations. As 
a result, the configuration of the seabed in the channel and the 
sediment input to the model (Figure 8) correspond exactly with the 
initial data of the numerical simulation —a prerequisite for ensuring 
the accuracy of the model results. 
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Figure 7. D50 sampling stations. 
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Figure 8. Spatial distribution of the mean grain size diameter, D50. 
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The model capability for predicting the evolution of the approach 
channel is analysed. For this purpose, the seabed position computed 
by the model at the end of 4-year period is compared with high-
resolution in situ measurements in the area occupied by the approach 
channel and surroundings gathered at the end of model simulations 
(year 2016) (Figure 9). The correlation coefficient, R, between the 
bathymetry configuration predicted by the model (left) and measured 
(right) is 0.71.  

 
Figure 9. Bathymetry configuration computed by the model (left) and measured 
(right) at the end of model simulations. 
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The results obtained prove the ability of the model for accurately 
reproducing the bathymetric trends in the approach channel, not least 
considering the complexity of the problem. 

 
1.4 HYDROMORPHOLOGICAL RESULTS 
The hydrodynamic results obtained through numerical modelling 
clearly show the strong currents that occur in the ria, and in particular 
within the approach channel, which in part explain the need for 
frequent dredging discussed in the Introduction. In Figure 10 the flow 
velocities in the middle and outer Ria the Ribadeo are plotted during 
mid-flood and mid-ebb of a spring tide (10 March 2012). It can be 
observed that strong current velocities occur both during ebb and 
flood throughout the ria, and in particular within the approach 
channel, where velocity magnitudes exceed 1 ms-1 over large areas, 
reaching 1.5 ms-1 at specific locations. In addition, a tidal asymmetry 
can be observed, with larger velocities during flooding. This 
asymmetry, which has been observed in other Galician rias (Iglesias 
and Carballo, 2011; Iglesias and Carballo, 2010), which may 
contribute to sediment entrapment in the inner ria and, ultimately, to 
bedforms such as megaripples and sand banks. 

 
Figure 10. Mid-flood (a) and mid-ebb (b) depth-averaged flow velocities in the 
Ría of Ribadeo. 

 
These strong currents, as stated, generate an important transport 

of sediments resulting in a significant variation of the bed 
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configuration on this coastal area. In Figure 11 the evolution of the 
bed level over a 4-year period is shown. Overall, a relationship can be 
observed between current velocities and sediment transport, with 
accretion associated with the areas of weaker current velocities and 
erosion with those boasting stronger velocities. 

 
Figure 11. Bed update of the Ría de Ribadeo over a 4-year period (the approach 
channel is represented with a red line). Positive and negative values indicate an 
increase and reduction of the bed level, respectively. 
 

In the case of the approach channel to the Port of Ribadeo defined 
in Section 2, three important accretion areas can be identified: (1) the 
outer approach channel, with accretion of up to 2 m at the end of the 
4-year period analysed, (2) the area in front of the marina, with an 
increase in the seabed level of about of 1.5 m, and (3) finally, a large 
area at the end of the channel (dockside), with less than 1 m. Yet, their 
importance for the functioning of the port widely differs stemming 
from their total depth at the end of the 4-year period analysed, with 
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more than 5 m in the case of the first area (1) and less than 4-5 m in 
the second and third areas (2, 3) (Figure 12).Within the rest of the 
channel (roughly the middle sections, corresponding to the area in 
front of the fishing port), significant erosion occurs which naturally 
does not pose a threat for the appropriate functioning of the port from 
a navigational standpoint. Still, this erosion can lead to scour problems 
at the breakwater, which was projected for a water depth of 5 m 
(LAT) and should be further analysed.  

 
Figure 12. Evolution of the depth within the approach channel to the Port of 
Ribadeo over the a 4-year period.  

 
 

1.5 OPERATIVITY AND DREDGING: AN INTEGRATED APPROACH 
It has been shown that a total of 7.44 m is necessary for the design 
vessel to operate at the Port of Ribadeo. Therefore, given that the 
water depth within the approach channel cannot exceed 5 m (LAT) for 
constructive reasons, the required astronomical tidal level is 2.44 m 
(Section 2). On this basis, the operativity can be computed, i.e. the 
period of time during which there is the adequate level for port 
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operation (2.44 m). For this purpose, the tidal levels at the Port of 
Ribadeo are computed in this work by means of numerical modelling 
throughout a complete year, and on that basis their monthly discrete 
frequency, f, and cumulative frequency, F, obtained. In Figure 13 the 
discrete and cumulative frequencies are shown in terms of annual 
figures for clarity purposes. 

 
Figure 13. Annual discrete, f, and cummulative frequencies, F, of tidal level at 
the Port of Ribadeo computed through numerical modelling. 

 
From the cumulative frequency of tidal levels, an annual figure of 
operativity of 4,025 h/year is obtained (operativity after dredging), i.e. 
the time during which the tidal level exceeds 2.44 m. In addition, 
based on the results of the monthly cumulative frequencies, the 
monthly operativity can be also computed. The corresponding results 
are shown in Table 8. It emerges that the operativity is virtually 
constant throughout the year resulting from the almost negligible 
intra-annual differences in the water level distribution, thereby the 
dredging planning in the Port of Ribadeo can be determined on the 
basis of annual figures of operativity. 
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Table 8. Average monthly operativity (hours) of the Port of Ribadeo 
 

Month Total hours Operativity hours 

January 744 341.5 

February 672 309.5 

March 744 342 

April 720 331.5 

May 744 341.5 

June 720 329 

July 744 343 

August 744 340.5 

September 720 331 

October 744 342.5 

November 720 330.5 

December 744 342 

 
On the other hand, it has been shown (Section 4) that after dredging 
there are areas within the approach channel where the depth is 
progressively reduced resulting from sediment transport, which in turn 
provokes a reduction of the operativity of the port. For technical and 
economic reasons, the operativity should never be less than 1,750 
h/year, which corresponds to 20% of the time (Álvarez, 2013). On 
these grounds, the depth reduction allowing the minimum operativity 
level for a design vessel (requiring at least 7.44 m depth) is 
determined in this work. In the case of considering annual figures —
operativity is virtually constant throughout the year (Table 8)— the 
tidal level available for the design vessel at the operativity limit (1750 
h/year) is 3.29 m (Figure 13), which corresponds with the required 
level for its operation. In addition, given that the design vessel 
requires a total of 7.44 m, the operativity limit occurs when the depth 
within the approach channel is reduced to 4.15 m (7.44-3.29 m). This 
means that the reduction of water depth resulting from sediment 
accretion should not exceed 0.85 m in the considered most restrictive 
locations —those originally set to 5 m depth after dredging.  
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Now, the 4-year hydro-morphodynamic high-resolution 
simulations are used so as to establish both the time point and location 
within the channel where this depth limitation (4.15 m) will firstly 
appear. From the numerical results, this limitation is determined to 
occur in first place in the area close to the marina (2) (Figure 12) in 
approximately 3.5 years after dredging. Furthermore, the numerical 
model results yields the high resolution bathymetry configuration of 
the seabed channel at the end of this period; therefore, the amount of 
sediments to be dredged so as to rise the operativity to a certain level 
can be accurately computed. In the present study if a new dredging is 
to be planned at the time point when the operativity limit is reached, a 
total of 145,760 m3 should be dredged for restoring the initial level of 
operativity established at 4,025 h/year.  

Given the complexity of the method developed, a flowchart 
containing the whole procedure presented in this work and 
implemented in the Ria de Ribadeo is shown in Figure 14. 

 
Figure 14. Flowchart of the decision-aid tool. 

 
1.6 CONCLUSIONS 
The Port of Ribadeo is the largest by trade volume of the ports 
managed by Ports of Galicia Regional Authority. Owing to great 
importance for the region, a well-defined plan for maintaining 
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adequate levels of operativity is fundamental for it to continue being a 
mainstay of the economic activity of the area. The complex 
morphodynamics of the ria, characterised by intense sediment 
transport, has been shown to affect the approach channel, posing a 
threat to the operativity of the port. With this in view, in the present 
work an integrated approach for defining accurate dredging operation 
plans was developed and implemented to this coastal area. Based on a 
state-of-the-art numerical model, calibrated and validated with field 
measurements, together with accurate data of navigational 
requirements and tidal levels in the area, the implementation of this 
method provides the necessary information for conducting cost-
effective dredging operations.  

For this purpose, in the first place the dimensions of the approach 
channel to the Port of Ribadeo are accurately defined on the basis of a 
thorough analysis of the vessels operating in the area —a total width 
ranging from 90 m to 105 m depending on the section considered, and 
a minimum water depth of 7.44 m. Given that the maximum depth of 
the approach channel could not exceed 5 m at some locations (roughly 
the area close to the trading port) so as to avoid undermining 
problems, a tidal level of 2.44 is necessary for the design vessel to 
operate in the area. Then, high resolution hydro-morphodynamic 
computations are conducted with the aim of characterizing the time 
evolution of the bed configuration of the approach channel during a 4-
year period (starting at the last dredging operation). The numerical 
results clearly show three areas of significant accretion (approx. 1-2 m 
at the end of the 4-year period analysed) but only two of them are 
critical for the appropriate functioning of the Port —roughly the areas 
located in front of the marina and the dockside.  

The next step of the procedure consists in analysing the tidal level 
distribution so as to define the required level for maintaining the 
minimum operativity, which is established at 1,750 h/year. This 
analysis is conducted by determining the monthly and annual 
frequencies of the tidal levels at the Port of Ribadeo which are 
computed in the present work through numerical modelling. From the 
results obtained it emerges that a tidal level of 3.29 m is required for 
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achieving the operativity limit, i.e. the water depth within the 
approach channel should not be less than 4.15 m.  

Finally, the integration of the resulting information allows the 
determination of the time point for conducting cost-effective dredging 
operations. It is found that the minimum water depth (4.15 m) is firstly 
achieved in the area close to the marina, approximately 3.5 years after 
the previous dredging. Furthermore, the present procedure also 
provides a detailed bathymetric configuration of the channel and 
therefore the accurate computation of the volume to be dredged for 
increasing the operativity up to a certain level. In the case of the Port 
of Ribadeo, should the initial level of operativity is to be restored 
(4,025 h/year corresponding to the period during which at least a tidal 
level of 2.44 m is available), a total of 145,760 m3 would have to be 
dredged. 

In sum, the proposed integrated approach herein presented can 
contribute to an appropriate decision making for the planning of 
dredging operations in shallow water areas such as estuaries. The 
procedure was illustrated through the case study of the Port of 
Ribadeo, but it could be implemented elsewhere. 
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2. THE INFLUENCE OF DREDGING FOR 
LOCATING A TIDAL STREAM ENERGY FARM 

 
Development of third generation of Tidal Energy Converters (TECs) 
may boost the exploitation of the tidal stream energy resource in 
depth-limited regions. The hydrodynamic conditions of depth-limited 
tidal sites are highly influenced by changes in the bathymetric 
conditions, such as sedimentation and/or dredging operations, which 
are typical of these regions. Consequently, significant variations in 
terms of magnitude and predominant flow direction can be present 
during the operating life of tidal farms, which may compromise their 
viability. The objective of this work is to explore the potential effects 
caused by dredging operations on the performance of tidal farms and 
to propose initial threshold values for key variables (flow magnitude 
and direction, operating hours of TECs), to ensure the techno-
economic viability of tidal farms. For this purpose, three potential 
tidal sites in a shallow water estuary (Ribadeo, NW Spain), were used 
as case study. Significant variations were found between the pre- and 
post-dredging scenarios in terms of energy production, with annual 
variations exceeding 38%, for the tidal sites present in the region. In 
sum, the present study highlights the importance of considering the 
potential bathymetric changes in the decision-making process, when 
planning the installation of tidal farms in depth-limited regions. 
 

Keywords: Ria Ribadeo, Delft3D-FLOW, Depth-limited regions, 
Evopod Turbine, Sediment transport  

 
2.1 INTRODUCTION 
From the beginning of the 21st century, different climate change 
mitigation policies (VijayaVenkataRaman et al., 2012), have 
prompted the exploitation of renewable-clean energy sources for 
electricity generation (Johnstone et al., 2010). On these grounds, 
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offshore marine renewable energies, with a virtually untapped global 
energy resource of 32 T W (Melikoglu, 2018), has arisen considerable 
interest in the research and industrial sectors (Bahaj, 2011). Among 
the wide variety of marine energy sources, wave, ocean thermal and 
tidal streams, stand out (Khan et al., 2017). Tidal stream energy 
harnesses the kinetic energy stored in tidal currents (Fergal O Rourke 
et al., 2010), which are caused by the tidal height variations in 
conjunction with the morphological characteristics of coastal regions. 
Consequently, Tidal Energy Converters (TECs) are placed directly 
into the flow, with the purpose of capturing and converting the kinetic 
energy of tidal flows into electrical energy (Fergal O Rourke et al., 
2010). The main advantages of tidal stream energy exploitation are 
related to the highly-predictable nature of the resource and the high 
load factors of tidal currents (Carballo et al., 2009a). 

Nonetheless, tidal stream energy exploitation poses an enormous 
technological challenge (Khan et al., 2009a), and to date, is still far 
from being a fully-fledged renewable energy source (Fergal ORourke 
et al., 2010). First, TEC operation takes place in harsh marine 
environments (International Electrotechnical Commision, 2014), 
increasing considerably the difficulty and costs of installation and 
maintenance operations of tidal farms (Vazquez and Iglesias, 2016). 
Second, despite multitude of TEC concepts have been tested at 
prototype scale under real sea conditions (Magagna and Uihlein, 
2015) (e.g. MeyGen tidal energy project (Simec Atlantis Energy, 
2018)), no TEC has yet reached a stage where large-scale 
commercialisation is viable from the economic point of view (REN21, 
2017). Third, TEC operation may alter dramatically the hydrodynamic 
conditions in the vicinity of tidal farms (Chawdhary et al., 2017), 
impacting different processes such as circulation patterns (Ramos et 
al., 2014b), turbulence conditions (Togneri et al., 2017) and transport 
of suspended matter such as pollutants (Ahmadian et al., 2012), 
nutrients (Shapiro, 2011) and sediments (Ramírez-Mendoza et al., 
2018; Hill et al., 2016). Finally, only a number of limited locations 
world-wide meet all the requirements for the operation of the first and 
second generation of TECs (Lewis et al., 2015), such as appropriate 
combinations of tidal flow velocities (>2 ms−1) and water depths (>25 
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m) and no interactions with marine navigation and recreational 
activities (Vazquez and Iglesias, 2015). In this context, the Bay of 
Fundy (Canada) (Cornett et al., 2015) and the Orkney region 
(Scotland)(Neill et al., 2014) have been identified as the most suitable 
locations for tidal stream energy exploitation. 

Development of third generation of TECs, (Güney and Kaygusuz, 
2010; Lewis et al., 2015), may boost tidal stream energy exploitation 
in depth-limited regions (<25 m) (Khan et al., 2009b). Depth-limited 
tidal sites are characteristic of shallow estuaries, whose 
geomorphology combines with the tidal ranges (usually higher than 4 
m), to produce tidal currents in the order of 1-2 ms−1, at certain 
locations of the estuary (Iglesias et al., 2012). Reduced depths of these 
regions, made unsuitable the operation of first and second generation 
of TECs (Lewis et al., 2015). Tidal stream energy sites located at 
depth-limited regions present certain advantages in comparison with 
the traditional and more offshore tidal sites. In this case, milder 
marine environments are expected, since the majority of depth-limited 
tidal sites are located inside of estuaries and, consequently, they would 
be shelter from off-shore wave and wind actions. Additionally, 
distances to shore are significantly lower. These two combined facts 
may facilitate operations of installation and maintenance of tidal farms 
and reducing significantly their associated costs. A good example of 
depth-limited tidal sites are the Galician Rias (NW Spain). Rias are a 
particular kind of estuaries, which resemble as inundated fluvial 
valleys, resulting from the fact that sediment deposition has not kept 
pace with sea level rise (Evans and Prego, 2003). In the case of 
Galician Rias, the substantial tidal ranges present in the region 
(exceeding easily 4.5 m during spring tides) in conjunction with the 
morphologic characteristics, produces strong tidal flows in certain 
locations of the Rias. Previous studies dealing with tidal stream 
energy resource assessment, have identified several potential tidal 
sites in Rias of Muros (Carballo et al., 2009a), Ortigueira (Sanchez et 
al., 2014a), Arousa (Ramos and Iglesias, 2013) and Ribadeo (Ramos 
et al., 2014a). It is worth mentioning that further analyses were carried 
out. For instance, a new methodology was developed ad hoc with the 
aim of identifying potential tidal sites for depth-limited regions 
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(Iglesias et al., 2012), combining crucial variables such as tidal flow 
velocities, available water depth and marine traffic limitations. 
Moreover, the potential disruptions derived from tidal farm operation 
on transient (Ramos et al., 2013) and residual circulations (Sanchez et 
al., 2014b) of the Rias were assessed in detail, and no major 
disruptions on the general circulation patterns are expected.  

However, for depth-limited regions, bathymetric variations may 
appear as an additional key aspect in the decision-making process for 
the installation of tidal farms. Frequent changes in the bathymetric 
conditions are typical for these regions, especially those associated to 
dredging operations of access channels of port facilities. Therefore, 
significant disruptions on the hydrodynamics of depth-limited tidal 
sites may occur, altering for example the predominant direction and 
magnitude of the tidal currents, as well as the turbulence patterns. 
Consequently, the operating conditions may change dramatically 
during the lifetime of tidal farms, which could jeopardise their 
technical and economic feasibility. To date, and to the best knowledge 
of the authors, no previous research has addressed these issues in 
detail. 

For this purpose, coastal models (e.g. FVCOM, ROMS, Delft3D), 
which solve the Reynolds-Averaged Navier-Stokes (RANS) equations 
under the Boussinesq and shallow-water assumptions, emerge as the 
best tool to investigate the effects of bathymetric changes, on the 
operating flow conditions of tidal farms. Additionally, coastal models 
adopt different methodologies such as the enhanced bottom drag 
approximation (Kramer and Piggott, 2016) and Momentum Actuator 
Disc Theory (MADT) (Roc et al., 2013; Yang et al., 2013), to model 
tidal turbine operation within coastal models, allowing for the 
consideration of potential disruptions of tidal farms on the local 
morpho-dynamic patterns. 

Against the foregoing backdrop, the objective of this paper is 
twofold: (i) investigate the potential impacts of bathymetric changes 
on the operating conditions and performance of depth-limited tidal 
farms and (ii) to propose, if necessary, thresholds values required for 
different variables (e.g. flow magnitude and direction, number of 
operating hours at rated conditions), to ensure the techno-economic 
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viability of tidal farms. On these grounds, Ria de Ribadeo was used as 
case study, whose hydrodynamic conditions were computed by the 
state-of-the-art Delft3D coastal model (Deltares, 2006). 

 
2.2 CASE ESTUDY: RIA DE RIBADEO 
Ria de Riabadeo is a positive, partially-mixed estuary located in NW 
Spain (Figure 15), with its main axis extending 10 km along the 
North-South direction and a total surface area of 8.59 k m2 (Figure 
15). The tidal regime is purely semidiurnal, with a form factor (F) of 
approximately 0.080 (Table 9). The maximum tidal range reaches 
values up to 4.6 m for spring-neap tides, which produces tidal prisms 
exceeding 20 Hm3. This significant tidal prism combines with the 
geomorphology of the Ria, producing tidal flow velocities close to 2 
ms−1 in the middle and inner sections of the Ria, where two potential 
tidal sites have been previously identified in (Ramos et al., 2014a). 
The resulting residual circulation patterns (Ramos et al., 2014b) drive 
a considerable sediment transport, which causes the progressive 
sedimentation of the approach channels to the Ports of Ribadeo and 
Figueras (Figure 15). As a result, the operativity of the ports is 
compromised and, consequently, the port authority undertakes 
periodic operations of maintenance dredging of the approach channels 
of Ribadeo and Figureas Ports. (Álvarez et al., 2017) studies in detail 
the sediment transport of the Ria and concludes that periodic dredging 
of the approach channels of Ribadeo and Figueras ports is required 
every 3.5 years. Figure 16 shows the bathymetric changes caused by 
dredging operations in the approach channels of Ribadeo and 
Figueras. In this context, Ria de Ribadeo constitutes an excellent 
location for studying the impacts caused by dredging operations on the 
flow conditions and performance of tidal turbines located in depth-
limited regions. For this purpose, the Evopod, a floating, horizontal-
axis turbine, developed by OceanFlow (Ocean Flow Energy Ltd, 
2012), was used as case study. 
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Table 9: Main technical characteristics of the Evopod Turbine 

 
Type 

Diameter (m) 
Floating 

5 
Cut-in velocity (ms−1) 0.7 
Cut-off velocity (ms−1) 3.7 
Rated velocity (ms−1) 1.9 

Rated power (kW ) 56 

 
Figure 15: Location of Ria de Ribadeo. 
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2.3 NUMERICAL MODELLING 
 
2.3.1 Governing equations 
For the present study, the hydrodynamic model Delft3D-FLOW 

was used to characterise the flow conditions of Ria de Ribadeo for the 
pre and post-dredging bathymetric conditions (Figure 16). Delft3D-
FLOW is an open-source hydrodynamic code, which solves the 
Navier-Stokes equations under the incompressibility, shallow water 
and Boussinesq assumptions (Deltares, 2006). 

 
Figure 16: Bathymetry of Ria de Ribadeo before (Left) and after dredging 
(Right). 
 
The continuity equation, under the assumption of flow 
incompressibility, leads to: 

𝜕𝑢
𝜕𝑥

+
𝜕𝑣
𝜕𝑦

+
𝜕𝑤
𝜕𝑧

= 𝑄, (8) 

 
where Q represents the intensity of mass sources per unit area; u, v 
and w are the velocity components in the x, y and z directions, 
respectively. 

The horizontal momentum equations are expressed as: 
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𝐷𝑢
𝐷𝑡

= −
1
𝜌0
𝑃𝑥 + 𝐹𝑥 + 𝑓𝑣 +

𝜕
𝜕𝑧 �

𝑣𝑉
𝜕𝑢
𝜕𝑧�

, (9) 

𝐷𝑣
𝐷𝑡

= −
1
𝜌0
𝑃𝑦 + 𝐹𝑦 − 𝑓𝑢 +

𝜕
𝜕𝑧 �

𝑣𝑉
𝜕𝑣
𝜕𝑧�

, (10) 

 
where, g is the gravitational acceleration, ρo represents the reference 
density of sea water, f is the Coriolis parameter (inertial frequency), νV 
is the vertical turbulent eddy viscosity: 
 

 𝑣𝑉 = 𝑣𝑚𝑜𝑙 + max�𝑣𝑉𝑏𝑎𝑐𝑘, 𝑣3𝐷�, (11) 
 

where, ν mol is the molecular viscosity of the water (in the order of 
10−6m2 s). ν back is the background vertical eddy viscosity coefficient, 
which accounts for the vertical turbulent mixing, being defined during 
the model implementation. Finally, ν3D stands for the fraction of eddy 
viscosity associated to the 3D turbulence, which is computed by a 
turbulence closure model. 

Px and Py are the hydrostatic pressure gradients in the horizontal 
directions, which can be determined by means of the Boussinesq 
approximations: 

 

𝑃𝑥 = 𝜌0𝑔
𝜕ζ 
𝜕𝑥

+ 𝑔� �
𝜕𝜌
𝜕𝑥

+
𝜕𝑧′
𝜕𝑥

𝜕𝜌
𝜕𝑧′

� 𝑑𝑧′,
ζ

𝑧
 (12) 

𝑃𝑦 = 𝜌0𝑔
𝜕ζ 
𝜕𝑦

+ 𝑔� �
𝜕𝜌
𝜕𝑦

+
𝜕𝑧′
𝜕𝑦

𝜕𝜌
𝜕𝑧′

� 𝑑𝑧′,
ζ

𝑧
 (13) 

 
where ζ stands for the free surface elevation relative to a reference 
plane (z = 0). Finally, Fx and Fy represent the turbulent momentum 
flux (Reynolds stresses) in the x and y directions, respectively. 
 

𝐹𝑥 =
𝜕
𝜕𝑥 �

2𝑣𝐻
𝜕𝑢
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, (15) 
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where, νH is the horizontal eddy viscosity, which can be calculated by 
means of Eq16. 
 

𝑣𝐻 = 𝑣𝑚𝑜𝑙 + 𝑣𝐻𝑏𝑎𝑐𝑘 + 𝑣3𝐷, (16) 
 

back
Hv  is the background horizontal eddy viscosity coefficient, which 

accounts for the horizontal turbulent mixing and it is defined as 
constant value during the model implementation. 

For the vertical direction, z, the conservation of momentum can 
be simplified to the hydrostatic pressure distribution, P, by 
considering the vertical accelerations of the flow negligible (shallow 
water approximation (Stelling, 1984)): 

 
𝜕𝑃
𝜕𝑧

= −𝜌𝑔, (17) 

 
where, ρ is the density of sea water, which is computed according to 
the UNESCO formulation (UNESCO, 1981). Flow transport of scalar 
quantities (heat or matter), is represented by the advection- diffusion 
equation: 
 

𝐷𝑐
𝐷𝑡

=
𝜕
𝜕𝑥 �

𝐷ℎ
𝜕𝑐
𝜕𝑥�

+
𝜕
𝜕𝑦 �

𝐷ℎ
𝜕𝑐
𝜕𝑦�

+
𝜕
𝜕𝑥 �

𝐷𝑣
𝜕𝑐
𝜕𝑧�

+ 𝑠, (18) 

 
where, c is the scalar quantity of study, whereas, Dt , Dh and Dv are the 
turbulent, horizontal and vertical eddy diffusivity coefficients, 
respectively. Finally, further details regarding the theoretical physics 
of Delft3D-FLOW can be found in (Deltares, 2006). 
 

2.3.2 Model set-up 
A 3D hydrodynamic model was implemented for the area of study 

(Figure 15), based on previous models implemented in the region 
(Álvarez et al., 2017; Ramos et al., 2014b). For the vertical 
discretisation, a distribution of ten σ-layers with a variable thickness 
(19.887%, 16.564%, 13.803%, 11.503%, 9.586%, 7.988%, 6.557%, 
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5.547%, 4.623% 3.852% of the water depth, from top to bottom) was 
used (Marsaleix et al., 2019). On the other hand, for the horizontal 
discretisation, a Cartesian grid was used (Figure 17), with a variable 
resolution, increasing linearly from the inner Ria (grid size of 40 x 40 
m) towards the ocean boundaries reaching values up to 40 x 200 m. 
The bathymetric data of the region was obtained from the nautical 
chart #4071# of the Spanish Hydrographic Institute and the 1:5000 
cartography of the Galician Regional Government (Xunta de Galicia). 
For the approach channels of Ribadeo and Figueras ports, two 
different bathymetric datasets corresponding with pre and post 
dredging scenarios, which were obtained from the Galician Port 
Authority (Portos de Galicia), were considered. The bathymetric 
datasets were interpolated onto the computational domain of the 
model by means of the Delft3D-QUICKIN toolbox. Figure 16, 
highlights the differences in the bathymetry before and after dredging 
operations, which are remarkably noticeable at the access channels of 
Riabadeo and Figueras harbours. 
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Figure 17: DELFT3D- FLOW computational grid. 
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In general, hydrodynamics of the Galician Rias are governed by 

the non-linear interaction of different forcing factors, such as tides, 
river inflows, density gradients and wind (Iglesias and Carballo, 2009, 
2010). Despite the environmental interest of the wind-induced 
currents, their magnitude is of much less importance than those 
generated by tides (Carballo et al., 2009b), and so its interest for tidal 
stream energy applications. Consequently, for the model set-up, the 
following forcing factors were considered: astronomical, Coriolis 
force, salinity, temperature and hourly river discharges. At the ocean 
boundaries, the sea level was prescribed as a function of time using 
the major tidal harmonics (M 2, S2, N 2, K 2, K 1, O1, P1, Q1, M F, 
M M , M 4, M S4, M N 4), obtained from the global ocean tide model 
TPXO 7.2 (Dushaw et al., 1997). The amplitudes and phases of the 
tidal constituents at the ocean boundary are summarised in Table 9. 
For the thermohaline forcing, constant values of salinity and 
temperature were defined, corresponding with the annual averages 
(Table 10), according to the outputs of the numerical model ROMS 
(Regional Ocean Modelling System) run by the Spanish 
Oceanography Institute. At the land margins, the boundary conditions 
are null velocity and free slip (zero shear stress). With respect to the 
bottom roughness, the Manning coefficient was defined as a function 
of the water depth, following Dias and Lopes (Dias and Lopes, 2006). 
In addition, the κ-E turbulence closure model was selected to compute 
the eddy viscosity associated to the 3D turbulence (ν3D ), while the 
values of the background horizontal (νback ) and vertical (νback ) eddy 
viscosities were set to 5 m2s−1 after a calibration procedure (Álvarez et 
al., 2017). For the computation of the flow conditions in wetting and 
drying areas, a threshold water depth of 0.05 m was set. Therefore, a 
mesh cell is flooded if the water depth is larger than the specified 
threshold depth and dried if the water depth is smaller than half this 
value (Deltares, 2006) 

Finally, turbine operation was not included in the model set-up. 
This assumption lies on the fact that the operation of a single Evopod 
turbine would not significantly alter the hydrodynamic conditions of 
the region, based on the type (floating) and dimensions (5 m diameter) 
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of the turbine (Table 11). However, for the case of large-scale tidal 
farms, turbine operation must be accounted for, either by means of 
momentum sinks (Waldman et al., 2017) or Momentum Actuator Disc 
Theory (MADT) (Mungar, 2014), with the aim of considering the 
effects of tidal farm operation on the hydrodynamics (Ahmadian et al., 
2012) and sediment transport patterns (Neill et al., 2012), in the 
vicinity of the farm. 

 
Table 10: Tidal constituents at the ocean boundary. 

 
Constituent Amplitude (m) Phase (◦) 

M 2 1.2513 91.40 

S2 0.4396 122.17 

N 2 0.2647 71.45 

K 2 0.1227 120.23 

K 1 0.0714 73.27 

O1 0.0623 324.20 

P 1 0.0216 64.82 

Q1 0.0210 271.69 

M F 0.0071 183.64 

M M 0.0045 188.09 

M 4 0.0169 311.57 

M S4 0.0063 337.16 

M N 4 0.0066 222.09 
 
 

Table 11: Salinity and temperature at the ocean boundary 
 

 Ocean boundary 
Salinity (ppt) 35.642 

Temperature (ºC) 15.635 

 
2.3.3 Model validation 
The hydrodynamic model was validated against recorded flow 

data of a Sontek Argonaut/XR ADCP (Table 12) deployed at the 
location highlighted in Figure 17 (x=6.5881 × 105 m, y=4.8230 × 106 
m, WGS84 UTM 29T), with 6 m of water depth at low tide. The 
ADCP was configured to divide the water column into five vertical 
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cells with blanking distance of 1.2 m. Therefore, the lower four cells 
had fixed boundaries with a total thickness of 0.9 m, whereas the 
uppermost cell moved vertically following the tide. The recorded 
period extended from 15th October to 5th November 2010, with a 
sampling frequency of 30 min. On these grounds, the validation 
simulation was implemented using the so-called hot-start approach. 
Therefore, the model was spun up for two weeks, prior to the 
validation period, with the aim of avoiding numerical disruptions on 
the results during the validation procedure. Finally, the validation was 
carried out at four different depths of the water column (5.4, 4.2, 3.0 
and 1.8 m), with the aim of evaluating the performance of the model 
when computing the 3D behaviour of the flow.  

 
Table 12: Main technical characteristics of Sontek Argonaut/XR ADCP 

 
Sampling Frequency (kH z) 750 
Velocity range (ms−1) ± 6 
Velocity resolution (cms−1) 0.1 
Velocity accuracy (% of measured velocity) ± 1 

 
Figure 18 represents the linear regression fitting for the absolute flow 
velocity, for the four water depths considered, along with the 
following statistical parameters: Determination Coefficient, R2, Root 
Mean Square Error, RM SE , BI AS and Scatter Index, S I . Overall, a 
good agreement was found at all cells measured by the ADCP, with 
values of R2 exceeding 0.83, RM SE values in the order of 0.08 ms−1 
and BIAS values lower than 0.04 ms−1. 
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Figure 18: Delft3D-FLOW model validation. 

 
2.4 RESULTS 
 

2.4.1 Effects of dredging operations: Flow conditions of Ria de 
Ribadeo 

To assess the disruptions caused by dredging operations in the 
middle and inner Ria, the flow conditions were computed at mid-flood 
and mid-ebb of a mean spring tide. For this purpose, the 
hydrodynamic model described in Section 3.2, was run considering 
two different bathymetric datasets, corresponding with the pre and 
post-dredging conditions. Figure 19 shows the depth-averaged tidal 
flow velocity obtained for the aforementioned cases. In general, 
stronger currents occur during flood tides, in which flow velocities 
easily exceed 1.25 ms−1 in the middle section of the Ria. This 
behaviour is related to the tidal asymmetry with a flood dominance 
present in the region, caused by the different layout of the estuary at 
different tidal levels, which results in the distortion of the tidal wave 
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as it propagates over the coastal shelf (Dronkers, 1986). On the other 
hand, it can be observed that the flow conditions in the inner Ria differ 
significantly after dredging. As expected, an overall reduction in the 
magnitude of tidal flow velocities is observed; however, a strong tidal 
asymmetry is still present in the Ria. At mid-flood, before dredging 
the access channel to Figueras port (Figure 19), the sedimentation 
causes a blockage effect on the East section of the middle Ria. 
Therefore, the majority of the water flow is diverted towards the inner 
Ria alongside the Ribadeo access channel. Consequently, several 
locations in the inner Ria present substantial tidal flow velocities 
(Areas II and III in Figure 19). Conversely, after dredging, larger 
portions of water circulate throughout the Figueras access channel, 
increasing significantly flow velocities in Area I, which results in a 
positive synergy that makes this location a potential tidal site. 
Additionally, the water mass across the Ribadeo access channel is 
considerably reduced, translating into lower flow velocities in Areas II 
and III (Figure 19). 

 
Figure 19: Depth-averaged tidal flow velocities of Ria de Ribadeo at mid-ebb 
and mid-flood, before and after dredging. 
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At mid-ebb, the strongest tidal currents take place, where the 
access channels of Figueras and Ribadeo ports converge (Area I in 
Figure 19); since, all the flow coming from the inner Ria is 
constrained and forced to pass throughout the narrowest section of the 
Ria (Figure 19). In addition, considerable reductions of flow velocity 
are observed for the post-dredging scenario, especially for Areas I and 
II. In this case, sediment removal from the access channels, increases 
the water depth (more than 2 m according to Figure 16), in Areas I and 
II, which explains the reduction of flow velocity (Kjerfve, 1975). 

Finally, and despite the model also accounts for baroclinic flows 
(Section 3.2), they are expected to be significantly less important than 
the flows generated by the tide, given the reduced freshwater 
discharges present in Ria de Ribadeo (Ramos et al., 2014b). 
Consequently, for the present work, no analysis in terms of tidal farm 
sitting was conducted considering the isolated effect of flows caused 
by salinity and/or temperature gradients. However, for tidally active 
seas the effects of salinity and temperature stratification can play a 
significant role in tidal farm sitting (De Dominicis et al., 2018) and the 
potential environmental impacts derived from energy extraction 
(Dominicis et al., 2017). 

 
2.4.2 Effects of dredging operations: Flow conditions of tidal 

sites 
As mentioned in the previous Section, Areas I, II and III (Figure 

19), present a significant potential for the installation of tidal stream 
energy farms and, therefore, their flow conditions were analysed in 
detail for the pre and post-dredging scenarios. For this purpose, flow 
conditions of Areas I, II and III were computed for both scenarios (pre 
and post-dredging), during a period of one year, with a temporal 
resolution of 30 minutes, accounting for the seasonality of driving 
factors such as tides and fresh water discharges. 

Potential disruptions on the magnitude and direction of the flow 
were investigated, by constructing the hodographs for East and North 
velocity components, at different depths of the water column (Figure 
20). Regarding the direction of the flow, only small differences were 
found for Area III, where the flow tends to shift slightly towards a 
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North-South direction, with this behaviour present throughout the 
water column. On the other hand, significant differences were found 
in terms of velocity magnitudes, especially at the peak velocities, 
which may impact considerable the energy output of tidal farms. For 
instance, Areas II and III, present significant differences regarding the 
peak velocities reached after the dredging process. Reductions ranging 
from 0.2 to 0.1 ms−1 were found both at flood and ebb tides. 

 

 
Figure 20: Hodograph of Areas I, II and III at different water depths. 

 
Furthermore, differences in flow velocities become more noticeable at 
the middle and upper layers of the water column, where tidal turbines 
are expected to operate. On the other hand, flow velocities in Area I 
experiment a significant increase for the post-dredging scenario, 
reaching peak velocities 0.3 ms−1 higher than the pre-dredging case. 
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2.4.3 Effects of dredging operations: Tidal turbine operation 
Based on the results shown in Sections 4.1 and 4.2, the potential 

impacts of dredging on tidal turbine operation were investigated in 
detail, using the Evopod turbine as case study. Figure 21 presents the 
power curve of the turbine, while their main technical characteristics 
are summarised in Table 11. 

 
Figure 21: Power curve of the Evopod turbine. 

 
Firstly, the effects of dredging were analysed in terms of the annual 
operating hours of the turbine. In this context, Figure 22 shows the 
annual velocity distribution of Areas I, II and III, for the pre and post-
dredging scenarios. Area I presents considerably higher occurrences of 
flow velocities exceeding 0.7 ms−1 (i.e. cut-in velocity of the Evopod 
Turbine), which would translate into an excess of 890 operating hours 
per year. Area II presents an opposite behaviour, with remarkably 
lower occurrences of strong tidal flows, reducing the annual operating 
time of the Evopod turbine in approximately 1140 hours, for the post-
dredging case. Finally, for Area III significantly lower differences 
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were found, in comparison with Areas I and II, between the pre and 
post-dredging scenarios. Nonetheless, post-dredging conditions appear 
to reduce occurrences of velocities exceeding 0.9 ms−1, which could 
translate in less than 430 annual operating hours, with respect to the 
pre- dredging scenario. 

 
Figure 22: Tidal flow velocity distribution of Areas I, II and III before and after 
dredging. 
 
In addition, a monthly performance assessment, in terms of electric 
energy output and capacity factor (i.e. ratio between the actual energy 
output and the rated energy output over the same period of time), was 
carried out. Figure 23 shows the results obtained in Areas I, II and III, 
for the pre and post-dredging scenarios. On these grounds, dredging 
operations may cause remarkable differences in both electric output 
and capacity factors, especially for Areas I and II. For instance, after 
dredging, Area I, presents substantially higher monthly energy 
outputs, with differences ranging from 100 to 140 kWh, which 
translates approximately into more than 1420 kW h at the end of the 
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year (i.e. energy output increases by 152 % for the post-dredging 
scenario). Additionally, monthly values of capacity factor increase on 
average by 20 %, with the turbine operating 300 hours more per year 
at its rated power. Conversely, Area II presents outstanding energy 
losses after the dredging process, with annual decreases of 1645 kWh 
and 19 %, in terms of electric output and capacity factor, respectively. 
Therefore, the amount of time during which the turbine operates at its 
rated power would decrease in 373 annual hours. For Area III, the 
differences found between pre and post-dredging scenarios, are 
considerably lower than those observed in Areas II and III. However, 
annual reductions on energy production (820 kW h) , capacity factor 
and (9.8%) number of hours at rated conditions (152 h), were found 
for the post-dredging scenario. Lastly, annual figures of total and rated 
operating hours, and energy output of the turbine, are summarised in 
Table 13. 

 
Figure 23: Monthly energy output and capacity factor of Evopod Turbine before 
and after dredging. 
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Table 12: Annual values of operating hours, operating hours at rated conditions 
and energy output of the Evopod turbine, for the pre- and post-dredging 
scenarios. 

 

 
 Operating 

hours Rated hours Energy Output (kW 
) 

Pre-Dredging 1272 1576 930 

Area I Post-Dredging 2167 1877 2347 

 Relative Diff. (+) 70.4 % (+) 19.1 % (+) 152.4 % 

 Pre-Dredging 2230 1903 2462 

Area II Post-Dredging 1092 1529 816 

 Relative Diff. (-) 51.1 % (-) 19.6 % (-) 66.8 % 

 Pre-Dredging 1994 1780 2117 

Area III Post-Dredging 1567 1627 1926 

 Relative Diff. (-) 21.4 % (-) 8.6 % (-) 38.8 % 

 
2.5 DISCUSION 
This section presents a discussion of the main results obtained in the 
present work. In general terms, dredging operations in the access 
channels of Ribadeo and Figueras harbours may significantly impact 
the exploitation of tidal currents in Ria de Ribadeo. The general flow 
pattern in the middle and inner Ria varies considerably after dredging 
(Figure 19), with significant portions of the flow diverted towards the 
East section of the inner Ria, modifying the spatial distribution of the 
tidal resource. Consequently, new locations may be suitable for the 
exploitation of tidal stream energy resource (e.g. Area I). Conversely, 
Areas II and III, which had been previously identified as promising 
tidal sites, present considerably weaker tidal flows. 

Considering that dredging operations are undertaken on a 3.5 year 
cycle, flow conditions of potential tidal sites will experiment 
significant and repetitive variations during the operating lifetime of 
tidal turbines. For example, in Areas I and II, the annual energy 
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production of the Evopod turbine varies by 152 % and 66 % (Table 
13), respectively, during each dredging cycle (Figure 23). With 
respect to the direction of the flow, no significant differences were 
found, and therefore, no major impacts on the orientation of tidal 
turbines are expected (Figure 20). Consequently, the variations of 
flow conditions in terms of magnitude and direction must be held 
under certain limit values, during the operating lifetime of tidal farms. 
Otherwise, variables such as size, orientation and power capacity 
could be misrepresented at the design stage of tidal farms and, 
therefore, compromise their techo-economic viability. 

As a first approximation, tidal sites of Ria de Ribadeo, in which: 
(i) number of annual hours of the Evopod turbine operating at its rated 
power decrease by more than 10 % and (ii) predominant flow 
direction varies more than 10º, between the pre and post-dredging 
scenarios, should be discarded for the installation of tidal farms. In 
this context, the results obtained lead to dismiss the installation of 
tidal farms in Areas I and II under the current frequency of dredging 
operations (Table 13). It is important to note, that these 
recommendations are highly dependent of the main technical 
characteristics of the Tidal Energy Converter (TEC) and the site-
specific conditions (flow conditions, frequency and intensity of 
bathymetric changes) and, therefore, cannot be generalised. However, 
the results obtained highlight the importance of considering the 
bathymetric changes that may take place in the vicinity of depth-
limited tidal farms during their operating life. 

Last but not least, for the present work, potential impacts of 
turbine operation on sediment patterns and, therefore, dredging 
requirements were not considered. This assumption is supported by 
the typology (floating), reduced dimensions (5 m diameter), and 
limited rated power (56 kW ) of the single Evopod turbine, used as 
case study. Consequently, no major disruptions on the morpho-
dynamics of the region, are expected. In these conditions, tidal turbine 
operation, was not considered during model implementation. On the 
contrary, when studying full- scale tidal farms, the complexity of the 
problem increases dramatically. A two way approach would be 
necessary, considering simultaneously the impacts of tidal farms on 
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dredging demands and vice versa. In those cases, turbine operation 
must be considered within the morpho-hydrodynamic model, using for 
this purpose different options such as the enhanced bottom drag 
approximation or Momentum Actuator Disc Theory (MADT) (Ramos 
et al., 2019). 

 
2.6 CONCLUSIONS 

In order for tidal stream energy to reach the commercialisation 
stage, a correct understanding of the long-term hydrodynamic 
conditions for potential tidal sites is required. This fact is especially 
relevant for depth-limited regions, where changes in the bathymetric 
conditions associated to sedimentation and/or dredging operations, 
may considerably impact the magnitudes and directions of tidal 
currents. As a result, the orientation, layout and installed capacity of 
tidal farms may be outdated for the varying hydrodynamic conditions, 
compromising the economic feasibility of the potential tidal farm 
installation. In this context, the objective of the present paper is to 
assess the influence of dredging operations on the hydro- dynamics 
and performance of a tidal turbines (Evopod Turbine) for potential 
tidal sites. For this purpose, Ria de Ribadeo, a shallow-water and 
tidally-driven estuary, was used as case study. 

Overall, the results obtained for the present case study, show that 
energy production and efficiency of tidal turbines operating in depth-
limited regions may be considerably affected by bathymetric changes 
(e.g. dredging operations) during their operating life. On these 
grounds, the level of uncertainty in terms of direction and magnitude 
of tidal currents must be held between adequate operating limits, 
during the lifetime of tidal turbines. For the specific case of Ria de 
Ribadeo combined with the characteristics of the Evopod turbine, it is 
recommended to avoid tidal sites in which the the predominant flow 
direction varies more than 10º. In addition, special attention must be 
paid to the flow velocity distribution, discarding locations where the 
annual hours of the turbine operating at its rated range decrease by 
more than a 10 %, between the pre and post-dredging scenarios. It is 
important to note, that this recommendations must be considered as a 
first indication and should be corroborated by further research, in 
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which the impacts of tidal turbine operation on the sediment dynamics 
and, therefore, dredging requirements must be accounted for. 

Consequently, before planning the installation of tidal farms in 
depth-limited regions, the potential changes in the bathymetric 
conditions must be taken into consideration as a relevant factor in the 
decision-making process, in conjunction with the traditional 
parameters used for tidal farm planning (e.g. tidal resource, water 
depth limitations, marine traffic interactions, tidal farm layout and 
environmental impacts). Finally, the variations caused by dredging in 
other relevant variables such as turbulence conditions and scouring, 
which may compromise the structural life of tidal turbines, will be 
address in future research.  

In sum, the proposed integrated approach herein presented can 
contribute to an appropriate decision making for the planning of 
dredging operations in shallow water areas such as estuaries. The 
procedure was illustrated through the case study of the Port of 
Ribadeo, but it could be implemented elsewhere 
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3. APPLICATION OF MARINE SPATIAL 
PLANNING TO LOCATE TIDAL STREAM 
ENERGY FARMS: A CASE STUDY IN NW SPAIN 
 
Operation of tidal-stream energy farms may disrupt the normal action 
of other maritime uses, especially at depth-limited regions (estuaries 
or rivers), where a large number of activities are concentrated in 
relatively small areas. In this context, the EU released in 2014 the 
Marine Spatial Planning Directive (MSP) to ensure a harmonic 
coexistence between different maritime activities and to protect the 
marine environment. Therefore, the objective of this work is to present 
a methodology based on MSP for tidal-farm siting, in depth-limited 
regions. For this purpose, Ria de Ribadeo (NW Spain) a shallow-water 
estuary was used as case study. After discarding the maritime 
exclusive areas (archaeological, biodiversity, fishing, aquaculture, 
touristic and navigation sites), two exploitable tidal farm sites (Areas 
A and C) with annual energy densities of 1 GW hm-2, were found. 
Furthermore, Ria de Ribadeo is periodically dredged to facilitate 
marine navigation, altering significantly the energy resource of areas 
A and C. Dredging-related risks were analysed using a novel 
indicator, Dredging Associated Risk (DAR), which discards Area C 
for tidal farm operation, while the exploitable surface for Area A 
decreases by 25%. Consequently, the methodology proposed in this 
paper appears to perform well and it could be applied for further 
locations.  

 
Keywords: Ria de Ribadeo, Exclusive Maritime Areas, Delft3D-
FLOW, Depth-limited tidal sites, Dredging Associated Risk (DAR)  
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3.1 INTRODUCTION  
With the aim of mitigating climate change and reducing fossil fuel 
dependence, from the beginning of the 21st century, different policies 
have been developed, fomenting a transition towards a non-polluting 
and sustainable energy model. Examples of those policies are: (i) the 
Paris Agreement (United Nations, 2015a), (ii) the 2030 Agenda for 
Sustainable Development (United Nations, 2015b) and (iii) the EU 
2030 Framework for Climate and Energy (European Commission, 
2014a). The latter aims to increase the share of renewables up to 32% 
of the EU’s energy consumption and, cutting Greenhouse Gas (GHG) 
emissions by 40% compared to 1990 levels (European Commission, 
2013). In this context, Marine Renewable Energy (MRE), which 
presents an abundant and geographically-diverse resource (up to 32 
TW) (Melikoglu, 2018), is expected to play an important role to 
achieve the aforementioned goals. For this purpose, in 2015 the EU 
commission created the Ocean Energy Forum, with the objective of 
developing strategic road-maps for the development of a MRE 
industry. Consequently, a year later, the road-map Building ocean 
energy for Europe was released (Ocean Energy Forum, 2016), 
identifying that: (i) MRE could supply up to 10% of EU’s energy 
demand by 2050, (ii) a diversification of the EU’s low-carbon 
generation capacity is required to achieve the goals in terms of GHG 
emissions; (iii) MRE exploitation may reduce significantly GHG 
emissions (up to 276 Mt CO2e annually) by 2050, and (iv) MRE 
appears as a fantastic opportunity to develop a new industrial sector, 
boosting EU’s economy and contributing to the long-term 
sustainability of its coastal regions.  

Within the large variety of MRE sources, tidal stream energy, 
with an estimated global resource of 120 GW (Bahaj, 2011), stands 
out. Tidal stream energy is characteristic of coastal regions, where 
tidal height variations combine with the morphological conditions, to 
produce tidal currents (Ramos and Iglesias, 2013). Consequently, the 
kinetic energy stored in the tidal currents is used for electricity 
generation, by means of Tidal Energy Converters (TECs), which are 
placed directly into the flow (Fergal O Rourke et al., 2010). In this 
context, the main advantages of tidal stream energy are: (i) renewable 
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nature and high predictability of the resource (Fergal O Rourke et al., 
2010) (ii) high load factors associated to tidal currents (Carballo et al., 
2009) and (iii) non-existence of extreme flows that could jeopardize 
the long-term survivability of submerged TECs (i.e. tidal streams 
velocities rarely exceed 6 ms-1) (Carballo et al., 2009). Despite all 
these facts, tidal stream energy is far from being commercially viable 
for a large-scale electricity generation (Segura et al., 2017). On these 
grounds, the following facts stand out: (i) despite recent breakthroughs 
(MeyGen tidal energy project (Simec Atlantis Energy, 2016)), TEC 
technology is not yet mature, (ii) few locations around the world meet 
the requirements in terms of tidal flow velocities (> 2 ms-1) and water 
depths (> 25 m) for the operation of the first and second generation of 
TEC concepts (Lewis et al., 2015), (iii) TEC operation usually takes 
place in harsh marine environments, which increases significantly the 
difficulty and costs of installation and maintenance operations (Segura 
et al., 2017), (iv) operation of TECs may cause significant disruptions 
of different marine environmental processes such as transient and 
residual circulation patterns (Sanchez et al., 2014), transport of 
suspended matter (e.g. pollu-tants (Ahmadian et al., 2012), nutrients 
(Shapiro, 2011) and sediments (Neill et al., 2012)) and ambient 
turbulence conditions (Chawdhary et al., 2017), and last but not least 
(v) potential interactions with other marine uses such as navigation 
(Segura et al., 2018), fishing, aquaculture (Vazquez and Igle-sias, 
2015) and recreational activities (Dalton et al., 2015).  

The latter highlights the necessity of managing the different 
maritime uses and activities (MRE, fishing, aquaculture, recreational 
and other) using a holistic approach. For this purpose, in 2014 the EU 
released 2014/89/EU Directive on Maritime Spatial Planning (MSPD) 
(European Commission, 2014b), whose main objectives are: (i) reduce 
conflicts and create synergies between different maritime uses, (ii) set 
a clear and predictable legal frame work to attract investments in 
maritime activities, (iii) increase cross-border cooperation between 
EU state members and (iv) ensure the protection of the marine 
environment by identifying impacts and opportunities for multiple 
maritime uses. Consequently, UE state members had to transpose 
Directive 2014/89/EU into their national law by 2016 and define their 
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respective Maritime Spatial Plans (MSPs) by 2021. Regarding MRE 
exploitation, MSPD  offers the opportunity to improve and harmonise 
the legal framework for licensing MRE projects, increase legal 
security for MRE stakeholders and, reduce and arbitrate conflicts with 
other maritime users (Salvador et al., 2019).  

For the specific case of Spain, Royal Decree 363/2017 (Spanish 
Parliament, 2017) transposes Directive 2014/89/EU into the Spanish 
national law. RD 363/2017, in its general provisions and article 10, 
includes the exploitation of MRE within the different maritime uses to 
be considered for the elaboration of future MSPs. Despite no MSP has 
been defined for any of the Spanish marine demarcations, it can be 
assumed that the MSPs will follow an exclusionary or zoning 
approach based on RD 1028/2007, which regulates the licensing 
process for off-shore wind farms (Spanish Parliament, 2007b). On 
these grounds, exclusive areas for maritime uses will be defined on the 
MSPs, discarding the exploitation of MRE outside of its designated 
areas. Therefore, planning the installation of tidal farms will require a 
detailed (i) identification of different maritime exclusive areas and (ii) 
assessment of the potential impacts caused by other marine activities 
on the operating conditions of tidal farms, and vice versa; with the 
purpose of ensuring an harmonic coexistence among the different 
maritime uses of the area of interest. As a result, Marine Spatial 
Planning will contribute to decrease the level of uncertainty of tidal 
energy projects, decreasing interactions with other marine activities 
and enhancing legal certainty (Salvador et al., 2019). Further details 
on the Spanish maritime legislation can be found in Section 2.  

Technological development of TECs, has brought the opportunity 
of exploiting the tidal stream energy resource in a wider variety of 
coastal locations, especially at shallow tidally-driven estuaries and 
rivers (Khan et al., 2009), which are also house of multitude of marine 
uses (fishing, aquaculture and recreational activities). Moreover, the 
tidal stream resource at depth-limited regions is highly sensitive to 
natural (sediment transport) and/or anthropogenic (dredging of 
navigation channels) bathymetric changes (Álvarez et al., 2020). 
Consequently, the holistic approach of Marine Spatial Planning 
appears as an excellent tool for tidal farm siting, especially at those 
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regions. Previous research has dealt in detail with the optimum siting 
of tidal stream energy farms, considering different constrains such as 
available resource (Lewis et al., 2015), maintenance (Vazquez and 
Iglesias, 2016a), operating costs (Vazquez and Iglesias, 2016b), power 
production (Stansby and Stallard, 2016), layout optimisation (Funke et 
al., 2016), environmental impact (du Feu et al., 2019) and economic 
viability (González-Gorbeña et al., 2018); however, and to the best 
knowledge of the authors, Marine Spatial Planning has not yet been 
applied in depth to find the optimum location for tidal farms. 

Against the foregoing backdrop, the objective of this paper is to 
present a methodology based on Marine Spatial Planning with the aim 
of finding the most suitable location for the installation of tidal farms 
in depth-limited regions, using for this purpose Ria de Ribadeo 
(Figure 24), a shallow and highly energetic estuary located in NW 
Spain (Ramos et al., 2014a), as case study. The remainder of this 
paper is structured as follows: Section 2 presents the main 
characteristics of the Spanish legal framework for maritime activities. 
Section 3 describes in the detail the maritime uses and characteristics 
of Ria de Ribadeo. Section 4 presents the Dredging Associated Risk 
(DAR) indicator for depth-limited tidal sites. Section 5 illustrates the 
application of Marine Spatial Planning for tidal farm siting in Ria de 
Ribadeo. Finally, conclusions are drawn in Section 6.  

 

 
Figure 24: Location of Ria de Ribadeo. 
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3.2 SPANISH MARITIME LEGAL FRAMEWORK 
Spain, as any other EU state member, legislates the protection of 
marine environment and management of maritime activities, 
according to: (i) Directive 92/43/EEC on nature conservation 
(European Commission, 1992), (ii) Marine Strategy Framework 
Directive 2008/56/EC (MSFD) (EuropeanCom-mission, 2008) and 
(iii) Maritime Spatial Planning Directive 2014/89/EU (MSPD) 
(European Commission, 2014b). 

 In May 1992, the European Council approved Directive 
92/43/EEC on the conservation of natural habitats and wild fauna and 
flora, establishing the EU Natura 2000 ecological network of 
protected areas (Sites of Community Importance, SICs), preserving 
them against potentially damaging developments. EU commission 
Decisions 2004/813/EC (European Commission, 2004) and 
2006/613/EC (European Commission, 2006) define the SICs for the 
Atlantic and Mediterranean biogeographical regions of Spain, 
respectively. In this context, Law 42/2007 (Spanish Parliament, 
2007a), which transposes Directive 92/43/EEC into the Spanish 
domestic law, establishes in its article 42.3 that Spanish autonomous 
regions have a period of six years to declare the SICs, which belong to 
their jurisdiction area, as Special Areas of Conservation (SAC) and/or 
Special Protection Areas for Birds (SPAB) and to elaborate managing 
and monitoring plans for those areas.  

In June 2008, the European Parliament approved the Marine 
Strategy Frame-work Directive 2008/56/EC (MSFD) (European 
Commission, 2008), which aims to preserve the marine environment 
and to ensure its long-term sustainable use. MSFD was transposed 
into the Spanish national law in December 2010, by means of Law 
41/2010 (Spanish Parliament, 2010), whose main goal is to achieve a 
Good Environmental Status (GES) in the marine environment. To this 
end, specific strategies for each Spanish marine demarcation were 
developed, proposing a coherent planning of activities and uses of the 
marine environment compatible with the preservation of its 
biodiversity. Marine strategies are subject to be revisited every 6 
years. In addition, Law 41/2010 creates the Network of Marine 
Protected Areas (NMPAs), setting the mechanisms for their 
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designation, preservation, environmental monitoring and management 
of marine activities. Examples of MPAs are areas belonging to Natura 
2000 network (SICs, SPAs and SPABs), World Heritage and 
Biosphere Reserve UNESCO areas (UNESCO, 2019b) and RAMSAR 
(UNESCO, 2019a) and OSPAR (OSPAR, 2003) sites. 

 RD 363/2017 (Spanish Parliament, 2017), of April 2017 
transposes Maritime Spatial Planning Directive 2014/89/EU (MSPD) 
into the Spanish law, establishing the legal framework for the 
management of marine spaces. For this purpose, RD 363/2017 
contemplates the elaboration of Marine Spatial Plans (MSPs) for each 
of the Spanish marine demarcations, with the aim of ensuring a 
sustainable development and harmonic coexistence of marine sectors 
and protection of the marine environment. MSPs must be developed 
before 31st of March 2021, following the guidelines of marine 
strategies defined in Law 41/2010, and will be susceptible to revision, 
every ten years. Regarding the exploitation of Marine Renewable 
Energy (MRE), RD 363/2017 highlights in Article 5.c the need of 
producing energy from MRE sources to foment a sustainable 
development of coastal regions, while in Article 10.2 includes MRE 
exploitation among the maritime activities to be considered for the 
elaboration of MSPs. In sum, RD 363/2017 establishes the guidelines 
for the elaboration and revision of MSPs. However, it does not 
establish either priority criteria for the execution of maritime activities 
(including MRE exploitation) or rules to arbitrate conflicts between 
different maritime users (Salvador et al., 2019).  

Additionally, RD 1028/2007 (Spanish Parliament, 2007b) 
regulates the licensing process of MRE installations in the Spanish 
jurisdictional waters. RD 1028/2007 contemplates the commercial 
licensing only for off-shore wind farms, while for other MRE 
establishes a simplified licensing procedure for experimental 
installations. RD 1028/2007 also classifies the Spanish littoral 
inappropriate and non-appropriate areas for the installation of off-
shore wind farms, based on an environmental impact assessment 
carried out by the inter-ministerial commission of Marine 
Environment, Industry and Tourism. On these grounds, it is expected 
that future MSPs will regulate licensing procedures for commercial 
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exploitation of additional MRE sources (e.g. wave and tidal stream 
energy), following the exclusionary approach of RD 1028/2007. 
Finally, Figure 25 shows the linkages among the different legislation 
presented in this section.  

 
Figure 25: Linkages between Spanish maritime legislation. 

 
3.3 CHARACTERISATION OF MARITIME EXCLUSIVE AREAS FOR RIA 
DE RIBADEO  
Ria de Ribadeo is a shallow coastal embayment, with a total surface 
area of approximately 10 km2, located in NW Spain (Figure 24). Its 
location, naturally sheltered from the harsh marine environment of the 
bay of Biscay, has prompted a significant development of different 
maritime uses such as aqua-culture, tourism and recreational activities. 
Ria de Ribadeo also acts as a natural border between the autonomous 
regions of Galicia and Asturias (Figure 24), housing multitude of 
commercial and trading activities throughout the ports of Ribadeo and 
Figueras (Figure 24). In addition, Ria de Ribadeo presents a 
remarkable biodiversity and archaeological heritage (Crespo, I. 2011) 
(San Claudio Santa Cruz, M. 2015) (UNESCO, 2019a). Finally, Ria 
de Ribadeo has an abundant tidal stream energy resource (Ramos et 
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al., 2014a), with three potential tidal sites identified at the middle ria 
(Álvarez et al., 2020), whose exploitation could bring a fantastic 
opportunity for the development of a new industrial sector in the 
region. 

 However, the exploitation of the tidal resource could interfere 
with the particular marine environment (Ramos et al., 2013) and 
biodiversity of the ria (Ramos et al., 2014b) and with other relevant 
socio-economic activities such as aquaculture (ESGEMAR S.A. et al 
2016) and marine navigation (Álvarez et al., 2017). Moreover, 
periodic dredging operations of the approach channels of Ports of 
Ribadeo and Figueras alter the hydrodynamic patterns of the Ria 
(Álvarez et al., 2020). Consequently, the available resource and 
operating conditions of tidal farms could be drastically modified, 
jeopardising their long-term viability (Álvarez et al., 2020). In this 
context, before planning the installation of a tidal farm in Ria de 
Ribadeo a holistic approach is necessary, considering the potential 
interactions of tidal farm operation with the maritime uses of the ria, 
which are described in detail from Sections 3.1 to 3.6, using for their 
definition, GIS spatial analysis (Figures 3 to 5).  

 
3.3.1 Special Areas of Conservation (SAC) and Special 

Protection Areas for Birds (SPAB)  
Decision 2004/813/EC identified Ria de Ribadeo as a Site of 

Community Importance (SIC) within the Atlantic biogeographical 
region (European Commission, 2014d). As mentioned in Section 2, 
Law 42/2007 establishes that the Spanish autonomous regions should 
classify SICs, lying inside their jurisdiction areas, as SACs and/or 
SPABs. Therefore, the parliament of Galicia approved Decree 
37/2014 (Spanish Parliament, 2014), which identified 59 SACs and 16 
SPABs, and also proposes managing and monitoring plans for those 
areas. In this context, Ria de Ribadeo was classified as SPAB (ref. 
ES0000085 (European Commission, 2014e)), and as SAC (ref. 
ES11200002 (Spanish Parliament, 2014)) within the estuary/wetland 
category. As a result, Ria de Ribadeo is included in the Spanish 
Network of Marine Protected Areas (NMPAs) (European 
Commission, 2014c). Decree 37/2014 classifies both SACs and 
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SPABs into three different categories: (i) protected areas, in which 
only traditional activities with little to no impact on ecosystems are 
allowed, (ii) conservation areas, where traditional and non-traditional 
activities compatible with the local ecosystems could be carried out 
and (iii) general use areas, in which industrial activities may be 
allowed after a detailed environmental impact assessment. 

 Figure 26 shows the spatial distribution of the aforementioned 
areas across Ria de Ribadeo. It can be observed that in the mouth of 
River Eo, there is a protected area, which covers a surface of 160 ha. 
The inner and outer sections of the ria are marked as conservation 
areas, spanning a total surface of 392 ha. Finally, the middle section of 
the ria (80 ha) is declared as a general use area.  
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Figure 26: Spacial Areas of Conservation (SACs) and Special Protection Areas for 
Birds (SPABs) at Ria de Ribadeo.  
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3.3.2 Archaeological protected sites  
Ria de Ribadeo presents an outstanding archaeological heritage. 

Multitude of archaeological remains, from centuries XVI to XVIII 
belonging to merchant and war ships, have been found in the outer 
and middle sections of the ria (Figure 27). Considering the large 
number of documented shipwrecks in the ria, further archaeological 
rests are expected to remain undiscovered, especially in the 
surroundings of the marina harbour, which coincides with the 
historical location of the port. Table 1 summarizes the main 
characteristics and archaeological value of the wrecks found in the ria. 

 
Table 1: Main characteristics of the archaeological remains found in Ria de 
Ribadeo 

  
 Description 

Pancha Island Cannon 3 pieces of iron artillery 

Wreck Illan cove 
12 iron cannons with ammunition 

Valuable ceramic remains 
Remains of the hull of an unknow wreck 

Unidentified Wreck Unknow wreck of the 18Th century 
Lonely cannon Cannon belonging to an unknow wreck 

Anchor Anchor belonging to an undiscovered wreck 
Ship Galga Andaluza Spanish pirate ship 

Ship Corbeta San Francisco Spanish pirate ship 
Steamship Cabo Torres Merchant ship sunk un 1887 

Galeón Santiago de Galicia 
Ship of the Spanish Navy  (XVI century) 
Considered the best preserved Spanish 

Galleon 
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Figure 27: Archaeological protected areas at Ria de Ribadeo. 
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In this context, Law 5/2016 (Galician Parliament, 2016), which 
regulates the cultural heritage of the autonomous region of Galicia, 
establishes protection areas of 200 m radius for archaeological sites, 
where any seabed action is prohibited. Figure 27 shows the different 
archaeological protected areas of Ribadeo, which are mainly 
concentrated around the marina harbour with two additional areas 
located at both sides of the ria mouth, spanning a total surface 326407 
m2 (Table 2). Consequently, installation of tidal farms in those areas is 
discarded before hand, since its operation could disrupt seabed 
morphology, jeopardising the integrity of archaeological rests.  

 
Table 2: Surface of Maritime exclusive areas 

 
 Surface (m2) 

Archaeological sites 326407 

Fishing and shell-fishing grounds 386404 

Aquaculture sites 307680 

Macro-Algae sites 2895480 

Public domain areas 1550405 

Beach areas 312875 

Navigation channels 284345 

 
3.3.3 Biodiversity protected sites  
Ria de Ribadeo behaves as a positive, partially mixed estuary with 

a two-layer estuarine circulation pattern (Piedracoba et al., 2005), 
which derives from the complex interaction of tides, fresh water run-
offs and wind conditions. In addition, from the months of April to 
October, Ria de Ribadeo experiments coastal upwelling events caused 
by northerly shelf winds. As a result, oceanic water (Eastern North 
Atlantic Central Water), which is cold and nutrient-rich, enters the ria 
(Iglesias and Carballo, 2010). The combination of those coastal 
processes explains the high biological productivity of Ria de Ribadeo 
(Blanton et al., 1987). In this context, abundant population of macro-
algae species such as Pelvetia Canaliculata and Ulva is present in the 
inter-tidal areas of the middle section of the ria (Figure 28). Additional 
algae species such as Ascophyllum Nodosum, Fucus Ceranoides, 
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Fucus Espirabis, Fucus Vesiculosus, Gracilaria Verrucosa and 
Mastocarpus Stellatus can also be found in the ria (Cires Rodríguez 
and Cuesta Moliner, 2010). Therefore, in order to preserve this marine 
ecosystem, the macro-algae sites (Figure 28) are catalogued as 
exclusion zones for other maritime activities, covering a surface of 
2895480 m2 (Table 2)  

 

 
Figure 28: GIS mapping of exclusive maritime zones at Ria de Ribadeo. 
 



MIGUEL ÁLVAREZ DÍAZ 

114 
 

3.3.4 Fishing and aquaculture sites  
As mentioned in the previous section, Ria de Ribadeo stands out 

for its marine biodiversity, laying the foundation of a strong fishing 
and aquaculture industry. On the one hand, the fishing grounds are 
mainly located in the ria mouth (Figure 28). On the other hand, shell-
fishing gathering (bivalve molluscs and octopuses) represents an 
important maritime activity both in the middle and inner sections of 
the ria (Figure 26). Finally, in recent years, farming of oysters on 
floating-wooden platforms is increasing significantly, requiring 
significant amount of space, especially at the inner ria (Figure 28). 
Again, in order to avoid potential disruptions of fishing and 
aquaculture activities, the aforementioned sites are excluded from 
additional marine uses.  

 
3.3.5 Touristic sites  
Touristic and recreational activities are an important source of 

employ-ment and income generation for the region. In this context, 
Law 2/2013, which regulates the protection and sustainable use of 
coastal areas, establishes in its article 69 that bathing or beach areas 
should cover at least a strip of 200 m width parallel to the coast, in 
which any other activity is prohibited for safety reasons. For the rest 
of the coast, an exclusive public domain area of 50 m width is defined. 
Finally, Figure 28 shows the spatial distribution of public domain and 
beach areas in the ria, which span 1550405 m2 and 312875 m2, 
respectively.  

 
3.3.6 Marine navigation areas  
The privileged location of Ria de Ribadeo (Figure 24) makes 

ports of Figueras and, especially, Ribadeo relevant trading ports at 
regional level. Consequently, ensuring adequate operating conditions 
for both ports becomes essential. For this purpose, any disruption in 
the approach channels of both ports must be avoided. The main 
navigation channel of the ria is located in its left side (Figure 28), with 
a total width of 90 m and a draught of 5 m relative to the Lowest 
Astronomical Tide (LAT). A branch of the main channel, whose main 
dimensions are 50 m wide and 3 m draught, gives access to the port of 
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Figueras (Figure 28). As a result, both channels cover a total surface 
of 284345 m2. 

However, the complex circulation pattern present in the ria 
(Piedracoba et al., 2005), drives a significant sediment transport 
towards its middle section, causing significant sedimentation in the 
approach channels of Ribadeo and Figueras ports. To ensure 
operativity of both ports, maintenance-dredging operations are 
required every 3.5 years (Álvarez et al., 2017). As result the 
magnitude and direction of tidal currents will experiment significant 
and repetitive variations over long time horizons. The latter confirms 
the need of accounting for the effects of dredging operations, when 
planning the installation of tidal farms in depth-limited regions, like 
Ria de Ribadeo (Álvarez et al., 2020).  

 
3.4. DREDGING ASSOCIATED RISK (DAR) INDICATOR FOR DEPTH-
LIMITED COASTAL AREAS  

As mentioned in previous sections, tidal currents characteristic of 
shallow coastal regions are highly sensitive to natural and/or 
anthropogenic bathymetric changes. Among them, periodic dredging 
operations of marine navigation channels stand out. As a result, the 
magnitude and direction of tidal currents may be significantly altered, 
jeopardizing the long term technical and economic viability of tidal 
farms located in depth-limited regions (Álvarez et al., 2020). On these 
grounds, a novel risk indicator, Dredging Associated Risk (DAR), was 
developed ad hoc, with the aim of quantifying the uncer-tainty derived 
from dredging operations. DAR represents the fraction of time for a 
specific location, in which the relative difference between the 
magnitude of tidal currents for the pre-and post-dredging scenarios, is 
higher than an uncertainty threshold value (e.g. 10 %, 20 % and 30 
%). Consequently, DAR ranges from zero (no risk) to one (maximum 
risk). DAR does not discriminate between increments and decrements 
of flow velocities, since both of them are considered equally harmful. 
For instance, decrease of tidal flow velocities (after dredging), would 
result in significantly less power production and lower incomes for 
developers and investors. Conversely, significant increment of flow 
velocities (after dredging), could cause scour problems of bottom 
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anchors and higher pressure loads on TEC structural elements, 
jeopardising the operating life of TECs. Lastly, when computing 
DAR, time-series of flow data (for the pre-and post-dredging 
scenarios) should cover a period of at least one year, with a minimum 
frequency of 3 hours, to account for the seasonal variations of the 
tidal-stream currents.  

For the present study, pre-and post-dredging flow conditions were 
determined by means of the Delft3D-Flow hydrodynamic model 
(Deltares, 2006). For this purpose, two numerical models were set-up 
considering the bathymetric datasets corresponding with pre-and post-
dredging scenarios, respectively. The simulations covered an average 
year, using as model inputs, time-series of mean monthly values of 
river discharges, wind magnitude and direction, salinity and 
temperature at the ocean boundaries. For further details, the readers 
are referred to Ref. (Álvarez et al., 2020), in which an exhaustive 
description of the model implementation and validation is presented. 
Consequently, DAR was computed based on annual hourly flow data, 
at each cell of the numerical hydrodynamic grid, which allows to 
obtain a spatial distribution of DAR for Ria de Ribadeo. Figure 29 
presents the algorithm used to compute DAR. Finally, it is worth 
mentioning that DAR methodology can be applied elsewhere, 
considering also different values for the uncertainty thresholds.  
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Figure 29: Algorithm for the calculation of Dredging Associated Risk (DAR) 
indicator 
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3.5. TIDAL FARM SITING FOR RIA DE RIBADEO  
3.5.1 Ria de Ribadeo: resource characterisation  
When considering the installation of tidal farms at Ria de 

Ribadeo, among the constrains presented in Section 3, the following 
stand out: (i) TEC operation must be respectful with the seabed, to 
preserve its archaeological heritage and (ii) TECs must meet the water 
depth limitations (approx. 4 m at LAT), present in the most energetic 
locations of the ria. Consequently, floating TECs appear as the most 
appropriate technology since, are considerably less disruptive for the 
seabed than bottom-fixed TECs. In this context, the horizontal-axis, 
floating Evopod turbine, was used as reference for the identification of 
potential tidal farm sites. Table 3 summarises the main technical 
characteristics of the Evopod Turbine.  

 
Table 3: Main technical characteristics of the Evopod Turbine 

Type Floating 

Diameter (m) 3 

Cut-in velocity (ms−1) 0.7 

Cut-off velocity (ms−1) 3.0 

Rated velocity (ms−1) 1.9 

Rated power (kW ) 25 

 
Based on the annual flow conditions of Ria de Ribadeo, computed by 
the hydrodynamic model presented in Section 4, the operativity of the 
Evopod turbine was analysed. For this purpose, the number of annual 
hours, for which flow velocity exceeds the cut-in of the turbine (Table 
3), were determined. Figure 30 shows the results obtained. As can be 
observed, only the middle section of the ria presents adequate 
operativity conditions for the Evopod turbine, with some areas easily 
exceeding 2200 operating hours per year. On these grounds, a detailed 
characterisation of the tidal stream resource was carried out for the 
middle section of the ria. For this purpose, the tidal resource was 
assessed on an annual basis, in contrast to the traditional approach, 
which is only based on the flow conditions of representative tidal 
cycles (e.g. spring-neap tidal cycle). Figure 31 shows the spatial 
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distribution of annual energy density. As can be observed, areas A, B 
and C stand out in terms of tidal stream resource. Area A, with a total 
surface of 222000 m2 and annual energy densities in the order of 0.9 
GW hm-2, is the less energetic of the three, due to the blockage effect 
caused by the piles of the bridge that crosses the estuary. Area B, 
which covers a surface of 81700 m2, presents also a larger tidal stream 
resource, with annual energy densities up to 1 GW hm-2. Area C 
appears as the most suitable location from the energetic point of view, 
with an annual resource of 1.2 GW hm-2, spanning a total surface of 
109200 m2. Finally, it is important to point out, that the results 
presented in Figures 7 and 8 are based on the predredging flow 
conditions, which represents the most plausible scenario in the ria.  

 

 
 

Figure 30: Spatial distribution of annual operating hours for the Evopod Turbine  
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Figure 31: Spatial distribution of annual energy density for Ria de Ribadeo  
 
3.5.2 Ria de Ribadeo: Dredging Associated Risk (DAR)  
With the purpose of quantifying the uncertainties derived from 

dredging operations, DAR was computed for Ria de Ribadeo 
following the algorithm presented in Figure 29 (Section 4). For this 
study, three different uncertainty levels (i.e. relative differences of 
flow velocities between pre-and post-dredging scenarios) of 10, 20 
and 30 % were considered to illustrate the behaviour of DAR 
indicator. The results obtained con firm the necessity of including the 
effects of dredging in the decision-making process, when planning the 
installation of tidal farms in Ria de Ribadeo. As expected, DAR 
increases as the required level of uncertainty for the operating flow 
conditions decreases. For a level of uncertainty of 10%, DAR exceeds 
values of 0.8 (i.e. high risk) at the middle section of the ria (Figure 
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32.a), where the most energetic areas (A, B and C) are located 
(Section 5.1). Figure 32.b shows the DAR values for a level of 
uncertainty of 20%. In this case, DAR decreases considerably for the 
regions of interest (Areas A, B and C), with its maxi-mum values up 
to 0.5 (i.e. mid risk). For an uncertainty threshold of 30%, DAR 
decreases dramatically across the ria, barely exceeding values of 0.2 
(i.e. low risk) for Areas A, B and C (Figure 32.c). In consequence, 
selection of uncertainty levels, which will depend mainly on the 
periodicity and extent of dredging operations and the risk aversion of 
developers and investors of tidal farm projects, play a significant role 
in DAR outputs. For instance, regions with frequent dredging 
operations during the useful life of the tidal farm (eg. every 4 or 5 
years) should adopt a conservative uncertainty level of 10%. 
Conversely, for regions with a lower periodicity of dredging 
operations (7 to 10 years), higher uncertainty levels (20 or 30%) can 
be adopted. Regardless the uncertainty level selected, it is 
recommended that regions with values exceeding 0.2 should be 
discarded for tidal farm operation since, for at least 20% of annual 
hours (1752 h) relative differences between pre-and post-dredging 
flow velocities exceed the uncertainty level selected (e.g. 10%). As 
result, tidal farms could present either lower power production (due to 
flow velocity reductions) or withstand harsher flow conditions (due to 
flow velocity increments), jeopardising their long-term economic or 
technical fea-sibility, respectively. In sum, DAR gives the opportunity 
to map tidal farm sites, identifying the regions with higher dredging-
related risks, which may be very helpful for the decision-making of 
tidal farm projects, especially at depth-limited regions, which are 
normally subjected to periodic changes of bathymetric conditions.  
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Figure 32: DAR spatial distribution for Ria de Ribadeo. (a) Uncertainty Level of 
10%. (b) Uncertainty Level of 20%. (c) Uncertainty Level of 30%.  

 
3.5.3 Ria de Ribadeo: Tidal-stream sites  
Following the exclusionary approach of the Spanish maritime 

legal frame-work (Section 2), GIS mapping was used for the 
identification of potential tidal farm sites across Ria de Ribadeo. For 
this purpose, geographical information of maritime exclusive areas 
(Section3), tidal stream resource (Section 5.1), DAR spatial 
distribution (Section5.2)and water depth limitations (Section 5.1), was 
combined. Figure 33 presents the results obtained. Maritime exclusive 
areas (60.6% of ria surface), highlighted in grey in Figure 33, are 
discarded for tidal farm operation, according to RD 1028/2007 
(Section 2). In addition, water depth requirements of Evopod turbines 
(Table 2), limit their operation to water depths of at least 4 m. 
Consequently, only East sectors of Areas A and C can be considered 
appropriate for tidal farm operation (marked as Level II areas in 
Figure 33). Among them, Area A appears as the most suitable location 
for locating a tidal farm, with an annual energy density exceeding 1 
GW hm-2 and a total surface of approximately 56025 m2.  
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Figure 33: GIS mapping for tidal farm siting at Ria de Ribadeo 

 
Furthermore, Figure 34 presents the DAR distribution values for the 
tidal farm sites previously identified (Areas A and C). Overall, as the 
requirements in terms of level of uncertainty (i.e. relative differences 
of flow velocities between pre-and post-dredging scenarios) are 
soften, the usable surface of tidal sites increases. For a level of 
uncertainty of 10% (Figure 34.a), most part of Area C presents DAR 
values exceeding 0.8 (i.e. after dredging magnitude of tidal currents 
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vary more than 10% at least for 80% of annual hours) and, therefore, 
should be discarded for tidal farm operation. Conversely, Northern 
sectors of Area A (Figure 34.a), which span a total surface area of 
42280 m2 and with annual energy densities of 0.5 GW hm-2, are 
suitable for tidal stream exploitation since, DAR presents values lower 
than 0.2. Rising the level of uncertainty up to 20% (Figure 34.b), 
translates into a surface increment of 5870 m2 in Area A, mainly 
concentrated in its southern sector. Finally, assuming higher levels of 
uncertainty (e.g. 30%), the majority of Areas A and C become 
available for the installation of tidal farms (Figure 34.c). According to 
the high periodicity of dredging operations (every 3.5 years) and their 
significant impacts on the flow conditions of Areas A and C, the 
results obtained for the most restrictive DAR uncertainty level (10%) 
should be retained for the implementation of tidal farms. Finally, 
Table 4 summarizes the usable surface of Areas A and C for the 
different DAR uncertainty levels considered.  
 

 
 

Figure 34: DAR levels for potential tidal sites at Ria de Ribadeo  
 

Table 4: Surface of tidal sites A, B and C 
 Area A Area B Area C 

Total Surface (m2) 222000 81700 109200 

Usable Surface (m2) 56025 – 33850 

DAR10%  usable surface (m2) 42880 – 550 

DAR20%  usable surface (m2) 48150 – 18890 

DAR30%  usable surface (m2) 49630 – 33850 
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3.6. CONCLUSIONS  
In 2014 the European Commission released Directive 2014/89/EU on 
Maritime Spatial Planning, whose main goals are to ensure an 
harmonic coexistence among different maritime activities and to 
protect the marine environment. Regarding MRE exploitation, 
Directive 2014/89/EU offers the opportunity to improve and 
harmonise the legal frame work for licensing MRE projects, increase 
legal security for MRE stakeholders and reduce/arbitrate conflicts 
with other maritime users. For the specific case of Spain, Directive 
2014/89/EU was transposed by means of RD 363/2017, which 
identifies MRE as a relevant activity to be considered for the 
elaboration of future Maritime Spatial Plans (MSPs). According to 
previous marine legislation (RD 1028/2007), MSPs are expected to 
present a zoning approach, consisting of maritime exclusive areas. In 
this context, the objective of the present work is to present a 
methodology based on Marine Spatial Planning (MSP), to locate tidal 
stream energy farms at depth-limited regions. For this purpose, Ria de 
Ribadeo (NW Spain) a shallow coastal embayment, with a substantial 
tidal stream energy resource, was used as case study.  

In general terms, application of Marine Spatial Planning (MSP)for 
tidal farm siting, appears to perform well for the present case study, 
identifying appropriate locations for tidal farm operation, avoiding 
potential conflicts with other maritime activities (fishing, aquaculture, 
navigation and recreational) and preserving biological and 
archaeological heritages of Ria de Ribadeo. After the identification of 
maritime exclusive areas only two exploitable tidal farm sites (Areas 
A and C), with values of annual energy density up to 1 GW hm-2, were 
found. However, potential disruptions on tidal farm operating 
conditions, derived from other maritime activities, must be also 
included as part of MSP. In case of Ria de Ribadeo, periodic dredging 
of navigation channels may impact significantly tidal currents of 
Areas A and C, which translates into high levels of uncertainty in 
terms of power production. In this context, a site-specific risk 
indicator, Dredging Associated Risk (DAR), was developed ad hoc. 
DAR ranges from zero (no risk) to one (maximum risk), representing 
the fraction of annual hours, in which relative differences between 
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pre-and post-dredging flow velocities, exceed an uncertainty 
thresh-old percentage. For the tidal farm sites identified, DAR exceeds 
values of 0.8 (high risk), highlighting the importance of accounting for 
the disruptions caused by other maritime activities, in this case 
dredging operations, when planning the installation of tidal farms 
using MSP. Based on the results obtained, the authors recommended 
that areas with DAR values exceeding 0.2 (i.e. after dredging tidal 
flow velocities vary more than uncertainty threshold defined by DAR 
users, for at least 20% of annual hours) should be discarded for tidal 
farm operation. According to this criteria, the exploitable surface for 
tidal sites A and C, decreases 25% and 98%, respectively. It is 
important to note, that DAR can be applied elsewhere, using different 
values of threshold uncertainty levels. Finally, the recommended DAR 
limit to discard tidal farms sites must be considered as a first 
indication and should be corroborated by further research at different 
locations.  

In summary, this paper presents a MSP-based methodology for 
tidal farm siting, accounting for the risks associated to anthropogenic 
bathymetric changes, which are especially relevant for depth-limited 
regions. Nonetheless, additional constrains relevant for tidal farm 
siting, such as distances to grid connection points and seabed geology 
are not considered in this work and will be dealt with as a continuation 
of this research.  
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4. GENERAL DISCUSSION 
 
The present PhD dissertation deals with the three main aspects related 
to the exploitation of tidal stream energy in depth-limited areas: (i) 
assessment of the morpho-hydrodynamic processes which govern the 
sediment transport, (ii) the potential effects derived from dredging-
maintenance operations on the energy production of tidal and (iii) 
development of a methodology based on Marine Spatial Planning 
(MSP) to find the optimum location for the deployment of tidal farms 
avoiding potential disruptions with other maritime uses. For this 
purpose Ria de Ribadeo as case study. Ria de Ribadeo, located in NW 
Spain, is a shallow and tidally-driven estuary, which presents 
substantial tidal flow velocities in its middle section. In addition, Ria 
de Ribadeo stands out for being house of multiple maritime uses such 
as aqua-culture, tourism, recreational and trading activities and for its 
remarkable biodiversity and archaeological heritage 
  

Consequently, Chapter 1 deals in detail with morpho-dynamic 
patterns of Ria de Ribadeo and the potential effects derived from the 
sedimentation of the main cannel of the estuary in the maritime 
navigation and, therefore, the operativity of the main ports located in 
the ria, Ports of Ribadeo and Figueras.  Ria de Ribadeo presents a 
complex morpho-dynamic pattern, characterised by intense sediment 
transport in the approach channel of the ria, posing a threat to the 
operativity of both ports. In this context, an integrated approach for 
defining accurate dredging operation plans was developed. For this 
purpose, Delft3D-Flow a state-of-the-art hydro-morphological 
numerical model was used for the implementation of a methodology 
to predict the frequency for conducting cost-effective dredging 
operations. For the implementation of the model accurate data of 
navigational requirements and the main forcing factors of the 
hydrodynamics of the ria were used, while for the calibration and 
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validation field measurements of time series of free surface elevation 
and flow velocities were used. The dimensions of the approach 
channelof Port of Ribadeo, a total width ranging from 90 m to 105 m 
depending on the section considered, and a minimum water depth of 
7.44 m, were computed based on the vessels operating in the area. 
Given that the maximum depth of the approach channel could not 
exceed 5 m at some locations (roughly the area close to the trading 
port) so as to avoid undermining problems, a tidal level of 2.44 is 
necessary for the design vessel to operate in the area. Then, high 
resolution hydro-morphodynamic computations were conducted with 
the aim of characterizing the time evolution of the bed configuration 
of the approach channel during a 4-year period (starting at the last 
dredging operation). The results obtained clearly show three areas of 
significant accretion (approx. 1-2 m at the end of the 4-year period 
analysed) but only two of them are critical for the appropriate 
functioning of the Port, roughly the areas located in front of the 
marina and the dockside. Furthermore, it was found that a tidal level 
of 3.29 m is required for achieving the operativity limit of the port 
(1,750 operating hours per year) and, consequently, the water depth 
within the approach channel should not be less than 4.15 m. Finally, 
combining the information computed by the numerical model allows 
for the determination of the time point for conducting cost-effective 
dredging operations. It was found that the minimum water depth (4.15 
m) is firstly achieved in the area close to the marina, approximately 
3.5 years after the previous dredging. As a result, the bathymetric 
conditions on the surroundings of tidal farms operating in depth-
limited regions, will be subject to periodic changes, which may 
modify significantly the hydrodynamic conditions of the tidal farms as 
well as energy production and techno-economic viability. 

 
Chapter 2 focuses on the potential effects of dredging operations 

on the energy production of tidal farms at depth-limited regions, using 
again Ria de Ribadeo as case study. In general terms, dredging 
operations in the access channels of Ribadeo and Figueras harbours 
may significantly impact the exploitation of tidal currents in Ria de 
Ribadeo. The general flow pattern in the middle and inner Ria varies 
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considerably after dredging. Consequently, new locations may be 
suitable for the exploitation of tidal stream energy resource. 
Conversely, regions which had been previously identified as 
promising tidal sites, present considerably weaker tidal flows. 
Considering that dredging operations are undertaken on a 3.5 year 
cycle, flow conditions of potential tidal sites will experiment 
significant and repetitive variations during the operating lifetime of 
tidal turbines. For example, in Areas I and II (Figure 20), the annual 
energy production of the Evopod turbine (which was used as reference 
TEC) varies by 152 % and 66 % (Table 13), respectively, during each 
dredging cycle. With respect to the direction of the flow, no 
significant differences were found, and therefore, no major impacts on 
the orientation of tidal turbines are expected. Consequently, the 
variations of flow conditions in terms of magnitude and direction must 
be held under certain limit values, during the operating lifetime of 
tidal farms. Otherwise, variables such as size, orientation and power 
capacity could be misrepresented at the design stage of tidal farms 
and, therefore, compromise their techo-economic viability. As a first 
approximation, tidal sites of Ria de Ribadeo, in which: (i) number of 
annual hours of the Evopod turbine operating at its rated power 
decrease by more than 10 % and (ii) predominant flow direction varies 
more than 10º, between the pre and post-dredging scenarios, should be 
discarded for the installation of tidal farms. In this context, the results 
obtained lead to dismiss the installation of tidal farms in Areas I and II 
under the current frequency of dredging operations. Finally, these 
recommendations are highly dependent of the main technical 
characteristics of the TEC and the site-specific conditions. However, 
the results obtained highlight the importance of considering the 
bathymetric changes that may take place in the vicinity of depth-
limited tidal farms during their operating life. 

 
Lastly, Chapter 3 presents a methodology based on Maritime 

Spatial Planning (MSP) for locating tidal stream energy farms 
avoiding potential disruptions of other martime activities and users. 
MSP aims to ensure an harmonic coexistence among different 
maritime activities and to protect the marine environment. Regarding 
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Marine Renewable Energy (MRE) exploitation, MSP offers the 
opportunity to improve and harmonise the legal frame work for 
licensing MRE projects, increase legal security for MRE stakeholders 
and reduce/arbitrate conflicts with other maritime users.  

In general terms, application of MSP for tidal farm siting, appears 
to perform well for the present case study, identifying appropriate 
locations for tidal farm operation, avoiding potential conflicts with 
other maritime activities (fishing, aquaculture, navigation and 
recreational) and preserving biological and archaeological heritages of 
Ria de Ribadeo. After the identification of maritime exclusive areas 
only two exploitable tidal farm sites (Areas A and C in Figure 31), 
with values of annual energy density up to 1 GW hm-2, were found. In 
case of Ria de Ribadeo, periodic dredging of navigation channels may 
impact significantly tidal currents of Areas A and C, which translates 
into high levels of uncertainty in terms of power production. In this 
context, a site-specific risk indicator, Dredging Associated Risk 
(DAR), was developed ad hoc. DAR ranges from zero (no risk) to one 
(maximum risk), representing the fraction of annual hours, in which 
relative differences between pre-and post-dredging flow velocities, 
exceed an uncertainty thresh-old percentage. For the tidal farm sites 
identified, DAR exceeds values of 0.8 (high risk), highlighting the 
importance of accounting for the disruptions caused by other maritime 
activities, in this case dredging operations, when planning the 
installation of tidal farms using MSP. Based on the results obtained, 
the authors recommended that areas with DAR values exceeding 0.2 
(i.e. after dredging tidal flow velocities vary more than uncertainty 
threshold defined by DAR users, for at least 20% of annual hours) 
should be discarded for tidal farm operation. According to this criteria, 
the exploitable surface for tidal sites A and C, decreases 25% and 
98%, respectively.  
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5. CONCLUSIONS 
 
Development of Marine Renewable Energy (MRE), specifically the 
generation of energy from tidal currents presents problems that can 
only be solved by using a rigorous scientific analysis of the many 
aspects related to the installation, operating conditions and 
environmental and socio-economic impacts of tidal farms. On these 
grounds, the selection of the optimum location for tidal farms stands 
out. The present PhD dissertation shows, that tidal farm siting is a 
multidisciplinary problem that encompasses legal, cultural, social-
economic, and nature conservation aspects. In this context, the main 
objective of this thesis is to assess in detail the main aspects that can 
influence the location of a tidal farm in shallow coastal areas. For his 
purpose, Ria de Ribadeo was used as case study. Ria de Ribadeo is a 
shallow coastal embayment, with a total surface area of approximately 
10 km2, located in NW Spain. Its location, naturally sheltered from the 
harsh marine environment of the bay of Biscay, has prompted a 
significant development of different maritime uses such as 
aqua-culture, tourism and recreational activities. Ria de Ribadeo also 
acts as a natural border between the autonomous regions of Galicia 
and Asturias, housing multitude of commercial and trading activities 
throughout the ports of Ribadeo and Figueras.  

In addition, Ria de Ribadeo presents a remarkable biodiversity 
and archaeological heritage. Finally, the substantial tidal range (up to 
4.6 m) combines with the geomorphology of the ria to produce 
significant tidal currents (up to 2.0 ms-1), which translates into values 
of annual energy density up to 1 GW hm-2 in several locations of the 
middle section of the ria. However, before planning the installation of 
a tidal farm, the potential disruptions on the different maritime 
activities present in the ria (maritime navigation, aquaculture, fishing, 
recreational and tourism activities) and biodiversity and 
archaeological heritage must assessed in detail. On these grounds, 



MIGUEL ÁLVAREZ DÍAZ 

132 
 

Maritime Spatial Planning it was found as a useful and powerful tool 
that can help on the decision-making for the installation of tidal farms, 
especially at depth-limited regions were several maritime activities 
and users are concentrated in relatively small areas. Royal Decree 
363/2017 (Spanish Parliament, 2017) transposes Directive 
2014/89/EU on MSP into the Spanish national law. RD 363/2017, in 
its general provisions and article 10, includes the exploitation of MRE 
within the different maritime uses to be considered for the elaboration 
of future MSPs. Despite no MSP has been defined for any of the 
Spanish marine demarcations, it can be assumed that the MSPs will 
follow an exclusionary or zoning approach based on RD 1028/2007, 
which regulates the licensing process for MRE. On these grounds, 
exclusive areas for maritime uses will be defined on the MSPs, 
discarding the exploitation of MRE outside of its designated areas. 
Therefore, planning the installation of tidal farms will require a 
detailed (i) identification of different maritime exclusive areas and (ii) 
assessment of the potential impacts caused by other marine activities 
on the operating conditions of tidal farms, and vice versa; with the 
purpose of ensuring an harmonic coexistence among the different 
maritime uses of the area of interest. As a result, Marine Spatial 
Planning will contribute to decrease the level of uncertainty of tidal 
energy projects, decreasing interactions with other marine activities 
and enhancing legal certainty.  

In this context, the different maritime uses of Ria de Ribadeo 
were characterized in detail. First of all, the approach channel of Ports 
of Riabdeo and Figueras was determined, whose main dimensions are 
90 m to 105 m width, and a minimum water depth of 7.44 m. In 
addition, it was found that a 3.5 years periodic dredging in the 
approach channel is required to ensure the operativity of both ports. 
Next, different maritime exclusive areas (Archaeological sites, 
Fishinhing and shell-fishing grounds, aquaculture sites, macro-algae 
sites, public domain areas, beach areas) were identified, where the 
installation of tidal farms is prohibited before hand. As a result, only 
two exploitable tidal farm sites, with values of annual energy density 
up to 1 GW hm-2, were found.  
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When applying MSP for tidal farm siting, potential disruptions on 
tidal farm operating conditions, derived from other maritime activities, 
must be also considered. In case of Ria de Ribadeo as any other depth-
limited tidal location, periodic dredging of navigation channels may 
impact significantly tidal currents of potential tidal sites, which 
translates into high levels of uncertainty in terms of power production. 
In this context, the present PhD dissertation proposes a new site-
specific risk indicator, Dredging Associated Risk (DAR). DAR ranges 
from zero (no risk) to one (maximum risk), representing the fraction 
of annual hours, in which relative differences between pre-and post-
dredging flow velocities, exceed an uncertainty threshold percentage. 
DAR does not discriminate between increments and decrements of 
flow velocities, since both of them are considered equally harmful. 
For instance, decrease of tidal flow velocities (after dredging), would 
result in significantly less power production and lower incomes for 
developers and investors. Conversely, significant increment of flow 
velocities (after dredging), could cause scour problems of bottom 
anchors and higher pressure loads on TEC structural elements, 
jeopardising the operating life of TECs. Lastly, when computing 
DAR, time-series of flow data (for the pre-and post-dredging 
scenarios) should cover a period of at least one year, with a minimum 
frequency of 3 hours, to account for the seasonal variations of the 
tidal-stream currents. It is recommended that areas with DAR values 
exceeding 0.2 (i.e. after dredging tidal flow velocities vary more than 
uncertainty threshold defined by DAR users, for at least 20% of 
annual hours) should be discarded for tidal farm operation. According 
to this criteria, the exploitable surface for the tidal sites found in Ria 
de Ribadeo, decreases between 25% and 98%.  

In sum, the proposed integrated approach herein presented can 
contribute to an appropriate decision making for the planning of tidal 
stream energy exploitation in shallow water areas such as estuaries or 
their marine spatial planning. Nonetheless, additional constrains 
relevant for tidal farm siting, such as distances to grid connection 
points and seabed geology are not considered in this work and will be 
dealt with as a continuation of this research. 
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