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RESUMEN 

De acuerdo con la normativa de estudios de doctorado de la Universidad de Cantabria 
en relación a los requerimientos exigidos para aquellas tesis redactadas en un idioma 
diferente al español, aprobada por la Junta de Gobierno de 12 de marzo de 1999 y 
actualizada a 17 de diciembre de 2012, a continuación, se presenta un resumen 
“suficientemente extenso” del documento original redactado en inglés. 

 

1. Capítulo I: Introducción 

En los últimos años, las zonas marinas y costeras están experimentando una presión 
debido a la creciente demanda de áreas para el desarrollo de actividades tradicionales 
(e.g. producción de energía, combustibles fósiles, transporte marítimo, pesca, turismo y 
acuicultura), la migración de actividades terrestres y costeras al ambiente oceánico y el 
establecimiento de nuevas actividades. Esto se debe principalmente a cuatro factores 
(European Commission, 2012; European Commission, 2017): 

• La globalización política y económica de las economías marinas. 

• El progreso tecnológico de las actividades oceánicas. 

• La falta de espacio en ambientes terrestres y costeros. 

• La búsqueda de fuentes alternativas de energías renovables para la reducción 
de emisiones de gases de efecto invernadero. 

Estos factores, junto a la necesidad de aumentar la eficiencia de los recursos y reducir 
la huella ambiental de la economía azul (i.e. economías marinas), han sido las fuerzas 
impulsoras para la formulación de políticas públicas de desarrollo sostenible del medio 
marino a nivel internacional, nacional y regional. Por ejemplo, la estrategia de 
crecimiento azul de la Comisión Europea (“Blue Growth strategy”) sostiene el 
crecimiento de la economía azul desde una perspectiva integrada, a través de directrices 
básicas relacionadas con tres componentes: i) el desarrollo de sectores con alto 
potencial de empleo y crecimiento económico; ii) la generación de conocimiento, 
certidumbre jurídica y seguridad; y iii) la implementación de planes regionales y locales 
para asegurar medidas específicas y fomentar la cooperación internacional (European 
Commission, 2017). 
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En el contexto del crecimiento azul, las energías renovables y la acuicultura son 
actividades emergentes, cada vez más preparadas para operar en entornos hostiles 
(Bahaj, 2011; Benetti et al., 2010). Esta circunstancia justifica su posición estratégica en 
este ámbito (European Commission, 2014b; European Commission, 2017a). La 
expansión de ambos sectores está determinada por la demanda de energía y alimentos 
de una población mundial en crecimiento y por la previsible superación de la capacidad 
de carga de los sistemas costeros y terrestres. Por lo tanto, la progresión a corto y largo 
plazo de estas economías marinas en el ambiente oceánico requerirá la adopción de 
enfoques integrados para la planificación y gestión, donde las interacciones 
competitivas y sinérgicas con el entorno socio-ecológico deberían analizarse a una 
escala adecuada. 

En este contexto, la planificación a escala global de las áreas marinas se está centrando 
en fomentar la gestión sostenible de los océanos y la gobernanza (Agardy, 2010, 
Douvere, 2008; Ehler y Douvere, 2009). La definición y el análisis de las condiciones 
actuales y futuras son dos de las fases más importantes en el proceso de ordenación 
del espacio marítimo, incluidas en la metodología de la UNESCO (pasos 5 y 6, Ehler y 
Douvere, 2009). En este sentido, la expansion de las actividades marinas hacia el 
entorno oceánico requerirá, como paso preliminar para la ordenación del espacio 
marítimo y el crecimiento azul, el reconocimiento de áreas prioritarias para los sectores 
emergentes de la economía azul (en este caso, la energía eólica, la energía undimotriz 
y la acuicultura oceánica), así como zonas adecuadas para la coexistencia de usos. Por 
lo tanto, es necesario establecer un conjunto de indicadores específicos que permitan 
la identificación de áreas con condiciones adecuadas para el desarrollo sostenible de 
estas actividades. A este respecto, surgen diferentes preguntas en relación a: las 
escalas de análisis espaciales y temporales apropiadas; la disponibilidad de datos 
homogéneos con resolución espacial y temporal adecuada para una evaluación precisa; 
los factores limitantes y los criterios determinantes que deben considerarse para la 
idoneidad ambiental de actividades muy diversas y singulares y de distintas formas de 
aprovechamiento de recursos marinos; mirando al futuro, las amenazas y oportunidades 
planteadas por los diferentes escenarios de cambio climático. 

Teniendo en cuenta el estado actual del conocimiento sobre los temas más relevantes 
relacionados con el objetivo principal de esta tesis, es posible identificar una serie de 
prioridades que permiten orientar la definición de los objetivos de esta tesis. 
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1.1. Objetivos 

El objetivo general de esta tesis es desarrollar y aplicar metodologías para la 
identificación de zonas potenciales que permitan el desarrollo de los sectores de la 
energía eólica, la energía undimotriz y la acuicultura oceánica, con el objetivo último de 
promover el crecimiento sostenible de estas actividades en el contexto de la ordenación 
del espacio marítimo.  

De forma más detallada, los objetivos específicos de esta tesis se centran en los 
siguientes aspectos (Fig. 1): 

1) Desarrollar y aplicar un sistema integrado para la identificación de zonas 
favorables para la explotación de las energías renovables marinas a diferentes 
escalas geográficas (Capítulos II y IV). 

2) Desarrollar y aplicar un sistema integrado para la identificación de zonas 
potenciales para la explotación de la acuicultura oceánica a diferentes escalas 
geográficas (Capítulos III y IV). 

3) Evaluar las oportunidades de co-localización de las actividades de energía 
renovable marina y de acuicultura oceánica en el marco de la ordenación del 
espacio marítimo (Capítulo IV). 

4) Analizar los posibles efectos del cambio climático en el desarrollo de los sectores 
de la energía renovable marina y la acuicultura oceánica (Capítulo V). 

Fig. 1. Esquema general con los objetivos específicos de la tesis. 
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2. Capítulo II: Potencial de las energías renovables marinas: una 
perspectiva global para la explotación de la energía eólica y 
undimotriz 

En este apartado se incluye una versión adaptada y editada del artículo: Weiss, C.V.C., 
Guanche, R., Ondiviela, B., Castellanos, O.F., Juanes, J. 2018. “Marine renewable 
energy potential: A global perspective for offshore wind and wave exploitation”. Energy 
Conversion and Management, 177:43-54. 

En este trabajo se llevó a cabo una evaluación preliminar de las potencialidades de las 
energías renovables marinas a escala global. Para ello, se desarrolló e implementó una 
metodología para identificar zonas potenciales para la explotación de la energía eólica 
y undimotriz, utilizando series históricas de datos con alta resolución espacial y 
temporal. La metodología propuesta se basó en una aproximación de cinco pasos, 
incluyendo: i) una evaluación de los recursos, con el fin de identificar zonas con 
condiciones favorables para la explotación energética; ii) una evaluación de la 
supervivencia estructural, para identificar zonas idóneas que puedan asegurar la 
integridad y durabilidad de los dispositivos eólico y undimotriz; iii) una evaluación 
logística, para evaluar la posibilidad de llevar a cabo actividades de instalación, 
operación y mantenimiento; iv) una evaluación de la distancia a los centros de consumo, 
para estimar la viabilidad de la transmisión a las principales áreas urbanas; y v) una 
estimación de la energía generada en las zonas potenciales identificadas. 

Los resultados permitieron reconocer zonas potenciales para la implementación de 
actividades de energía eólica y undimotriz a corto y medio plazo, así como las zonas 
más idóneas para la coexistencia de estas actividades. En el caso del sector eólico, las 
zonas identificadas como favorables para la explotación coincidieron con las regiones 
de mayor producción energética oceánica actualmente en operación (e.g. Mar del Norte 
y Báltico, Fig. 2b, c; Estados Unidos y China), y con otras zonas en las que esta actividad 
se encuentra en desarrollo (e.g. Grecia, Japón y Corea del Sur) (Fig. 2a). Además de 
estas zonas, se identificarán nuevas oportunidades para la explotación de la energía 
eólica en la zona económica exclusiva (ZEE) de países como Argentina, Colombia, 
Mauritania, Marruecos y Venezuela (Fig. 2a). 
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a) 

 
                                               b)                                                                                           c) 

 
 

Fig. 2.a) Rango de probabilidad para la explotación de la energía eólica. b) Zoom en el 
Mar del Norte y Mar Báltico con las ubicaciones de los proyectos eólicos clasificados 

como totalmente comisionados, generadores de energía, en construcción, 
construcción autorizada, solicitud de consentimiento presentada o en planificación. c) 

Curva de distribución acumulativa de los valores de probabilidad de las ubicaciones de 
los proyectos eólicos. 

Las zonas con los valores de probabilidad más altos para la explotación del recurso 
undimotriz se localizaron principalmente en el oeste de Sudamérica, en el norte de Chile 
y en Perú (Fig. 3). 
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Fig. 3. Rango de probabilidad para la explotación de la energía undimotriz. 

Además, se estimó la producción de energía en las zonas identificadas, siendo Reino 
Unido y Estados Unidos los países con la mayor producción potencial de energía eólica 
(Fig. 4a). Brasil y Nueva Zelanda fueron los países que presentaron mayor producción 
de energía undimotriz (Fig. 4b). Además, también fueron los países con mayores 
oportunidades para la explotación combinada de estas dos actividades. 

En resumen, el análisis global preliminar presentado en este capítulo ha proporcionado 
una serie de directrices de apoyo al desarrollo de las industrias eólica y undimotriz, 
además de ayudar en la gestión de los espacios marinos. Por otra parte, cabe destacar 
que las metodologías desarrolladas en el presente trabajo pueden ser replicadas para 
otras actividades marinas. 
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a) 

b) 

 

Fig. 4. Estimación de la producción energética a) eólica (barras sólidas: turbinas DTU 
de 10 MW; barras rayadas: turbinas NREL de 5 MW) y b) undimotriz; por países 
(ZEE), en zonas con valores altos de probabilidad para la explotación energética, 

clasificada por el área disponible. 
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3. Capítulo III: Análisis global integrado de las oportunidades para 
la acuicultura oceánica 

En este apartado se incluye una versión adaptada y editada del artículo: Weiss, C.V.C., 
Ondiviela, B., Guanche, R., Castellanos, O.F., Juanes, J. 2018. “A global integrated 
analysis of open sea fish farming opportunities”. Aquaculture, 497:234-245. 

En este capítulo, se desarrolló una aproximación metodológica para identificar las 
oportunidades para el cultivo de siete especies de peces en zonas oceánicas a escala 
global. Para ello, se analizaron: i) la idoneidad biológica, con el fin de identificar zonas 
con condiciones óptimas para el crecimiento de los peces; ii) la idoneidad estructural, 
con el fin de identificar áreas idóneas para la integridad y durabilidad de las jaulas de 
cultivo; y iii) la idoneidad operacional, para evaluar la posibilidad de llevar a cabo 
actividades de operación y de mantenimiento (O&M). 

La integración de estos tres aspectos complementarios, permitió la identificación de las 
zonas más adecuadas para el cultivo de cada especie considerada. En general, se 
reconocieron tres situaciones diferentes. La primera evidencia, que respalda la validez 
de esta metodología, es que las zonas identificadas como potenciales coinciden con las 
regiones de mayor producción acuícola de las distintas especies (e.g. Noruega, Chile y 
el Reino Unido para el salmón del Atlántico; China y Japón para la seriola). Por otra 
parte, se identificaron oportunidades para el desarrollo de este sector en zonas aún no 
explotadas, pero que coinciden con el rango actual de distribución de cada especie (e.g. 
oeste del continente africano para la cobia y al este de América del Sur para el atún 
rojo). Una tercera situación se relaciona con la identificación de zonas potenciales aún 
no explotadas, que se ubican fuera del rango geográfico de distribución de las especies 
(e.g. oeste y este de Sudamérica para la corvina, la dorada y la lubina). La Fig. 5 muestra 
las zonas potenciales para el cultivo de cada especie considerada. América del Sur 
(Pacífico Sur y Océano Atlántico Sur), África (Océano Atlántico Norte), Mar 
Mediterráneo, Mares de Japón y China y Oceanía destacan por presentar condiciones 
óptimas para el cultivo del mayor número de especies (4 y 5 especies piscícolas). 
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Fig. 5. Zonas potenciales para el cultivo de las siete especies evaluadas (áreas en 
naranja: lubina, dorada, atún rojo y corvina; áreas en rojo: las 4 especies anteriores y 

la seriola; áreas en azul y verde: salmón del Atlántico y cobia, respectivamente). 

La consideración conjunta de aspectos relacionados con la estructura de la jaula, las 
actividades de O&M y los condicionantes biológicos de las distintas especies ha 
permitido una visión más amplia y detallada de las perspectivas de desarrollo de este 
sector en el entorno marino, proporcionando directrices para procesos de licencia, 
gestión y planificación. Además, los diferentes escenarios considerados en este trabajo 
para la resistencia de la jaula y para las actividades de O&M tienen por objetivo ayudar 
al sector en la elección del tipo de proyecto (jaula y equipos de O&M) según las 
condiciones ambientales imperantes en cada zona (ver Tablas 3.4 y 3.5, Capitulo III). 
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4. Capítulo IV: Oportunidades de co-localización para 
instalaciones de energías renovables y acuicultura en el 
Archipiélago Canario 

En este apartado se incluye una versión adaptada y editada del artículo: Weiss, C.V.C., 

Ondiviela, B., Guinda, X., del Jesus, F., González, J., Guanche, R., Juanes, J. 2018. 

“Co-location opportunities for renewable energies and aquaculture facilities in the 

Canary Archipelago”. Ocean & Coastal Management, 166: 62-71. 

Este capítulo tiene como objetivo principal evaluar a escala regional el potencial para el 
desarrollo de actividades de energía renovable y acuícola piscícola en zonas oceánicas, 
así como caracterizar las sinergias espaciales para su co-localización. Para ello, se 
desarrolló una metodología en el marco de la ordenación del espacio marítimo y se 
aplicó en las Islas Canarias. La metodología integra varios criterios de selección que 
responden simultáneamente a las necesidades y limitaciones de las actividades 
energéticas y acuícolas. La evaluación se basó en un estudio de la idoneidad 
probabilística y en un análisis de zonificación integrada, considerando: i) el potencial de 
producción de energía eólica y undimotriz; ii) los requerimientos estructurales para 
dispositivos energéticos y jaulas de acuicultura; iii) los requerimientos para actividades 
de O&M; iv) la viabilidad para transportar energía a la red; y v) los requerimientos 
biológicos para ocho especies piscícolas (lubina, dorada, atún rojo, corvina, cherne, 
pargo, mero y seriola). 

Como resultado de dicha aplicación, se han identificado oportunidades para la co-
localización de actividades de energía eólica con energía undimotriz y, principalmente, 
de energía eólica con la acuicultura. Las sinergias espaciales entre la energía eólica y 
la acuicultura se concentraron en el sureste de las islas, mientras que las oportunidades 
para combinar la energía eólica y undimotriz se ubicaron principalmente en una parte 
reducida del frente NE de las islas de Tenerife y Fuerteventura (Fig. 6). 
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Fig. 6. Zonas con condiciones idóneas para la explotación de energía eólica, energía 
undimotriz y acuicultura, así como para la co-localización de estas actividades. 

La herramienta de evaluación propuesta en este capítulo ha permitido zonificar las 
zonas prioritarias para el desarrollo de estas economías marinas en el Archipiélago 
Canario. La metodología desarrollada puede ser replicada en otras áreas de estudio a 
escala regional y para otras actividades marinas. Además, esta contribución apoya la 
ordenación del espacio marítimo en la identificación de soluciones eficientes para el uso 
del océano, facilitando el proceso de toma de decisiones en la explotación del medio 
marino de una manera sostenible. 
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5. Capítulo V: Los efectos del cambio climático sobre los recursos 

de energía renovable marina y las condiciones ambientales 

para la acuicultura oceánica en Europa 

El análisis de los efectos del cambio climático sobre las condiciones meteo-
oceanográficas y ambientales es fundamental para entender cómo orientar la 
planificación del medio marino en relación con los principales sectores que desarrollan 
su actividad en este medio en la actualidad y prevén expandirla a medio-largo plazo. 
Con este objetivo, se desarrolló una metodología para evaluar los posibles impactos del 
cambio climático sobre las posibles modificaciones en la Idoneidad de los 
emplazamientos adecuados para el desarrollo de estas actividades en diferentes 
escenarios temporales. Para ello, se evaluaron los recursos necesarios para el 
desarrollo de la energía eólica y la energía undimotriz y las condiciones ambientales 
óptimas para el cultivo de diferentes especies piscícolas (temperatura y salinidad) en un 
escenario actual (clima de referencia) y un escenario futuro (clima proyectado a final del 
siglo XXI). Para llevar a cabo las proyecciones, se utilizó el método “delta change”, 
utilizando los resultados de los modelos de circulación general (“Representative 
Concentration Pathway 8.5”) de la quinta fase del proyecto “Coupled Model 
Intercomparison”. 

Los resultados obtenidos mostraron que los cambios climáticos observados no tendrán 
un impacto directo en la distribución geográfica de las zonas potenciales para la industria 
de las energías renovables (eólica y undimotriz), es decir, no representan una amenaza 
para la expansión de esta industria a largo plazo (Fig. 7a, b). 
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a) 

 
b) 

 

Fig. 7. Índice de Idoneidad (II) para a) el potencial eólico disponible y b) el flujo de 
energía disponible en el escenario actual y futuro. 

Para el sector de la acuicultura, se observó un posible cambio importante en las 
condiciones ambientales para el cultivo de peces (Fig. 8), aspecto que debería. tenerse 
en cuenta en la planificación estratégica de este sector, con el fin de reducir las 
amenazas en áreas con actividades actualmente en explotación y maximizar las 
oportunidades generadas por el cambio climático. 

Por lo tanto, la evaluación de las zonas potenciales para la explotación de los recursos 
de las energías renovables y la acuicultura en un contexto de cambio climático posibilita 
mejorar la toma de decisiones y ayudar en la gestión a largo plazo de las economías 
marinas. 
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Fig. 8. Índice de Idoneidad (II) para a) la corvina, la dorada y el atún rojo; b) la lubina; 
c) el salmón del Atlántico y; d) la seriola, en los escenarios actual (izda) y futuro 

(dcha). 
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6. Capítulo VI: Conclusiones 

A partir de los resultados se han obtenido las siguientes conclusiones: 

Potencial de las energías renovables marinas: una perspectiva global para la 
explotación de la energía eólica y undimotriz 

• A escala global, el análisis del potencial de producción de energía renovable 
eólica y undimotriz identificó zonas favorables para la expansión de estos 
sectores en áreas oceánicas aún no explotadas (e.g. Argentina, Chile, Colombia, 
Mauritania, Marruecos, Perú y Venezuela). 

• Entre las zonas potenciales identificadas, las costas de Reino Unido, Estados 
Unidos, Suecia y Argentina fueron las que presentaron una mayor capacidad de 
producción estimada de energía eólica. 

• Por otra parte, las áreas marinas de Brasil y Nueva Zelanda presentaron la mayor 
capacidad de producción estimada de energía undimotriz. Estos mismos países 
también presentaron el mayor potencial para la producción combinada con 
energía eólica, en sus respectivas zonas económicas exclusivas. 

• La resistencia estructural de los dispositivos de energía eólica y undimotriz en 
áreas oceánicas fue el aspecto más limitante en la determinación de las zonas 
marinas con mayor potencial de dichos recursos. La distancia a las áreas 
urbanas y los puertos también fueron factores limitantes para la transmisión de 
energía y para las actividades de operación y mantenimiento. 

• La integración de criterios específicos sobre disponibilidad de recursos, 
resistencia estructural, actividades logísticas y aspectos del transporte de la 
energía generada permitieron obtener una visión integral de las oportunidades 
de desarrollo a corto plazo para estas actividades; no obstante, cabe destacar 
que la información derivada de cada uno de los criterios utilizados puede ser 
utilizado como una herramienta de evaluación independiente. 
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Análisis global integrado de las oportunidades para la acuicultura oceánica  

• El análisis global integrado sobre la potencialidad de desarrollo de la acuicultura 
oceánica, considerando aspectos biológicos, estructurales y operacionales, 
mostró la existencia de áreas prioritarias para el cultivo de diferentes especies, 
localizadas tanto en áreas ya explotadas como en otras aún sin explotar. 

• Las zonas a lo largo de las costas de Brasil, Perú, Ecuador, China, Japón, 
Australia, Marruecos, Mauritania y el Mar Mediterráneo presentaron condiciones 
adecuadas para el cultivo de un mayor número de especies comerciales, entre 
las que figuran la lubina, la dorada, el atún rojo, la corvina y la seriola. 

• La consideración de los aspectos relacionados con la estructura de la jaula y las 
actividades de operación y mantenimiento permitió una visión más amplia y 
detallada de las perspectivas de desarrollo de este sector en el entorno marino, 
mostrando cómo la idoneidad estructural es un factor limitante para el desarrollo 
de esta actividad. 

Oportunidades de co-localización para instalaciones de energías renovables y 
acuicultura en el Archipiélago Canario 

• La metodología de evaluación de las oportunidades de co-localización de 
actividades energéticas y acuícolas a escala regional permitió zonificar áreas 
prioritarias para la explotación de las actividades de energía eólica, energía 
undimotriz y acuicultura en el Archipiélago Canario, tanto de forma independiente 
como combinada. La identificación de sinergias espaciales entre estas 
actividades permitió conocer las posibles zonas de ubicación conjunta, aspecto 
que permitiría reducir los conflictos potenciales y optimizar el uso del espacio 
marino. 

• Se identificaron oportunidades para la ubicación conjunta de actividades de 
energía eólica con undimotriz y, sobre todo, de energía eólica y acuicultura. Las 
sinergias espaciales entre estas últimas se concentraron en la parte sureste de 
las islas estudiadas, mientras que las oportunidades para combinar diferentes 
explotaciones de energías renovables se ubicaron principalmente en la zona NE 
de las islas de Tenerife y Fuerteventura. 
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• La metodología desarrollada representa una herramienta aplicable a la toma de 
decisiones sobre ordenación del espacio marítimo, facilitando la identificación de 
soluciones eficientes para la explotación sostenible de los recursos disponibles. 

Los efectos del cambio climático sobre los recursos de energía renovable marina 
y las condiciones ambientales para la acuicultura oceánica en Europa 

• Las proyecciones de cambio climático a largo plazo han permitido evaluar las 
tendencias en la capacidad de desarrollo de las actividades comerciales 
relacionadas con las energías renovables marinas y la acuicultura. Además, se 
han identificado oportunidades y amenazas para los sectores de la energía 
eólica, la energía undimotriz y la acuicultura oceánica en los mares regionales 
europeos. 

• Las proyecciones climáticas realizadas, utilizando el escenario “Representation 
Concentration Pathway 8.5”, mostraron una gran estabilidad en los recursos de 
viento y de olas entre el clima de referencia y el proyectado. Por lo tanto, el 
cambio climático no parece que comprometa la disponibilidad de estos recursos 
energéticos, manteniendo las mismas áreas favorables y, por lo tanto, 
representando una oportunidad para la expansión e implementación de estos 
sectores. 

• En el caso del sector de la acuicultura, los resultados de la proyección realizada 
prevén un cambio importante en las condiciones ambientales que pueden 
condicionar el futuro desarrollo del cultivo de algunas especies piscícolas. En 
consecuencia, se deberían considerar medidas de planificación estratégica para 
reducir las condiciones desfavorables de áreas con actividades actualmente en 
operación y maximizar las oportunidades para expansión de este sector 
generadas por el cambio climático. 

• El método “delta change” permitió una visión holística de la disponibilidad de 
recursos de energía renovable marina y condiciones ambientales favorables 
para el cultivo de seis especies de peces marinos en el área de estudio. 
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SUMMARY 

Marine and coastal zones are currently under pressure due to an increasing demand for 
areas to develop different activities. This is the case of the renewable energy and 
aquaculture sectors, which are expanding offshore as a consequence of both energy 
and food demands for a growing world population and the possible surpassing of the 
carrying capacity of coastal and land-based systems. Therefore, the short to long-term 
progression of these marine sectors will require the adoption of integrated planning and 
management approaches, where competitive and synergistic interactions with the socio-
ecological environment must be analyzed on an appropriate scale. However, marine 
renewable energy and offshore aquaculture sectors rely greatly on met-ocean and 
environmental conditions. Thus, the effects of climate change must be considered in the 
planning process of these activities. In this context, the general objective of this thesis 
was to develop and apply methodologies to recognize potential zones for the 
development of marine wind and wave energy production and offshore aquaculture, with 
the ultimate goal of promoting the sustainable development of these activities in the 
context of a marine spatial planning strategy. 

The major goal was developed through four different specific objectives: i) global 
assessment of renewable energy potential; ii) global assessment of opportunities for 
offshore aquaculture; iii) regional assessment of the co-location opportunities for 
renewable energy and aquaculture activities; iv) gegional assessment of the possible 
effects of climate change on the renewable energy and aquaculture sectors. First, a 
global assessment of the potentialities and opportunities for the development of offshore 
marine renewable energy and aquaculture sectors was carried out. For this purpose, 
methodological approaches were developed and applied to identify potential zones for 
the exploitation of wind and wave energy and for the farming of marine fish species. For 
the first specific objective, a comprehensive analysis of the global potential of offshore 
resources was carried out considering the availability of energy resources, the structural 
survivability of energy conversion devices, logistics activities, and distances from 
consumer centers. The results allowed to recognize potential zones for the 
implementation of wind and wave energy activities in the short and mid-term, as well as 
zones for the combined exploitation of these activities. Regarding the wind energy sector, 
the zones identified as favorable for exploitation coincided with the offshore areas with 
the highest energy production in operation (e.g. the North Sea, the United States and 
China) and areas still under development (e.g. Greece, Japan and South Korea). On the 
other hand, zones that have not yet been exploited were also identified, opening 
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opportunities for the wind and wave energy sector to grow, such as in the exclusive 
economic zone (EEZ) of Argentina, Chile, Colombia, Morocco and Peru. 

For aquaculture, the global assessment was based on the analysis of the biological 
conditions for the farming of seven fish species, met-ocean conditions to house offshore 
cages, and suitable conditions for operation and maintenance (O&M) activities (specific 
objective No. 2). Opportunities for the development of this industry were identified in 
unexploited zones, such as farming of meagre, gilthead seabream and European 
seabass to the west and east of South America. The potential zones identified also 
coincided with regions of remarkable aquaculture production for these species (e.g. 
Norway, Chile and the United Kingdom for the Atlantic salmon). The main potential zones 
identified for fish farming were concentrated in South America (South Pacific and South 
Atlantic oceans), Africa (Northern Atlantic Ocean), the Mediterranean, Japanese and 
Chinese seas, and Oceania. 

After the identification of potential zones for the exploitation of marine renewable 
energies and offshore aquaculture on a global scale, a more detailed study at a regional 
scale was carried out. This investigation sought to assess the offshore potential to 
develop these industries and to characterize the spatial synergies for the co-location of 
these three activities (specific objective No. 3). A multi-criteria approach based on 
independent probabilistic suitability and mapping analysis was applied to a case study in 
the Canary Archipelago for: i) wind and wave energy production potential; ii) structural 
requirements for energy devices and aquaculture cages; iii) limits for O&M activities; iv) 
feasibility to transport energy to the grid; and v) biological requirements for eight species 
of fish. Opportunities for the co-location of wind and aquaculture farms were identified in 
the southeastern portion of the islands, while opportunities for combining wind and wave 
energy were found mainly in the islands of Tenerife and Fuerteventura. 

Finally, to analyze the possible effects of climate change on these marine economies in 
Europe, the distribution of favorable conditions for the exploitation of wind energy, wave 
energy and aquaculture were analyzed considering two scenarios (specific objective No. 
4). Wind and wave energy resources and environmental conditions for fish farming were 
evaluated based on a current scenario (reference climate) and another scenario towards 
the end of the 21st century (projected climate). The delta change method was considered 
for projections, using the General Circulation Models outputs (Representative 
Concentration Pathway 8.5) from the fifth phase of the Coupled Model Intercomparison 
Project. 
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The results obtained showed that the observed climate changes will not have direct 
impacts on the geographical distribution of the potential zones for the energy industry 
(both wind and wave energy), that is, they do not seem to pose a real threat to this 
industry. For the aquaculture sector, a considerable change in environmental conditions 
was projected, requiring adaptation of this sector in relation to the geographical location 
of fish farms. Thus, strategic planning should be considered to reduce unfavorable 
conditions to areas with activities in operation and to maximize the opportunities 
generated by climate change. 

Therefore, the global analysis for marine renewable energy and offshore aquaculture 
provides guidelines to assist the development of these sectors, supporting the 
management of marine spaces. The identification of spatial synergies between these 
activities reflects the opportunities of combining different uses to promote a sustainable 
growth of the blue economy, reducing potential conflicts and optimizing the use of marine 
space. In addition, the assessment of potential zones for these activities, considering the 
possible effects of climate change, represents a useful stepping-stone for improving 
decision-making and assisting in the management of marine economies. 

In summary, the results of this thesis provide information and tools to assist in the 
integrated management and strategic planning of offshore wind energy, wave energy 
and aquaculture sectors, supporting specific strategies to optimize the use of space for 
sustainable exploitation of the marine environment, adaptive management in the face of 
climate change, and fostering the coexistence of uses to avoid conflicts and highlight 
synergies between these activities. Consequently, the contribution of this thesis is 
directly linked to the development of these emerging marine economies from a Blue 
Growth perspective.  
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Chapter I. Introduction 

1.1. Background 

Marine and coastal spaces are currently under pressure due to increasing demand for 
areas to develop traditional activities (e.g. energy production, fossil fuels, maritime 
transport, fisheries, tourism aquaculture, etc.), migration of land-based and coastal 
activities to the offshore environment, and the establishment of new activities. This is a 
consequence of mainly four factors (European Commission, 2012; European 
Commission, 2017): 

• The political and economic globalization of marine economies. 

• The technological progress of offshore activities. 

• The lack of space in land-based environments. 

• The search for alternative oceanic renewable energy sources to reduce 
greenhouse gas emissions. 

These factors, associated with the need to increase resource efficiency and reduce the 
environmental footprint of the blue economy (i.e. marine economies), have been the 
driving forces to formulate public policies on sustainable development of the marine 
space at international, national and regional levels. For instance, the European 
Commission's Blue Growth strategy supports the growth of the blue economy 
comprehensively through basic guidelines regarding three components: i) development 
of sectors with high potential for jobs and economic growth; ii) generation of knowledge, 
legal certainty and security; and iii) implementation of regional and local plans to ensure 
specific measures and foster intercountry cooperation (European Commission, 2017). 

Renewable energies and aquaculture are emergent activities within the context of Blue 
Growth and have been increasingly enabled to operate in hostile environments (Bahaj, 
2011; Benetti et al., 2010), justifying their strategic position (European Commission, 
2014b; European Commission, 2017a). The expansion of both sectors is a response to 
the demands for energy and food from a growing world population and to a possible 
surpassing of the carrying capacity of coastal and terrestrial systems. Therefore, short 
to long-term progression of these marine economies in the offshore environment will 
require the adoption of integrated approaches for planning and management. Thus, 
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competitive and synergistic interactions with the socio-ecological environment must be 
analyzed at an appropriate scale. 

1.1.1. Marine renewable energies as an emerging sector 

There is an increasing tendency to search for clean methods to generate energy. Marine 
renewable energy, which includes both offshore wind and wave energy, represents an 
opportunity to enhance the security of energy supply in a sustainable manner (Sasaki, 
2017). In addition, the development of these sectors helps mitigate the world's reliance 
on fossil fuels, consequently contributing to long-term goals for reducing gas emissions 
worldwide (Tietjen et al., 2016). 

Renewable energy resources are part of a large and diversified world energy mix, 
representing 19.2% of global consumption in 2014 (Azzellino et al., 2013; REN21, 2016). 
Throughout the 21st century, the contribution of marine renewable energies to this global 
energy mix has increased significantly, mainly with offshore wind energy (Fig. 1.1). For 
example, the European Union has become a global pioneer in applying state-of-the-art 
renewable energy technologies, introducing a mandatory 20% share of total energy 
consumption for renewables by the year 2020 (Astariz and Iglesias, 2016b). 

 

Fig. 1.1. World marine renewable energy contribution (electricity generation) per year. 

Color codes: Blue: Tide, wave and ocean current; Orange: Offshore wind. Adapted 

from: IRENA, 2018. 
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The electricity generated from marine renewable resources (tide, wave, ocean current 
and offshore wind) reached 42,619 GWh in 2016, with a total installed capacity of 19,252 
MW. Offshore wind was the main contributor, with 41,596 GWh generated and 18,726 
MW installed (IRENA, 2018). Interest in offshore zones has grown rapidly due to onshore 
limitations and better quality wind resource in marine zones farther from the coast (Zheng 
et al., 2016; Zheng et al., 2018). Offshore wind energy is one of the most promising and 
economically viable technologies for clean energy generation and is the most advanced 
form of marine renewable energy regarding technology development, policy frameworks 
and installed capacity (Dhanju et al., 2016). 

Although wind power dominates the current scenario in the marine environment, the 
exploitation of wave energy is promising due to high resource availability and enormous 
potential for electricity production (Al-Habaibeh et al., 2010; Lenee-Bluhm et al., 2011). 
Wave energy is more concentrated and continuous compared with wind energy, 
presenting good predictability (Drew et al., 2009; Veigas and Iglesias, 2013). In addition, 
the exploitation of wave energy presents low environmental impact and, thus, great 
social acceptance (Christensen et al., 2015). Despite its immature stage, with 
technological improvements and the support of public policies, the wave energy sector 
could develop in the mid to long-term on a similar scale to offshore wind power 
(Christensen et al., 2015). 

1.1.2. Offshore aquaculture as an emerging sector 

Seafood protein is an essential nutritional component in many countries, especially 
where total levels of protein intake are low (Guillen et al., 2018). In 2013, fish accounted 
for about 17% of the world's animal protein intake and about 7% of all protein consumed. 
Moreover, fish provided more than 3.1 billion people with almost 20% of their average 
per capita intake of animal protein (average 2011-2013; FAO, 2016a). Annual global fish 
consumption per capita is estimated to have doubled over the past 54 years from about 
10 kg in 1960 to over 20 kg in 2014 (FAO, 2016a). Therefore, capture fisheries and the 
aquaculture sector contribute to food security as a source of protein, micronutrients and 
essential fatty acids (Godfray et al. 2010; Kawarazuka and Béné, 2010; Smith et al. 
2010). 

The globalization of this food sector makes it possible to access seafood from around 
the world in almost all developed countries (Asche et al., 2015; Gephart and Pace, 2015; 
Watson et al., 2017). The commercialization of seafood products has grown 
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internationally also mainly due to the globalization of this sector, as well as the 
geographical discrepancy between supply (with Asia as the main producer) and demand 
(mainly Europe, North America and Asia) (Guillen et al., 2018). Half of all seafood 
production comes from aquaculture (European Commission, 2017), with world 
production volume expanding at a rate of 6% per year in the 21st century, whereas 
annual growth in the 1990s was 10% (Fig. 1.2; FAO, 2016a). 

 

 

Fig. 1.2. World aquaculture production (volume) of aquatic animals and plants per 
year. Color codes: Blue: Finfish; Orange: Mollusks; Black: Crustaceans; Red: Other 

aquatic animals; White: Aquatic plants. Adapted from: FAO, 2016a. 

Production in the aquaculture sector is expected to continuously increase in the short 
and mid-term, since the current overexploitation of fishery resources means that trade 
based on capture is becoming less sustainable. The growth of the aquaculture sector 
relieves pressure on fishery resources and is, therefore, expected to be the main source 
of aquatic animal food in the next few years (Ottinger et al., 2016). Expansion of land-
based and coastal aquaculture faces constraints due to increasing lack of suitable 
spaces, reliance on high quality water supply and, especially in the coastal zone, spatial 
conflicts between different uses (European Commission, 2016; FAO, 2010; Kaiser et al., 
2011). This situation has encouraged intense searches for new opportunities in the open 
sea (Gentry et al., 2017). Furthermore, recent technological advances in offshore cages 
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allow the development of aquaculture operations in these zones (Benetti et al., 2010), 
with offshore farming currently representing a real alternative to fishing and coastal 
aquaculture. 

The wide ocean potential for food production represents an opportunity to expand and 
establish the offshore aquaculture industry. The offshore environment has several 
advantages over traditional farming methods, including fewer conflicts of use from a 
spatial perspective (Froehlich et al., 2017). The salmon industry is a successful example 
of shifting from coastal waters to the offshore environment in Chile (European 
Commission, 2012). Meanwhile, in Europe, member states must take advantage of the 
opportunity offered by Directive 2014/89/EU on marine spatial planning (MSP) to plan 
the future of this and other sectors from an integrated perspective by identifying 
limitations and synergies, thereby optimizing the use of the marine space (European 
Commission, 2016). 

1.1.3. Planning for coastal and ocean development 

Planning is a key component for the strategic development of the marine renewable 
energy and offshore aquaculture sectors, optimizing the use of space and managing and 
mitigating environmental impacts resulting from marine activities. Evidence of reducing 
conflicts, encouraging investment, increasing cross-border cooperation and, 
simultaneously, protecting the environment strengthens the application of Integrated 
Maritime Policy principles, through diverse MSP management tools currently 
implemented worldwide (Ehler and Douvere, 2009; Santos et al., 2018). In Europe, the 
2014/89/EU MSP Directive together with the Marine Strategy Framework Directive 
(MSFD), which introduces an ecosystem-based approach, form a foundation for 
sustainable development in the EU's seas and oceans (European Union, 2014; 
European Union, 2008). This ensures that the collective pressure of human activities on 
the environment remains within levels that are compatible with achievement of good 
environmental status by 2020 (European Union, 2008). 

In this context, the increasing and often conflicting use of marine resources has driven 
the search for technological solutions for the co-location of different activities (Griffin et 
al., 2015). For this reason and given the trend of massive development towards the open 
ocean, multipurpose and hybrid platforms can be an alternative for the sustainable 
development of marine economies (Christensen et al., 2015). This is the case of the 
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marine renewable energies and offshore aquaculture sectors, which are completely 
different in nature. The most striking differences between these industries regard: 

• The costs, which are 80% CAPEX (capital expenditure) and 20% operational for 
the marine renewable energy sector, while operating costs in the offshore 
aquaculture sector range from 70 to 80% of the total costs of the project. 

• The area occupied, with fish farms covering considerably smaller areas than wind 
farms. 

• The operational activities, which involve mainly feeding for the aquaculture sector 
and planned preventive maintenance or maintenance due to occasional damages 
in the marine energy sector (Christensen et al., 2015). 

Despite the differences and divergences of interests between these sectors, spatial 
synergies regarding the use of the same area include sharing costs and staff for 
operation and maintenance (O&M) activities, transportation, housing, sharing forecasting 
and alerting systems, installation, structural technologies and similarities regarding use 
constraints (Benassai et al., 2014; Christensen et al., 2015). Therefore, the coexistence 
of different activities represents an opportunity to optimize the use of space and reduce 
conflicts between uses (Gutiérrez et al., 2012). 

Despite consensuses among potential synergies between marine renewables (mainly 
wind energy) and aquaculture in offshore areas, investments remain scarce (European 
Commission, 2017). The main challenges for the combination of energy and food 
production are related to inter-industry cooperation, formulation of public policies that 
foster and facilitate investments in co-location of uses, technological solutions for 
offshore structures and strategic planning to identify opportunities for the coexistence of 
activities (Christensen et al., 2015). 

The combined exploitation of wind and wave resources share more synergies due to 
similarities between the platforms used (large infrastructures). Moreover, economic 
benefits of the coexistence of these uses are observed whether applying hybrid or 
multipurpose platforms, or even with co-location systems where wave energy converters 
(WEC) play a “protection” role for wind turbines (increase the access time to the site, 
Astariz et al., 2015b). Furthermore, these types of energy may be complementary to 
each other since the highs and lows in energy production of the two sources do not 
always coincide in time. Thus, the combination of both activities helps to reduce short-
term variability of energy production (Christensen et al., 2015). 
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Therefore, MSP should aspire to combine the dimensions of different uses to allow 
integrated and strategic management of marine activities. In general, planning must 
culminate in a comprehensive process, in which the different uses of the maritime space 
are identified considering the possibilities for coexistence of uses, in current and future 
scenarios (European Union, 2014). 

1.1.4. Climate change and marine economies 

The development of both the marine renewable energy and the offshore aquaculture 
sectors depends entirely on met-ocean and environmental conditions. Thus, possible 
climate change effects should be considered in the planning process of these activities. 
The effects of a warmer climate induced by greenhouse gas emissions indicate 
significant alterations in future climate patterns, with direct impacts on the environment 
(IPCC, 2014a). Factors related to climate change, such as ocean warming, extreme 
weather events, and rising sea level, will alter current ocean conditions, leading to a 
redistribution of marine ecosystem goods and services (Pörtner et al., 2014). Thus, 
marine uses that depend on these services will undergo changes, experiencing either 
decreases or increases and possible reallocation of operation sites, with potential for 
new conflicts of use and greater accumulated environmental impacts (Santos et al., 
2018). These alterations are some of the possible climate change effects that could 
compromise energy and seafood production (Kamranzad et al., 2015; Ottinger et al., 
2016; Pryor and Barthelmie, 2010). 

The development of the renewable energy and aquaculture sectors from a Blue Growth 
perspective is susceptible to climate change. Therefore, there is a clear need to assess 
potential opportunities and threats to the development of these marine economies taking 
into account the effects of climate change. The incorporation of climate change into MSP 
will allow for better preparedness, better response capacity and lower vulnerability of 
marine activities. 

Strategic planning is fundamental to ensure that the activities involved in marine 
renewable energies and offshore aquaculture are developed in the most suitable areas 
and that these sectors can coexist between each other and among other uses. In short, 
a collaborative approach at different spatial and temporal scales is necessary for these 
activities from an MSP perspective to achieve methodologies that can assist in short and 
long-term sustainable development of marine economies and optimization of maritime 
space. 
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1.2. State of knowledge 

Planning for marine areas is being developed worldwide to foster the sustainable 
management and governance of the oceans (Agardy, 2010; Douvere, 2008; Ehler and 
Douvere, 2009). Defining and analyzing current and future conditions are two of the most 
important phases in the MSP process, both of which are included in the UNESCO 
methodology (Steps 5 and 6; Ehler and Douvere, 2009). In this regard, the constant 
development of marine activities towards the offshore environment will require, as a 
preliminary step for MSP and Blue Growth, the recognition of priority areas for emerging 
blue economy sectors (in this case, wind and wave energy and offshore aquaculture), 
as well as suitable zones for the coexistence of uses. Thus, a set of relevant, informative 
and oriented indicators must be established to identify areas with suitable conditions for 
the sustainable development of these activities. Many questions arise regarding 
appropriate spatial or temporal scales of analysis, availability of homogeneous data with 
adequate spatial and temporal resolution for accurate evaluations, limiting factors and 
determining criteria to be considered to assess environmental suitability of very diverse 
and singular activities, forms of resource exploitation in the marine environment, or 
threats and opportunities posed by different climate change scenarios. 

A review related to some of these topics is presented in the following sections. 

1.2.1 A global perspective for the marine renewable energy sector 

Global marine energy resources available exceed current and projected energy needs 
(European Commission, 2014b). Several studies have addressed global wind (e.g. 
Zheng et al., 2018) and wave (e.g. Reguero et al., 2015) power resources. Sasaki (2017) 
assessed the predictability of available global offshore wind and wave power. In 
response to the enormous potential of marine renewable energy, in recent years different 
energy conversion devices have been designed and reached experimental and 
commercial stages. After a long journey in the development of onshore wind turbines 
and later offshore platforms, this sector can now be considered mature. Current 
reference turbines for offshore system development are NREL-5MW (Jonkman et al., 
2009) and DTU-10MW (Bak et al., 2013). The exploitation of wind resource is carried out 
through either fixed or floating devices (Fig. 1.3), monopoles and gravity foundations in 
shallow water (≤ 30 m), tripods, jackets and truss-type towers in transitional depths (30 
m to 60 m), and floating structures in deep waters (≥ 60 m). 
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                         a)                                                                    b) 

 

Fig. 1.3. Offshore wind turbine foundation designs: a) Near-term concepts and b) 
floating offshore turbine concepts (Edenhofer et al., 2012). 

Unlike the wind sector, there is a wide variety of WEC with different technologies in 
development. This disparity within the sector regarding operating devices has led to 
different classifications for converters, which can be based on location, working principle 
and size ("point absorbers" versus "large" absorbers) (Falcão, 2010). Considering 
location, the wave energy sector has focused on exploring this resource by developing 
floating offshore, fixed offshore, fixed nearshore and land-based devices (Babarit et al., 
2012; Quirapas et al., 2015). However, the most accepted classification is proposed by 
Falcão (2010), based mainly on working principle (Fig. 1.4). Wave energy harvesting is 
at a relatively immature stage, and although many WEC have been developed, a 
dominant technology has not yet emerged (de Andres et al., 2015a). 
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Fig. 1.4. Classification proposed by Falcão (2010) based on three main types of 

converters: Oscillating water columns, oscillating bodies and overtopping converters. 

The examples of WEC in the figure have either reached the prototype stage or have 

been the subject of extensive development effort. 

The identification of suitable zones for these activities is directly related to the parameters 
of the energy conversion devices, either to identify locations with suitable conditions for 
the exploitation of the resource or for the survival of the structure. However, the major 
challenges for the development of these sectors in the offshore environment are related 
to O&M activities under adverse weather conditions, the supply chain and grid 
connection (European Commission, 2014). O&M activities will depend on the location of 
the offshore farm (i.e. met-ocean conditions to reach such location) and the type of 
vessel technology used. In this regard, researchers have studied the accessibility of sites 
for O&M activities for wave (e.g. Guanche et al., 2015) and wind farms (e.g. Martini et 
al., 2015) and co-located wind-wave farms (e.g. Astariz et al., 2015a). In the case of the 
grid connection, the transport of energy to consumer centers is not considered in most 
assessments of potential zones for the exploitation of these activities. 

The availability of a good energy resource is paramount when choosing the best location 
for renewable energy farms. However, aspects related to structural and logistical 
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conditions, energy estimation, and energy transport are indispensable to the feasibility 
of an offshore enterprise. Most studies, mainly large-scale analyses, only consider the 
availability of energy resources, ignoring the meteorological and climatological events 
that may prevent the implementation of these activities (i.e. damage to platforms or 
precluding O&M activities). Moreover, in most cases, the database used has a short-
term time series and limited spatial resolution. However, to date, no approach has 
comprehensively investigated energetic, structural, and logistical aspects in an 
integrated analysis for site selection of wind and wave farms. Consequently, a holistic 
view of the global potential for wind and wave exploitation is required for short and mid-
term planning of marine energy development. Therefore, to meet the needs and to point 
out the potential of these offshore industries, strategic planning is essential for the 
sustainable development of wind and wave energy activities. 

1.2.2 A global perspective for the offshore aquaculture sector 

The main challenges for the expansion of the aquaculture sector in the marine 
environment regard establishing the industry and the location of aquaculture farms 
(Angel and Freeman, 2009; Byron et al., 2011; Soto et al., 2008). Geographic Information 
System (GIS)-based suitability models are frequently used to identify areas for 
aquaculture facilities (Stelzenmüller et al., 2017), taking advantage of multi-criteria 
evaluation (MCE) methods. The literature provides several studies, at a regional scale, 
based on MCE to recognize suitable zones for fish farming in specific coastal regions, 
most of them focused on species growth. For instance, Dapueto et al. (2015) and Pérez 
et al. (2005) evaluated the suitability of offshores zones for placing fish cages to farm 
seabream (Sparus aurata) and seabass (Dicentrarchus labrax) based on criteria 
regarding water quality, legal constraints, and social and economic factors. Aspects 
related to infrastructure and O&M activities were addressed through a constraint mask 
and submodels of relative importance by stakeholder weight assignment, considering 
significant wave height (𝐻𝐻𝐻𝐻) and criteria related to bathymetry. 

However, studies at larger scales remain less frequent (Stelzenmüller et al., 2017) and 
face a barrier due to the availability of appropriate and homogeneous long-term data 
series regarding both temporal and spatial resolution (Fisher and Rahel, 2004). 
Consequently, few contributions have been implemented at a global scale. Kapetsky et 
al. (2013) analyzed in a technical paper the status and potential of offshore aquaculture 
development of all maritime nations, considering cobia, Atlantic salmon and blue mussel. 
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Based on sea surface temperature and some constraint criteria, and according to their 
technical (using depth and current velocities) and economic features, feasibility potential 
zones were identified and compared with current aquaculture production by country. 
More recently, Gentry et al. (2017) evaluated the general potential for the growth of 180 
species (120 fish and 60 bivalves) across locations, based on biological (according to 
annual maximum and minimum temperatures over 30 years and the growth performance 
index, GPI), common environmental and human-use constraint factors. However, in 
most studies, long-term data series are not considered. Furthermore, although the 
integration of aspects regarding cage resistance and O&M activities with biological 
factors are essential to identify development opportunities for the open sea aquaculture 
industry, they are not widely recognized. 

It is clear that offshore farming cages are exposed to severe met-ocean conditions. They 
are also more susceptible to invasive species and, at the same time, greater distances 
to the shoreline require more complex logistic chains and O&M systems (COWI and 
Ernst&Young, 2013). To overcome such limitations, current investments in technological 
development of offshore cages have been carried out by private and public industries to 
meet these needs. 

Traditionally, fish farming in nearshore and sheltered regions uses conventional 
structures with a rectangular steel support for net cages and surrounding walkways that 
serve as a platform for O&M activities (COWI and Ernst&Young, 2013). For offshore 
exploitation, both cage and farm sizes were increased. For example, in Norway, the 
average size of a cage for salmon farming increased from 75 m³ to over 85,000 m³ in 32 
years (Christensen et al., 2015). Among the wide range of developing technologies, 
farming cages for offshore environments are generally classified as either floating or 
submersible. Floating cages are larger in size and enable intensive production. They 
facilitate O&M activities, have automated fish feeders, and permit direct visual contact 
with the fish. Circular or polygonal surface structures suspend a type of retention 
enclosure for fish in the form of a net, such as the open ocean floating device proposed 
by Guanche et al. (2017) (Fig. 1.5). 
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Fig. 1.5. 3D perspective of the device proposed by Guanche et al. (2017). 

Submersible cages are generally smaller in volume and less subject to the turbulent and 
unstable conditions of the ocean surface. Various forms of devices have either been fully 
developed or are at an experimental phase, such as the Aquapod cage (Innovasea, 
2018), developed for aquaculture in the open ocean. The Aquapod is constructed of 
individual triangular grid panels attached together in the form of a spheroid (Fig. 1.6). 

 

 

Fig. 1.6. Aquapod A3600 in Puerto Rico (Innovasea, 2018). 

 



 
Chapter I Introduction 

 

44 
 

However, design concepts for offshore fish cages are still in their early stage, with a race 
towards an optimum cage design for the offshore environment. Despite technological 
developments in the aquaculture sector and the growing interest in offshore areas, 
exploitation in this environment is still at an immature stage. 

Therefore, a holistic view is needed on the global potential and opportunities to farm 
commercial and promising fish species worldwide for mid-term maritime planning of 
aquaculture developments. Coordinated spatial planning, ensuring adequate distribution 
of aquaculture activities and that responds to sector needs, will assist in the sustainable 
development of this marine economy. In addition, the lack of space, which is considered 
a limiting factor for the expansion of this activity, will be overcome with the identification 
of suitable areas that have not yet been exploited, taking into account biological, 
structural and logistic aspects. 

1.2.3 The coexistence of uses in the planning of coastal and ocean development 

The growth of marine economies has stimulated the development of approaches at a 
regional scale to identify areas with optimal conditions for the exploitation of marine 
renewable energies and aquaculture. Most site selection studies for these activities use 
multi-criteria evaluations in a GIS environment. The adoption of GIS or other mapping 
systems and planning techniques can support a more strategic vision for the sustainable 
development of marine energy and offshore aquaculture industries. Studies have already 
been conducted regarding site selection approaches for wind (e.g. Kim et al., 2016, for 
offshore wind farms in South Korea) and wave exploitation (e.g. Flocard et al., 2016, for 
wave energy projects in the southeastern coast of Australia). Moreover, suitability 
assessments of marine conditions for farming different species have also been carried 
out, such as for fish farming (e.g. Dapueto et al., 2015) and for marine shellfish farming 
(e.g. Longdill et al., 2008; Radiarta et al., 2008). 

The search for technological solutions for the sustainable development of marine 
economies has promoted studies regarding co-location of different activities. This is the 
case of the renewable marine energy and offshore aquaculture sectors, which have 
potential synergies for combined exploitation. Multipurpose concepts combining 
aquaculture with wind energy have been proposed by Buck et al. (2017) (Fig. 1.7a). 
Hybrid platforms have been developed for the combined exploitation of offshore wind 
and wave energy, such as the W2Power hybrid system (Fig. 1.7b). Multipurpose 
platforms projects are also under development, such as the FP7 funded TROPOS 
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project, which proposes different approaches to combine energy, aquaculture, related 
maritime transport and other additional services (Shiau-Yun et al., 2014, Fig. 1.7c). 

Thus, approaches have been developed to identify areas with optimal conditions for the 
combined exploitation of these sectors. For instance, Vasileiou et al. (2017) addressed 
site selection for a hybrid offshore wind and wave energy system based on the Analytic 
Hierarchy Process (AHP) method. Moreover, Benessai et al. (2014) developed a 
sustainability index of co-location potential for wind energy and aquaculture, based on 
Parameter Specific Sustainability Functions (PSSF) to convert raw climatological data 
(monthly averages) into standardized sustainability scores. However, the literature does 
not offer detailed studies that analyze the potential combinations between wind energy, 
wave energy and aquaculture activities for joint exploitation. Co-location approaches of 
wave, wind and aquaculture activities addressing resource potential, species 
requirements, structural resistance, O&M activities and feasibility for energy transport 
are not available. Studies that address coexistence of uses are strictly based on either 
structural engineering or the investigation of operating potential of some activity (e.g. 
Astariz and Iglesias, 2016a; Benassai et al., 2014; Vasileiou et al., 2017; Zanuttigh et al., 
2016). This clearly shows the importance of evaluating interactions among these uses 
from an integrated management perspective. In addition, suitability assessments do not 
consider the probability of co-location (percentage of time under optimum conditions), 
nor the use of long-term data series. 

Competition over space will become a delicate issue for the sustainable development of 
the marine environment and will require creative and innovative solutions for co-location 
of activities (Christie et al., 2014). A strategic vision is important to ensure the 
development of these sectors from a perspective of coexistence, thus optimizing the use 
of space and reducing impacts on the marine environment. MSP in particular is 
fundamental for balancing sector interests and achieving Blue Growth, elucidating trade-
offs of individual and combined uses of marine resources (White et al., 2012). The 
implementation of spatial plans helps reduce uncertainties, facilitates investment and 
accelerates the sustainable development of the energy and aquaculture sectors 
(European Commission, 2013). Therefore, a holistic view from a spatial perspective on 
the potentialities of the offshore environment to host different activities in the same 
location and to implement the coexistence of uses is necessary for the sustainable 
development of a Blue Economy. 
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Fig. 1.7 a) Co-location concepts of aquaculture and wind energy activities (adapted 
from Buck et al., 2017); b) W2Power is a hybrid system that combines offshore wind 

turbines and wave energy conversion technology into a single floating platform (Pelagic 
Power, 2010). c) Multipurpose modular platform for use in deep waters, with focus on 

the energy, aquaculture and maritime transport sector (Green & Blue conceptual 
design, adapted from TROPOS, 2013). 
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1.2.4 Climate change effects on marine economies 

Climate change can impact the marine energy industry in two ways: i) affecting the 
capacity and operation of electricity generation (i.e. availability of resources) and the 
increase of extreme events that may compromise the facilities of offshore farms, and ii) 
changing the overall energy demand profile (i.e. consumption vs. energy production) 
(Pašičko et al., 2012). In this sense, the main threat for this industry regards the available 
energy potential, since this is influenced by changes in met-ocean conditions. 

At the same time, direct and indirect short and long-term climate change effects threaten 
the offshore aquaculture industry. Short-term impacts are related to: i) production losses 
and damages to infrastructures resulting from extreme met-ocean events; and ii) risk of 
diseases, increase of parasites and algae proliferation that are harmful to farmed species 
(Dabbadie et al., 2018). In the long-term there are many impacts related to changes in 
environmental conditions considered suitable for farming (e.g. water temperature, 
salinity and dissolved oxygen variations), which can lead to geographic redistribution of 
ideal zones for farming marine species (Barange and Cochrane, 2018). 

Thus, climate change effects on marine renewable energy and offshore aquaculture 
industries can lead to geographic redistribution of favorable areas for the exploitation of 
energy resources and fish farming, respectively. These changes pose opportunities for 
the development of these activities in new suitable areas and, on the other hand, threats 
to current operating activities, which may compromise the production of energy and food. 
Unfavorable changes probably outweighed favorable ones mainly in the aquaculture 
sector and, particularly, in developing countries where adaptation capacity is weaker 
(Dabbadie et al., 2018). 

Wind and wave climates and environmental conditions (physical-chemical factors) 
respond to climate variability and changes (Callaway et al., 2012; Hoeke et al., 2013). 
Climate models are the only current tools that allow an understanding of how the climate 
will change in the future. They simulate variables such as temperature, precipitation, 
humidity, wind speed, sea-level rise, cloudiness, and other relevant variables (Pašičko 
et al., 2012). In this context, several studies have carried out projections for ocean wind-
wave climate (Casas-Prat et al., 2018; Morim et al., 2018; Saha et al., 2017) and 
environmental variables (de la Hoz et al., 2018; Hand et al., 2018; Tinker et al., 2016) to 
respond to different trajectories of increased greenhouse gas emissions throughout the 
21st century. More specific studies have assessed the effects of climate change on 
energy resources and on environmental conditions for aquaculture using climate models 
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(regional and global). Pryor and Barthelmie (2010) and Koletsis et al. (2016), for 
instance, sought to recognize direct changes in wind power potential. In turn, an 
assessment of wave climate projections and scenarios of changes in wave energy flux 
was carry out by Perez et al. (2015). Moreover, considerable attention has been focused 
on climate projections relevant to aquaculture. For instance, Sarà et al. (2018) developed 
an approach to assess spatial and temporal patterns of covariation between maximized 
environmental cost-benefit changes under current and future climate conditions and 
narrowing the science‐policy communication gap. Merino et al. (2012) investigated the 
feasibility of sustaining current and increased rates of fish consumption per capita in a 
future scenario, considering economic, climatic and social aspects. 

However, although there are studies that address climatic projections related to energy 
production and aquaculture, there are no methodological approaches to date that assess 
the development trend of these activities in relation to the geographical distribution of 
potential exploitation zones in future scenarios. The potential for the exploitation of 
marine renewable resources and for offshore aquaculture is poorly understood, 
especially in terms of climate change-driven alterations, in favorable met-ocean and 
environmental conditions for these activities. Moreover, the process of planning and 
building offshore farms, whether for energy, aquaculture or for the co-location of uses, 
takes a long time and has a long-projected lifespan, thus requiring essential climate 
change information in the planning of these activities. Plans may cover 25 years for 
offshore wind (Pašičko et al., 2012) and an even longer lifespan depending on the 
materials used in the design for offshore fish farm cages that have been developed (e.g. 
Guanche et al., 2016). Therefore, planning for these sectors requires a long-term 
approach, which should identify the effects of climate change on the distribution of 
suitable areas for the exploitation of these activities, thus avoiding economic risks.  
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In summary, taking into account previous findings on the most relevant topics concerning 
the main theme of this thesis, it is possible to identify a series of priorities that allow to 
improve the current state of knowledge. Among these, we can highlight the following: 

• The development of methodologies to improve quantification processes within an 
MSP framework is of great scientific-technical interest for the sustainable 
development of the marine renewable energy and offshore aquaculture sectors. 

• Sectoral approaches should be considered to analyze the singularities of each 
activity, taking into account specific indicators according to the geographic scale 
of analysis. 

• The quantification of the different aspects involved in the development and 
operation of wind energy, wave energy and fish farming activities requires long-
term, systematic and homogeneous data series, at different spatial and temporal 
scales of analysis, that allow an accurate evaluation adequate to the planning 
objectives. 

• Methodologies must be developed to recognize the possibilities for combined 
exploitation of different marine activities for an integrated management 
framework of the marine environment. 

• For long-term strategic planning, prediction models are needed to project the 
possible effects of climate change on these sectors. 
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1.3. Objectives of the thesis 

To fill some of the gaps discussed in previous sections, the general objective of this 
thesis was to develop and apply methodologies to recognize potential zones for the 
development of marine wind and wave energy production and offshore aquaculture, with 
the ultimate goal of promoting the sustainable development of these activities in the 
context of an MSP strategy. 

In more detail, the specific objectives of this thesis were focused on the following aspects 
(Fig. 1.8): 

 

1) To develop and apply an integrated approach to identify favorable zones for the 
exploitation of marine renewable energies at different geographical scales 
(Chapters II and IV). 

2) To develop and apply an integrated approach to identify potential zones for the 
exploitation of offshore aquaculture at different geographical scales (Chapters III 
and IV). 

3) To assess the opportunities for co-location of marine renewable energy and 
offshore aquaculture activities within an MSP framework (Chapter IV). 

4) To analyze the possible effects of climate change on the development of the 
marine renewable energy and offshore aquaculture sectors (Chapter V). 

 

Fig. 1.8. General scheme with the specific objectives of the thesis. 
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1.4. Layout of the thesis 

The structure of the thesis was organized as follows: 

In Chapter I, the motivations for the research and the state of knowledge are presented 
first. At the end of this chapter, the specific objectives are defined to answer the questions 
raised and the structure of the thesis is described. 

The following chapters (II, III, IV and V) address the objectives of the thesis. Each chapter 
includes an abstract, a brief introduction, and sections for methodology, results, 
discussion and conclusion. 

A brief summary of the study developed in each chapter is described below: 

Chapter II. Marine renewable energy potential: A global perspective for offshore wind 
and wave exploitation 

In this chapter, the potential to develop the offshore renewable energy industry was 
assessed. An innovative methodological approach was developed and implemented to 
identify favorable zones for wind and wave energy exploitation at the global level. The 
proposed methodology considered: i) a resource assessment, ii) a structural survivability 
assessment, iii) a logistics assessment, iv) an assessment of distance to consumer 
centers, and v) an estimate of extractable power from the favorable zones identified. 

Chapter III. A global integrated analysis of open sea fish farming opportunities 

In this chapter, the opportunities for the development of the offshore aquaculture industry 
are described. A global integrated analysis was performed to identify potential zones for 
the farming of seven marine fish species with great economic potential. The methodology 
was based on a three-step approach integrated by: i) an assessment of environmental 
water conditions to identify optimal areas for fish growth, ii) an assessment of cage 
survivability, and iii) an assessment of aspects regarding O&M activities. 

Chapter IV. Co-location opportunities for renewable energies and aquaculture facilities 
in the Canary Archipelago 

A specific methodology that integrates several selection criteria responding 
simultaneously to the needs and limitations of offshore aquaculture and renewable 
energy production was carried out to recognize opportunities for the co-location of these 
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activities in the Canary Archipelago, Spain. The methodology was based on a multi-
criteria approach based on independent probabilistic suitability and mapping analysis for: 
i) wind and wave energy production potential, ii) structural requirements for aquaculture 
cages and energy devices, iii) limitations for O&M activities, iv) feasibility to transport 
energy to the grid, and v) biological requirements for eight marine fish species. A 
stepwise procedure was carried out, including suitability for wave and wind energy, 
aquaculture activities, and integrated co-location mapping. 

Chapter V. Climate change effects on marine renewable energy resources and 
environmental conditions for offshore aquaculture in Europe 

A methodology was developed to assess the effects of climate change on marine 
renewable energy and offshore aquaculture activities in all regional European seas. 
Based on a current and a future scenario, favorable conditions for wind and wave energy 
exploitation and for farming six marine fish species were assessed using a suitability 
index. The delta change method was considered for the climate projections, using 
outputs from the General Circulation Model and validated reanalysis information. 

General conclusions and future research lines are described in Chapter VI, followed by 
references and annex section.  
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Chapter II. Marine renewable energy potential: A global 
perspective for offshore wind and wave exploitation 

This chapter is an edited version of the research article published in the journal Energy 
Conversion and Management, vol. 177, pp. 43-54, by Weiss, C.V.C., Guanche, R., 
Ondiviela, B., Castellanos, O.F., Juanes, J., in 2018 with the title “Marine renewable 
energy potential: A global perspective for offshore wind and wave exploitation”. 
https://doi.org/10.1016/j.enconman.2018.09.059 

Abstract 

This work developed and implemented an innovative methodological approach to identify 
potential zones for wind and wave energy exploitation at the global level, using long-term 
data series with fine spatial and temporal resolution. The proposed methodology was 
based on a five-step approach comprised of: i) a resource assessment, to identify the 
zones with favorable conditions for energy exploitation; ii) a structural survivability 
assessment, to identify feasible areas which would likely ensure the integrity and 
durability of the wind and wave devices; iii) a logistics assessment, to evaluate the 
possibility of carrying out installation, operations, and maintenance activities; iv) an 
assessment of distance to consumer centers, to estimate the feasibility of transmission 
to the main urban areas; and v) an estimate of the extractable power of the identified 
potential zones. For wind power, the United Kingdom (with 1470 TWh/month using a 10-
MW turbine) and the United States (1079 TWh/month) were the countries with the 
highest estimated energy output of the identified potential zones. For wave energy, Brazil 
and New Zealand presented good opportunities for the development of the wave energy 
industry, with an estimated extractable power of 372 TWh/month and 286 TWh/month, 
respectively. The unique preliminary global analysis presented in this work provides 
guidelines to assist in the development of wave and offshore wind industries, in addition 
to supporting the management of marine spaces. Moreover, the methodologies can be 
replicated for other marine activities. 
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2.1. Introduction 

The marine renewable energies field has great potential for development and, due to the 
technological advances that make possible operation in more severe met-ocean 
conditions, this sector is expanding towards the open sea (López et al., 2015; Sasaki, 
2017; Soukissian et al., 2017; Zheng et al., 2018). The exploitation of renewable sources 
is on the rise, and there are public policies which encourage and promote this 
exploitation. Wind energy projects does not stop growing in offshore environments 
(4COffshore, 2018). Meanwhile, despite the potential for development of the wave 
energy sector its exploitation is still limited by the lack of a dominant and efficient 
technology (de Andres et al., 2015a). 

As mentioned in Chapter I, the availability of the energy resource is paramount in the 
selection of favorable areas to exploitation. However, other aspects related to the 
operation of offshore farms should be considered. Approaches on a global level only 
consider the energy resource available, such as in the works carried out by Reguero et 
al. (2015), Sasaki (2017) and Zheng et al. (2018). In this context, this work aims to assess 
the potential zones for the exploitation of offshore wind and wave energy at the global 
scale, as well as co-location opportunities, simultaneously taking into consideration 
resource availability, structural survivability, logistics activities, distance to consumer 
centers, and extractable power. 

2.2. Methodology 

2.2.1. Overview 

This study analyzed the potential zones for the exploitation of offshore wind and wave 
energy at the global scale, as well as the opportunities for co-location (sites which are 
suitable for both wind and wave energy). The proposed methodology was based on a 
five-step approach, comprised of: i) a wind and wave energy resource assessment, to 
identify zones with favorable conditions for energy exploitation; ii) a structural 
survivability assessment, to identify feasible areas likely to ensure the integrity and 
durability of the wind and wave devices; iii) a logistics assessment, to evaluate the 
possibility of carrying out installation, operations, and maintenance activities; iv) an 
assessment of distance to consumer centers, to estimate the feasibility of transmission 
to the main urban areas; and v) an estimate of the extractable power of the identified 



 
Chapter II A global perspective for offshore wind and wave exploitation 

 

57 
 

potential zones. The suitability of the study areas (coastlines with depths of up to 500 m) 
was estimated using an index (Suitability Index, SI) regarding the probability of meeting 
favorable conditions for each evaluated aspect (1 for maximum suitability, 0 for minimum 
suitability). Long-term data series with fine spatial and temporal resolutions were used 
to evaluate the spatiotemporal dynamics of met-ocean conditions. 

2.2.2. Data and evaluation criteria 

The analyses were performed using a combination of validated statistical information 
and reanalysis data (32–37 years) at temporal (hourly) and spatial resolutions (0.017–
0.3°), depending on the availability of homogeneous data (Table 2.1). The Kriging 
method (Ghiasi and Nafisi, 2015) was employed to interpolate the data on a grid with 
0.25° resolution. 

Table 2.1. Summary of data sources, resolutions and available periods. 

Variable Sources of 
Information 

Temporal 
Resolution 

Spatial 
Resolution 

Available 
Period 

Wind Saha et al. (2010) Hourly 0.3º 1979-2010 

Saha et al. (2014) 0.2º 2011-2015 

Waves Perez et al. (2017) Hourly 0.25º 1979-2015 

Reguero et al. 
(2012) 

0.25º 1979-2015 

Currents NCAR (2016) Hourly 0.25º 1979-2010 

Bathymetry Amante and Eakins 
(2009) 

Punctual 0.017º 2015 

Ports NGA (2017) Punctual Punctual 2012 

Urban 
Areas 

ESRI (2015a) Punctual Punctual 2015 

The evaluation criteria was based on reference operating thresholds for large wind 
turbines, WECs, site accessibility for logistics activities, offshore standards for technical 
requirements, and on statistics of offshore projects available in the literature (Table 2.2). 
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To cover different sea states and availability of infrastructures worldwide (i.e. types of 
vessel technologies, ports, urban areas, etc.), the most globally accepted thresholds for 
these activities were considered. The energy resource assessment was based on the 
reference operating parameters for large wind turbines (Bak et al., 2013; Jonkman et al., 
2009; Jonkman et al., 2012) and wave devices (de Andres et al., 2015a; de Andres et 
al., 2015b; Babarit et al., 2012; Roberson et al., 2016). The thresholds used for the 
structural survivability assessment of wind turbines and WECs were based on the 
Offshore Standard (DNV-OS-E301; DNV, 2010) and proven experience in the TELWIND 
project (TELWIND PROJECT, 2018). The bathymetry threshold was based on the 
depths of offshore wind farms in operation, construction and planning (4COffshore, 2018; 
Wind Europe, 2018), and in the technological advances that allow exploitation in deeper 
waters with floating structures. The assessments for logistic activities considered 
thresholds available in the literature for wind speed (𝑊𝑊𝐻𝐻) and significant wave height (𝐻𝐻𝑠𝑠) 
(Astariz et al., 2015a; Astariz et al., 2015b; Guanche et al., 2015; Martini et al., 2015). 
Based on the distances of offshore farms to shore (4COffshore, 2018; Wind Europe, 
2018), distances from the nearest port and urban centers were established. 

Table 2.2. Variables, thresholds, source of information and criteria. 

Aspects Thresholds Sources of 
Information 

Criteria (0-1) 

Wind Resource    

Available potential (W/m2) ≥ 400 (Bak et al., 2013; 
Jonkman et al., 
2009; Jonkman et 
al., 2012) 

% of time 

Significant wave height 
(m) (safety) 

≤ 5 % of time 

Wave Resource    

Available energy flux 
(kW/m) 

≥ 15 (de Andres et al., 
2015a; de Andres 
et al., 2015b; 
Babarit et al., 2012; 
Roberson et al., 
2016) 

% of time 

Significant wave height 
(m) 

1 ≤ 𝐻𝐻𝐻𝐻 ≤ 6 % of time 

Peak wave period (s) 5 ≤ 𝑇𝑇𝑇𝑇 ≤ 14 % of time 
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Structural Survivability 
(Wind Devices) 

   

50-year return period for 
wind speed (m/s) 

≤ 40  

(DNV, 2010; 
TELWIND 
PROJECT, 2018) 

Parameterization 

50-year return period for 
significant wave height 
(m) 

≤ 15 Parameterization 

50-year return period for 
current velocity (m/s) 

≤ 2  Parameterization 

Bathymetry (m) ≤ 500 (4COffshore, 2018; 
Wind Europe, 2018) 

Boolean 

Structural Survivability 
(Wave Devices) 

   

50-year return period for 
significant wave height 
(m) 

≤ 15 
(DNV, 2010; 
TELWIND 
PROJECT, 2018) 

Parameterization 

50-year return period for 
current velocity (m/s) 

≤ 2  Parameterization 

Bathymetry (m) ≤ 500 (4COffshore, 2018; 
Wind Europe, 2018) 

Boolean 

Logistics    

Wind Speed (m/s) ≤ 10 (Astariz et al., 
2015a; Astariz et 
al., 2015b; 
Guanche et al., 
2015; Martini et al., 
2015) 

% of time 

Significant wave height 
(m) 

≤ 2 % of time 

Distance from ports (km) ≤ 250 (4COffshore, 2018; 
Wind Europe, 2018) 

Euclidean 
distance/ 
Parameterization 

Distance to Consumer 
Centers 

   

Distance from main urban 
areas (km) 

≤ 500 (4COffshore, 2018; 
Wind Europe, 2018) 

Euclidean 
distance/ 
Parameterization 
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2.2.3. Wind and wave energy resource 

The assessment of the resource availability was based on the percentage of time during 
which favorable production conditions existed, and on safety measures for generic wind 
and wave devices (Table 2.2). For the wind resource, zones with time-percentage 
greater than 70% (0.7) in favorable conditions (Available potential (𝐴𝐴𝑇𝑇) ≥ 400 W/m2) were 
considered to be optimal for resource exploitation (Eq. 2.1). In addition, the Hs at which 
turbines shut down production due to safety reasons was considered. The SI of the wind 
resource (𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊) was generated by integrating the percentage of time with favorable 
conditions of these two elements, using the minimum value (𝑚𝑚𝑚𝑚𝑚𝑚) (i.e. the value of the 
most limiting element prevails) (Eq. 2.2). 

𝐴𝐴𝑇𝑇 �𝑡𝑡𝐴𝐴𝐴𝐴
�̅�𝑡
� �

1 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝐴𝐴𝐴𝐴
�̅�𝑡

 ≥ 0.7
𝑡𝑡𝐴𝐴𝐴𝐴
�̅�𝑡

𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝐴𝐴𝐴𝐴
�̅�𝑡

< 0.7
           (2.1) 

where 𝑡𝑡𝐴𝐴𝐴𝐴 is the time, at the temporal resolution of the base variable (wind, Table 2.1), 
that the 𝐴𝐴𝑇𝑇 remained above 400 W/m2 (Table 2.2) in the whole time series, 𝑡𝑡̅ is the total 
time of the data series. 

𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑚𝑚𝑚𝑚𝑚𝑚 �𝐴𝐴𝑇𝑇, 𝑡𝑡𝐻𝐻𝐻𝐻
�̅�𝑡
�            (2.2) 

where 𝑡𝑡𝐻𝐻𝑠𝑠 is the time, at the temporal resolution of the base variable (waves, Table 2.1), 
that the 𝐻𝐻𝑠𝑠 remained below 5 m (Table 2.2) in the whole time series. 

For the calculation of the SI of the wave resource (𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊), the available energy flux 
(𝐸𝐸𝑓𝑓), peak period (𝑇𝑇𝐴𝐴), and Hs were considered. The 𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 was determined by 
integrating the time-percentages for each element using the weighted mean (Eq. 2.3). 
Both, severity and energy are closely reflected because 𝐸𝐸𝑓𝑓 depends on 𝐻𝐻𝑠𝑠2. Therefore, 
the SI is mostly dependent on the load 𝐸𝐸𝑓𝑓. However, in order to integrate the benefits of 
moderate to high-energy sites the lined term Hs and 𝑇𝑇𝐴𝐴 have been included. 
Consequently, the 𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 is mainly driven by the 𝐸𝐸𝑓𝑓. 

𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 =
��

𝑡𝑡𝐸𝐸𝐸𝐸
𝑡𝑡� ∗2� + 𝑡𝑡𝐻𝐻𝐻𝐻𝑡𝑡�  + 

𝑡𝑡𝑇𝑇𝐴𝐴
𝑡𝑡� �

4
           (2.3) 

where 𝑡𝑡𝐸𝐸𝐸𝐸, 𝑡𝑡𝐻𝐻𝑠𝑠 and 𝑡𝑡𝑇𝑇𝐴𝐴 are related to the time, at the temporal resolution of the base 
variable (Table 2.1), that the 𝐸𝐸𝑓𝑓, Hs and 𝑇𝑇𝐴𝐴 remained above or between certain 
thresholds (Table 2.2) in the whole time series. 
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2.2.4. Structural survivability 

The evaluation of the site severity and its influence on wind and wave devices took into 
consideration the bathymetry and the extreme environmental conditions (50-year return 
period) for wind speed ( 𝑊𝑊𝑠𝑠50), significant wave height (Hs50), and marine currents (𝐶𝐶50). 
For bathymetry, areas deeper than 500 m were excluded. The calculation of the 50-year 
return period used the Peak Over Threshold (POT) technique for the data selection, 
assuming the frequency using a Poisson process, and the intensity using a Generalized 
Pareto Distribution (GPD) (Méndez et al., 2006). The 50-year return period for each 
element was parametrized according to survivability thresholds (Table 2.2), assuming 
that the threshold value corresponded to a suitability of 0.2 (Fig. 2.1). The linear function 
of two conditions between suitability and parametrized elements, expressed in Eq. 2.4, 
represents a suitability of 0.2 for the maximum values tolerable by the structure 
(survivability thresholds, Table 2.2). 

 

 
Fig. 2.1. Example of the parameterization used for Hs50. 

𝑓𝑓(𝑥𝑥) = �
−0.8
𝑡𝑡ℎ𝑙𝑙𝑊𝑊

𝑥𝑥 + 1 𝑓𝑓𝑓𝑓𝑓𝑓 𝑥𝑥 ≤ 𝑡𝑡ℎ𝑙𝑙𝑙𝑙
0.2 (𝑥𝑥−𝑚𝑚𝑊𝑊𝑥𝑥)
𝑡𝑡ℎ𝑙𝑙𝑊𝑊−𝑚𝑚𝑊𝑊𝑥𝑥

𝑓𝑓𝑓𝑓𝑓𝑓 𝑥𝑥 > 𝑡𝑡ℎ𝑙𝑙𝑙𝑙
          (2.4) 

where 𝑡𝑡ℎ𝑙𝑙𝑙𝑙 is the threshold considered for the variable 𝑥𝑥 (Table 2.2), and 𝑚𝑚𝑚𝑚𝑥𝑥 is the 
maximum value of the variable 𝑥𝑥. 
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The SI’s for structural survivability (𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊,𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊) was obtained by integrating 𝑊𝑊𝑠𝑠50, 
Hs50 and 𝐶𝐶50 for wind energy (Eq. 2.5), and Hs50 and 𝐶𝐶50 for wave energy (Eq. 2.6). 

𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑚𝑚𝑚𝑚𝑚𝑚(𝑓𝑓(𝐻𝐻𝑠𝑠50),𝑓𝑓( 𝑊𝑊𝑠𝑠50),𝑓𝑓(𝐶𝐶50))         (2.5) 

𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑚𝑚𝑚𝑚𝑚𝑚(𝑓𝑓(𝐻𝐻𝑠𝑠50),𝑓𝑓(𝐶𝐶50))           (2.6) 

where 𝑓𝑓(𝑥𝑥) for  𝑊𝑊𝑠𝑠50, Hs50 and 𝐶𝐶50 represent the parameterization performed according 
to Eq. 2.4. 

2.2.5. Logistics 

The activities related to the installation, operation, and maintenance phases of offshore 
farms depend on the type of device(s) and the vessel technology used. In this work, the 
possibility of carrying out the installation and O&M activities was assessed by means of 
overall indicators including some representative sea state and distance parameters. 
Thresholds for distance from ports, 𝑊𝑊𝐻𝐻 and Hs were considered (Table 2.2). The distance 
from ports was estimated using the Euclidean distance (Eq. 2.7) and parametrized 
according to Eq. 2.4 for the maximum distance from the ports. 

𝐷𝐷 = �∑ (𝑥𝑥1 − 𝑦𝑦1)2𝑊𝑊
𝑊𝑊=1            (2.7) 

where 𝑥𝑥1 e 𝑦𝑦1 represent two points in Euclidean n-space (in Cartesian coordinates). 

For site accessibility, the percentage of time during which the 𝑊𝑊𝐻𝐻 and Hs remained below 
the thresholds considered was evaluated. The SI for the logistic activities (𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿) was 
then generated by integrating the most limiting values of those elements (i.e. minimum 
values) (Eq. 2.8). 

𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑚𝑚𝑚𝑚𝑚𝑚 �𝑡𝑡𝑊𝑊𝐻𝐻
�̅�𝑡

, 𝑡𝑡𝐻𝐻𝐻𝐻
�̅�𝑡

,𝑓𝑓(𝐷𝐷)�          (2.8) 

where 𝑡𝑡𝑊𝑊𝑠𝑠 and 𝑡𝑡𝐻𝐻𝑠𝑠 are related to the time, at the temporal resolution of the base variable 
(Table 2.1), that the 𝑊𝑊𝐻𝐻 and 𝐻𝐻𝑠𝑠 remained below certain thresholds (Table 2.2) in the 
whole time series. The distance from ports 𝑓𝑓(𝐷𝐷) is parametrized according to Eq. 2.4. 
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2.2.6. Distance to consumer centers 

Electricity transmission costs and energy dissipation increase as the distance between 
grid and farm increases. The ideal location for an offshore farm will depend, among other 
things, on the amount of power generated, the type of transmission cables (e.g. HVAC 
or HVDC), and whether an offshore substation is available. Therefore, in this work the 
maximum distance (Table 2.2) was considered to be the distance to an urban area 
(consumer center) with a population greater than 10,000 inhabitants, assuming that the 
lower the distance, the better the site suitability. To establish the SI for the distance to 
consumer centers ( 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶), Euclidean distance between the urban centers and the site 
(Eq. 2.7) was parametrized according to Eq. 2.4, assuming its maximum distance as an 
SI of 0.2. 

2.2.7. Potential zones and extractable power 

The SI’s for the energy resource, structural survivability, logistics and distance to 
consumer centers were integrated, considering the limiting values of each SI (𝑚𝑚𝑚𝑚𝑚𝑚), to 
establish the potential zones for wind (Eq. 2.9) and wave exploitation (Eq. 2.10). Potential 
zones were expressed in a normalized probability range (𝑃𝑃𝑃𝑃, 0-100%) of the maximum 
value found for each activity in the study area. A combined map integrating the 𝑃𝑃𝑃𝑃 for 
wind and wave activities was proposed to identify zones with co-location opportunities 
(𝑃𝑃𝑃𝑃𝐶𝐶𝐿𝐿), calculated by Eq. 2.11. 

𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑚𝑚𝑊𝑊𝑊𝑊�𝑊𝑊𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊, 𝑊𝑊𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊, 𝑊𝑊𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿, 𝑊𝑊𝑆𝑆𝐶𝐶𝐶𝐶�
𝑚𝑚𝑊𝑊𝑥𝑥

∗ 100        (2.9) 

𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑚𝑚𝑊𝑊𝑊𝑊�𝑊𝑊𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊, 𝑊𝑊𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊, 𝑊𝑊𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿, 𝑊𝑊𝑆𝑆𝐶𝐶𝐶𝐶�
𝑚𝑚𝑊𝑊𝑥𝑥

∗ 100       (2.10) 

𝑃𝑃𝑃𝑃𝐶𝐶𝐿𝐿 = 𝑚𝑚𝑚𝑚𝑚𝑚(𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊,𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊)         (2.11) 

where 𝑚𝑚𝑚𝑚𝑥𝑥 is the maximum value found in the SI integration (numerator of Eqs. 2.9 and 
2.10). 
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Areas with a probability above 60% were used to determine extractable power (electrical 
generator power, GenPwr), considering the power curves of  NREL-5 MW (Jonkman et 
al., 2009) and DTU-10 MW (Bak et al., 2013) wind devices (Fig. 2.2), and a WEC power 
matrix adapted from Roberson et al. (2016) (Table 2.3). Based on the literature (Astariz 
and Iglesias, 2016b; Sun et al., 2012), a distance between turbines in the array, 
equivalent to 10 times the rotor diameter for DTU (178.9 m rotor diameter) and NREL 
(126 m rotor diameter) wind turbines, was considered to estimate the extractable power. 
The distance used between the WECs in the array was 2.2 times the size of the device 
(90 m in this case), which is of the same order as that used in other studies (Astariz and 
Iglesias, 2016b; Beels et al., 2010; Carballo and Iglesias, 2013). 

 

Fig. 2.2. Turbine power curves for the NREL 5-MW (Jonkman et al., 2009) with a hub 
height of 90 m (dotted line) and DTU 10-MW (Bak et al., 2013) with a hub height of 119 

m (solid line). 

Table 2.3. Generic WEC power matrix (kW) adapted from Roberson et al. (2016). 
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2.3. Results and Discussion 

The preliminary methodological approach developed in this study provides guidelines for 
further downscaling analysis of the wind and wave energy potential at the regional level 
(Weiss et al., 2018a), adapting thresholds and criteria used to the local met-ocean 
conditions and to the most appropriate devices and infrastructures for the region of 
interest. Nevertheless, other relevant aspects should be integrated in the analysis to 
assess the real feasibility of implementing these activities at the regional level (e.g. 
social, legal and economic factors). 

The calculation of the different SI’s (𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊,  𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 ,  𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊,  𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊,  𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿 𝑚𝑚𝑚𝑚𝑙𝑙  𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶) 
allowed the analysis of each aspect individually, thus identifying the limitations and 
possibilities of the development potential of the offshore energy sector. In addition, the 
use of time-percentage and extreme statistics (50-year return period), using long-term 
data series with fine spatial and temporal resolutions, provided reliability to the results. 
The integration of SI's from a spatial perspective allowed a homogeneous diagnosis to 
be made regarding the strengths and weaknesses of global exploitation of marine 
renewable energies. The results are divided into five parts, described in detail in the 
following sections 2.3.1 Wind and wave energy resource, 2.3.2 Structural survivability, 
2.3.3 Logistics, 2.3.4 Distance to consumer centers, and 2.3.5 Potential zones and 
extractable power. 

2.3.1. Wind and wave energy resource 

Fig. 2.3a shows the 𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 in offshore zones worldwide. The global power density is 
consistent with the conclusions of Zheng et al. (2018) and Zheng and Pan (2014), being 
distributed mainly in mid latitudes (45º N and 45º S) and further away from the coast. 
The European Atlantic coast has a high offshore energy potential, evidenced by the 
advanced development of the wind industry in the North Sea and the Baltic Sea. Regions 
that are in the developmental phase of wind energy generation also have favorable 
conditions regarding resource availability, as is the case of the offshore waters of the 
United States, Greece, China and Japan. On the other hand, due to the percentage of 
time spent in non-operating conditions for the turbines (due to safety reasons), the 
suitability of the resource decreases in regions with otherwise high potential, such as 
southern New Zealand, Chile and the Kerguelen, and the Heard Island and McDonald 
Islands. 
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The wave resource availability follows a similar pattern to the wind resource, being 
distributed mainly in mid-high latitudes (between 40º and 60º in both the Northern and 
Southern Hemispheres) and in zones with greater depth (Pérez-Collazo et al., 2015; 
Sasaki, 2017) (Fig. 2.3b). The zones with the highest 𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 in the Southern 
Hemisphere are mainly located on the western coast of South America, southern Africa, 
Australia, and New Zealand, coinciding with the findings of Reguero et al. (2011) and 
Barstow et al. (2009). Of these zones, the south coast of Australia presents the maximum 
annual mean wave power, corresponding to 125 kW/m (Cornett, 2008). In the Northern 
Hemisphere, the highest suitability values are found on the European Atlantic coast, 
Iceland, Greenland, and on the east and west coasts of Canada and the United States, 
ranging from 20 to 90 kW/m (Reguero et al., 2011). 

a) 

 
b) 

 

Fig. 2.3. a) SI for the wind resource (𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊). b) SI for the wave resource (𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊). 
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2.3.2. Structural survivability 

The resistance of the structures used for the exploitation of offshore marine resources is 
not normally assessed in site selection approaches for wind or wave energy. 
Nonetheless, extreme environmental conditions (i.e. 50 & 100-year return periods) 
assessment is critical both for device design and for selecting favorable zones for 
structural survivability. The 50-year return period is of particular interest since it is 
specified in offshore wind turbine projects (e.g. ABS, 2013) and, on the other hand, it 
may be a more economical alternative for developers to accept these conditions for WEC 
projects (Coe and Neary, 2014). 

The 𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 and 𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 do not reach the maximum suitability values, due to the 
parameterization used (Eq. 2.4) which admit as a maximum suitability the lack of extreme 
events. For both wind (Fig. 2.4a) and wave structures’ survivability (Fig. 2.4b) the Hs50, 
consistent with Izaguirre et al. (2011) results, is the most limiting factor. Extreme 
conditions are mainly encountered in areas further away from the coast, such as in the 
North Atlantic Ocean, with 20 m events for the Hs50. The southern coastline of New 
Zealand and offshore zones in the China and Japan Seas and in the Indian Ocean 
islands also present high values of Hs50. Conditions with 𝐶𝐶50 decrease suitability in 
specific areas, such as northern Brazil, French Guiana and eastern Africa (Somalia, 
Kenya, and Tanzania). Regions on the Argentinian coast, in the Mediterranean Sea, and 
the polar zones are less suitable for wind device survivability, due to extreme wind 
conditions. In contrast, western South America (Peru, Ecuador and northern Chile), parts 
of the Caribbean Sea, eastern Brazil, west Africa, the Red Sea, the Persian Gulf, and 
the Malaysian coast are the most sheltered regions with regard to extreme events (i.e. 
𝑊𝑊𝑠𝑠50, Hs50 and 𝐶𝐶50). 

Depth has direct impact on the feasibility of an offshore project, however, because it 
affects each type of platform differently (i.e. type of platform technology and foundation 
system used for offshore wind turbines and WECs), the criteria used for bathymetry did 
not discern the suitability of the sites between the shore (0 m) and 500 m depth. 
Therefore, fine criteria for bathymetry should be considered in regional case studies, 
where the most appropriate technology is defined according to the zone of interest or 
vice versa (e.g. for wind devices, monopoles and gravity foundations in shallow water (≤ 
30 m), tripods, jackets and truss-type towers in transitional depths (30 m to 60 m), and 
floating structures in deep waters (≥ 60m). For the relationship between WECs and 
depth, see Babarit et al. (2012)). 
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a) 

 
 

b) 

 

Fig. 2.4. a) SI for wind device structural survivability (𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊). b) SI for the wave 
devices structural survivability (𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊). 
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2.3.3. Logistics 

Site accessibility is a key element for offshore O&M activities (Nielsen and Sørensen, 
2013), comprising a large part of the overall costs of the project due to the logistics 
involved (Astariz et al., 2015a). Fig. 2.5 shows the 𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿 in wind and wave farms, which 
has higher suitability in areas closer to the coast due to proximity to ports. The lack of 
nearby port services limits the exploitation of areas with high-energy resources, such as 
southern Africa and southern New Zealand. Accessibility conditions (wind and wave 
climate) have also reduced the suitability in mid-latitude zones, where there is a high 
energy density and, consequently, more adverse met-ocean conditions. The wave 
climate conditions assessed in this work are consistent with the global assessment 
performed by Guanche et al. (2015). Local planning scale approaches are essential in 
order to estimate the feasibility of carrying out installation and O&M activities, since the 
number of weather windows will depend on the type of vessel technology and 
infrastructure used. 

 

Fig. 2.5. SI for logistics activities in wind and wave farms (𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿). 

2.3.4. Distance to consumer centers 

The wind and wave farms currently in operation typically use HVAC transmission 
systems because of their close proximity to electrical substations, thus reducing the 
overall cost of transmission. For longer distances, the most feasible option would be 
HVDC. In addition, the cost and feasibility of installing offshore structures will depend on 
the presence of marine electrical substations, as well as the amount of energy produced. 
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In Fig. 2.6, the 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶 is determined by the distance to the nearest urban areas, assuming 
the presence of a grid connection for the transmission of the generated energy. The 
limitation is similar to that of the distance from the ports, with high suitability values near 
the coast and in highly populated areas. Some regions with high-energy potential for 
wind (e.g. Alaska and southeast Canada) and for waves (e.g. south of the African 
continent) are not located near potential consumer centers, which reduces their SI. 

 

Fig. 2.6. SI for energy transport to consumer centers (urban areas, 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶). 

2.3.5. Potential zones and extractable power 

2.3.5.1. Wind energy 

Potential zones for the exploitation of wind energy are located closer to the coast, 
distributed mainly in South America (The Caribbean Sea off the coasts of Colombia and 
Venezuela, Argentina, Uruguay and the southern and northern Brazil coasts), east of 
North America, southeastern Asia, northwestern Europe and in the Mediterranean Sea, 
The South Pacific Ocean off Oceania and on the Moroccan coast (Fig. 2.7a). The use of 
time-percentage parameters indirectly considers the variation of the resource, therefore, 
the potential zones do not present great temporal variability. Of the abovementioned 
zones, the north-northeast of South America shows the highest resource stability 
(Reguero et al., 2015). 
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Three situations are identified in the spatial distribution of suitable areas for wind energy. 
The first observation, which lends credibility to the results, is that the major offshore wind 
production areas in the world coincide with the potential zones identified in this work (e.g. 
The North Sea, the United States and China). On the other hand, regions in the early 
stage of development of this activity, such as Greece, Japan and South Korea 
(4COffshore, 2018), also coincide with areas with high probability for wind farm 
implementation. The last situation is the opportunities found for this sector in zones not 
yet exploited, as is the case of the exclusive economic zones (EEZ’s) of Morocco and 
Mauritania, Argentina, Colombia and Venezuela. Therefore, the strength of the 
integrated methodology developed is mainly related to opening market opportunities for 
the offshore renewable industry, beyond the actual exploitation zones. 

Fig. 2.7b shows the location of offshore wind farm projects in the North Sea and the 
Baltic Sea (4COffshore, 2018). More than 0.5 (frequency) of the location points are in 
areas with a probability range (𝑃𝑃𝑃𝑃) higher than 70% (Fig. 2.7c). In addition, only 0.1 
(frequency) of the wind projects are situated within areas below 60% of the 𝑃𝑃𝑃𝑃 for wind 
exploitation. The low probability for some wind farm locations is due exclusively to the 
criterion used for distance from urban areas and ports. 

Considering the zones with high probability for wind exploitation (> 60%), Fig. 2.8 shows 
the 20 countries with the highest estimated extractable power in their EEZ. High 
efficiency for the exploitation of the wind resource is observed in the EEZ’s of The 
Netherlands, Denmark, Brazil and Germany, with a monthly output of 2.3 GWh per NREL 
turbine and 4.7 GWh per DTU turbine. Due to the greater extension of areas with a 
probability above 60%, the countries with the highest estimated electrical power are the 
United Kingdom (461,858 km2), with monthly extractable power estimated at 1,470 TWh 
for DTU turbines and 1,429 TWh for NREL turbines, and the United States (367,420 
km2), with 1,079 TWh for DTU and 1,040 TWh for NREL. Although countries like New 
Zealand, Argentina and Uruguay do not currently have any wind farms in their respective 
EEZ’s (4COffshore, 2018), they represent a high potential for the development of this 
activity. Other countries that present opportunities for the wind energy sector are 
Australia, Brazil and Russia, with one wind project in each country (Concept/Early 
Planning status; 4COffshore, 2018). The other countries in Fig. 2.8 have different wind 
farm projects in their EEZ’s. 
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a) 

 

                                               b)                                                                  c) 

 

Fig. 2.7. a) Probability range for the exploitation of wind energy (𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊). b) Close-up 
of the North Sea and the Baltic Sea with wind project locations classified as either fully 

commissioned, generating power, under construction, consent authorized, consent 
application submitted, or early planning (4COffshore, 2018). c) Cumulative distribution 

function of the probability values of the wind project locations. 
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Fig. 2.8. Estimated extractable power by country (EEZ) in zones with high probability 
values for wind exploitation, ranked by the available area. The solid columns represent 
DTU 10-MW turbines (Bak et al., 2013) and the striped columns represent NREL 5-MW 

turbines (Jonkman et al., 2009). 

2.3.5.2. Wave energy 

The zones with the highest probability values for wave exploitation are located in western 
South America, in the north of Chile and in Peru (𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊, Fig. 2.9), coinciding with a low 
temporal wave variability (Cornett, 2008). According to studies using the coefficient of 
variation (COV) (Cornett, 2008; Reguero et al., 2011), the lower seasonal variabilities 
(more stable resource) occur, with some exceptions, in regions near the equator in the 
Pacific, Atlantic and Indian oceans, and in zones between latitude 40º and 60º south 
(López et al., 2013). Therefore, opportunities for the development of this sector are also 
present in the Pacific Ocean off Guatemala, El Salvador and Mexico, in the Atlantic 
Ocean between the coasts of Gabon and Angola, and in the Indian Ocean on the south 
coast of Indonesia and the coast of New Zealand (Fig. 2.9). The EEZ’s of Morocco, 
Madagascar, Mozambique, South Africa, northern Spain, the southwestern United 
States and the southeast of Brazil also present possibilities for the implementation of this 
activity, albeit with lower resource stability than the previously mentioned zones, which 
can decrease the efficiency of a WEC. 
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In contrast to offshore wind energy, there are currently no offshore wave farms in 
operation. Several prototype devices for wave exploitation have been developed to be 
deployed at sea (e.g. OE Buoy, 2018; Wave Dragon, 2018), although there is no 
commercially viable technology as yet. Despite the huge global potential for this activity, 
as demonstrated in this work, extracting energy from waves still represents one of the 
most challenging technological problems. 

 

Fig. 2.9. Probability range for the exploitation of wave energy (𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊). 

The 20 countries (EEZ’s) with the highest estimated extractable power for wave 
exploitation are shown in Fig. 2.10. Due to the greater extension of zones with a 
probability above 60% in Brazil and New Zealand, these countries present higher wave 
power output, 372.1 TWh/month and 285.6 TWh/month respectively. On the other hand, 
South Africa, Argentina and Australia have higher power efficiency (85,470, 83,333 and 
80,046 kWh/month per device, respectively), due to the relation between the number of 
WECs and the estimated extractable power. 
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Fig. 2.10. Estimated extractable power by country (EEZ) in zones with high probability 
values for wave exploitation, ranked by the available area. The calculations considered 

the generic WEC power matrix adapted from Roberson et al. (2016). 

2.3.5.3. Co-location opportunities 

The co-location of these activities has different technological and logistic synergies 
(Pérez-Collazo et al., 2015), and may be an alternative for the development of wave 
energy technology (Astariz et al., 2015c) and for the optimization of the use of the marine 
environment in a marine spatial planning framework (Weiss et al., 2018a). Fig. 2.11 
shows the opportunities for the co-location of these activities, with potential zones with a 
maximum of 81% probability for the combined exploitation (𝑃𝑃𝑃𝑃𝐶𝐶𝐿𝐿). The identified co-
location hotspots for wind and wave activities are located mainly in New Zealand, the 
southeast coast of South America, the European region of the Atlantic Ocean, South 
Australia and the coast of Morocco. Canada, the United States, and small areas in the 
Pacific Ocean off Central America also present high probabilities for co-location. 
Regarding areas with a probability above 60%, the cumulative monthly extractable power 
from WECs and DTU turbines is 498,474 GWh in New Zealand (with an area of 100,915 
km2), 345,935 GWh in Brazil (64,827 km2) and 187,892 GWh in Australia (35,588 km2). 
The combination of NREL wind turbines and WECs is projected to accumulate 110,469 
GWh/month in Argentina (20,361 km2), 35,284 GWh/month in the United States (10,384 
km2) and 30,140 GWh/month in Spain (6210 km2). 
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Fig. 2.11. Probability range of co-location opportunities for wind and wave energy 
generation (𝑃𝑃𝑃𝑃𝐶𝐶𝐿𝐿). 

2.4. Conclusion 

Providing tools to identify priority zones for emerging activities in the Blue Economy 
assists in the management and planning of marine spaces. In this context, this work 
presents a holistic approach to assessing the global marine renewable energy potential. 
The present contribution shows favorable potential zones, at a global perspective, for 
the expansion of offshore wind and wave energy generation considering resource 
availability, structural survivability, logistics activities and energy transport, in an 
integrated analysis. The methodological approach developed presents a series of 
components that can be used as independent evaluation tools (e.g. mapping extreme 
sea conditions in relation to the structural survivability). The use of long-term data series 
with fine spatial and temporal resolutions imparts reliability to the results found, mainly 
in the use of time-percentage parameters and the estimation of extractable power. 
Structural survivability, for both wind and wave devices, was the most limiting aspect in 
relation to the met-ocean conditions evaluated. The extreme conditions (50-year return 
periods), especially for the significant wave height, limited the potential zones to more 
sheltered marine regions. Zones with the greatest probability value for the exploitation of 
these activities were also limited to areas closer to the coast, due mainly to the criteria 
relating to distances to ports and consumer centers. The countries with the highest 
estimated extractable power were the United Kingdom, the United States, Sweden, and 
Argentina, with monthly wind power exceeding 800 TWh (see Fig. 2.8). Brazil and New 
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Zealand were the countries with the highest estimated extractable power for wave 
exploitation, with power output exceeding 250 TWh/month (Fig. 2.10). Meanwhile, with 
the combined use of these two technologies, zones (>60%) in New Zealand and Brazil 
have estimated extractable power at more than 345 TWh/month each. Therefore, this 
unique global assessment of offshore wind and wave exploitation should prove to be an 
invaluable tool to assist the development of wave and offshore wind technologies, in 
addition to supporting the management of marine spaces. However, there are many 
variables and organizations which play important roles in the development of offshore 
renewables, particularly in the context of climate change and the public policies of each 
individual country. Consequently, local studies are essential to estimate the feasibility of 
implementing these activities, as well as the co-location opportunities.
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Chapter III. A global integrated analysis of open sea fish farming 
opportunities 

This chapter is an edited version of the research article published in the journal 
Aquaculture, vol. 497, pp. 234-245, by Weiss, C.V.C., Ondiviela, B., Guanche, R., 
Castellanos, O.F., Juanes, J., in 2018 with the title “A global integrated analysis of open 
sea fish farming opportunities”. https://doi.org/10.1016/j.aquaculture.2018.07.054 

Abstract 

The present work develops and implements at the global scale an innovative 
methodological approach to identify opportunities for farming seven fish species in 
offshore zones. The proposed methodology is based on a three-step approach 
integrated by: i) the biological suitability, to identify areas with optimal conditions for fish 
growth; ii) the structural suitability, to identify adequate areas for the integrity and 
durability of the cages;  and iii) the operational suitability to evaluate the possibility of  
carrying out the operational and maintenance activities. The integration of these three 
complementary aspects, allowed the mapping of suitable zones for farming each fish 
species. It is shown, that the main potential zones for fish farming are concentrated in 
South America (South Pacific and South Atlantic Ocean), Africa (North Atlantic Ocean), 
Mediterranean Sea, Japanese and Chinese Seas and Oceania. The unprecedented 
global analysis presented by this work, considering comprehensive aspects other than 
only the biological requirements, provides guidelines to assist future studies in marine 
management. 
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3.1. Introduction 

The need to meet global food demand, the technological development of the offshore 
sector, the overexploitation of coastal zones, the creation of public policies and the 
potential of open ocean waters have strengthened the expansion of offshore aquaculture 
globally. The growth of the aquaculture sector has increased average human 
consumption of fish and byproducts globally, surpassing the wild-caught fish contribution 
in 2014 (FAO, 2016a). 

However, there are few global approaches to identify opportunities for the development 
of the aquaculture sector. In addition, these approaches do not address aspects related 
to cage survivability and operation and maintenance (O&M) activities (e.g. Gentry et al., 
2017; Kapetsky et al., 2013). Therefore, this work aimed at developing an integrated 
analysis of offshore aquaculture suitability at a global scale, taking simultaneously into 
consideration the biological conditions for growth of different commercial fish species, 
the structural resistance of offshore cages and the feasibility for O&M activities. For this 
purpose, potential zones were identified according to the temporal and spatial dynamics 
of physical-chemical and met-ocean factors to meet fish, cage and operational 
requirements. 

3.2. Material and methods 

This study analyzed, at the global scale, the opportunities for marine fish farming 
between the coastline and the isobate of 700 m, using a combination of validated 
statistical information and reanalysis (20-30 years) at temporal (hourly, daily and weekly) 
and spatial resolutions (0.25º), according to the availability of homogeneous data (Table 
3.1). Seven marine fish species with high commercial potential and/or a large farming 
trajectory in the aquaculture industry were selected for this study (Table 3.2). The 
identification of suitable zones for aquaculture of these species was based on the 
integration of three aspects related to farming opportunities: the biological suitability, the 
structural suitability for offshore cages and the operational suitability for O&M activities 
(Fig. 3.1). 
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Table 3.1. Summary of data sources, resolutions and available periods. 

Variables Information 
sources 

Temporal 
resolution 

Spatial 
resolution 

Available 
period 

Salinity (PSU) Copernicus 
(2016a) 

weekly 0.25º 1993 to 2013 

Water temperature 
(ºC) 

Donlon et al. 
(2012) 

daily 0.25º 1985 to 2013 

Currents (V,m/s) NCAR (2016) hourly 0.25º 1979 to 2010 

Waves (𝐻𝐻𝑠𝑠,m) Reguero et al. 
(2012) 

hourly 0.25º 1979 to 2010 

Bathymetry (m) Amante and 
Eakins (2009) 

punctual 0.017º 2015 

 

 

 

Fig. 3.1. Methodological approach developed to recognize suitable zones for open sea 
fish farming according to the biological requirements for the fish (biological suitability), 

the structural resistance of the cage (structural suitability) and the O&M activities 
(operational suitability). 
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3.2.1. Biological suitability 

Selection of suitable areas for the seven fish species considered in this work (Table 3.2) 
was based in the analysis of two limiting factors for fish growth: temperature and salinity. 
Two different parameters, mean value and the exceedance time percentage for a specific 
reference threshold, were calculated for both variables, at each 0.25º grid cell. Optimum 
ranges for salinity and temperature for each species were established according to 
scientific literature (cf. Table 3.2). The suitability assessment for each cell was based on 
the fulfillment of two criteria for both variables: i) the mean value for the whole data series 
should remain within the optimum range and; ii) percentage of time that both variables 
exceed the higher threshold of temperature and the lower threshold of salinity, 
respectively, should not be higher than 30% through the study period. A map with areas 
that fulfilled these conditions was generated. 

3.2.2. Structural suitability 

Ocean currents (velocity, m/s) and 50-year return period significant wave height (Hs50, 
m) were the variables used to recognize suitable areas for the cages, considering the 
resistance parameters for a generic cage in three different environmental scenarios 
(Table 3.3), based on the Standard Norge (2009). In the first case, two parameters and 
the corresponding criteria were considered for current velocities: the mean velocity and 
the exceedance time percentage for the reference threshold (Table 3.3). For the wave 
height, the calculation of Hs50 used the Peak Over Threshold (POT), assuming the 
frequency as a Poisson process and the intensity by Generalized Pareto Distribution 
(GPD), based on the developed by Cañellas et al. (2007). The structural suitability 
assessment for each cell was based on the joint fulfillment of three criteria: i) mean 
velocities must remain below the threshold, ii) percentage of time that current velocities 
exceed the threshold should be lower than 30%, and iii) Hs50 values must remain below 
the corresponding thresholds. Based on those criteria, a final map of suitable cells was 
generated for each scenario. 
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Table 3.2. Salinity and temperature optimum ranges for the selected species, 
established from different available literature. 

 Salinity 
(PSU) 

Temperature 
(ºC) 

Source 

European seabass 

Dicentrarchus labrax 

(Linnaeus, 1758) 

30≤ x ≤40 18≤ x ≤27 (Barbato et al., 1993; Claridge 
and Potter, 1983; Coves et 
al., 1983; Dendrinos and 
Thorpe, 1985; FAO, 2005a.; 
Hidalgo et al., 1987; Hossu et 
al., 2005; Katavić et al., 2005; 
Kavadias et al., 2003; 
Paspatis et al., 1999; Person-
Le Ruyet et al., 2004; Russell 
et al., 1996) 

Gilthead seabream 

Sparus aurata 

(Linnaeus, 1758) 

30≤ x ≤40 18≤ x ≤26 (FAO, 2005b.; Katavić et al., 
2005; Seginera and Ben-
Asher, 2011) 

Atlantic salmon 

Salmo salar 

(Linnaeus, 1758) 

30≤ x ≤35 6≤ x ≤16 (Bigelow, 1963; FAO, 2004; 
Gooley et al., 2000; Katavić et 
al., 2005; Nath et al., 2000) 

Atlantic Bluefin tuna 

Thunnus thynnus 

(Linnaeus, 1758) 

30≤ x ≤40 18≤ x ≤26 (Brill, 1994; Katavić et al., 
2005; Ticina et al., 2007; 
Tucker, 1998; Wright, 2008) 

Meagre 

Argyrosomus regius 

(Asso, 1801) 

30≤ x ≤40 18≤ x ≤26 (Duncan et al., 2013; FAO, 
2005c.; Martínez-Llorens et 
al., 2011; Monfort, 2010; 
Schuchardt et al., 2007) 

Greater amberjack 

Seriola dumerili 

(Risso, 1810) 

30≤ x ≤36 20≤ x ≤26 (Chambers and Ostrowski, 
1999; FAO, 2016b.; Jovera et 
al., 1999; Lazzari, 1991; 
Tachihara, 1993; Tucker, 
1998) 

Cobia 

Rachycentron canadum 

(Linnaeus, 1766) 

30≤ x ≤35 26≤ x ≤31 (Alston, 2005; Benetti et al., 
2006; Benetti, 2008; Benetti 
et al., 2010; Collins, 2006; 
FAO, 2007; Faulk and Holt, 
2005; Hassler and Rainville, 
1975; Resley et al., 2006; 
Shaffer and Nakamura, 1989; 
Su, 2000) 
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Table 3.3. Variables and criteria for structural (Currents and Hs50) and operational 
suitability (𝐻𝐻𝑠𝑠), based on the Norwegian Standard NS 9415.E.2009 (Standard Norge, 

2009). 

Scenarios Currents (m/s) 

Structural 

𝐇𝐇𝐬𝐬𝟓𝟓𝟓𝟓 (m) 

Structural 

𝑯𝑯𝒔𝒔 (m) 

Operational 

High exposure ≤ 1.5 ≤ 5 ≤ 3 

Substantial exposure ≤ 1 ≤ 3 ≤ 2 

Moderate exposure ≤ 0.5 ≤ 1 ≤ 1 

3.2.3. Operational suitability 

Feasibility assessment for O&M activities was carried out according to fulfillment of wave 
height (𝐻𝐻𝑠𝑠, m) criteria for three different scenarios (see thresholds in the Table 3.3). As 
for some of the previous variables, the mean and the exceedance time percentage were 
the two parameters selected to analyze the operational suitability, using the same criteria 
(mean below the threshold and less than 30% of exceedance time). Finally, a map 
considering the different scenarios was proposed. 

3.2.4. Farming suitability 

Considering the high exposure scenario for structural and operational suitability 
(Currents ≤ 1.5 m/s; Hs50 ≤ 5m; 𝐻𝐻𝑠𝑠 ≤ 3 m) and the biological suitability, suitable areas 
were integrated into a farming suitability map for each of the seven fish species. Then, 
for graphical purposes, a combined map for all the species was delivered in order to 
facilitate the global analysis in different geographic zones. Finally, more detailed maps 
were generated for some relevant zones for offshore aquaculture. 

All analyzes and maps were performed in MATLAB R2014b (MathWorks, 2014) and 
ArcGIS 10.1 (ESRI, 2015b) software. 
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3.3. Results 

3.3.1. Biological suitability 

The distribution of suitable areas in Fig. 3.2 follows a pattern according to the climatic 
zones, where the subtropical ones concentrated the suitable areas for the largest number 
of species. By contrast, temperate and tropical zones showed suitable areas for only two 
species, Atlantic salmon and Cobia, respectively. 

European seabass, Gilthead seabream, Atlantic Bluefin tuna and Meagre overlapped 
their suitable areas, showing a great similarity in their wide thermal and salt tolerance 
thresholds along the subtropical zones (eurihaline and eurythermal species). The largest 
geographic area for these four fish species was located in the Mediterranean Sea and 
along the North Atlantic coasts (Morocco and Mauritania). In addition, a significant part 
of these locations shared suitable areas for the Greater amberjack, a species with more 
restricted salinity and temperature ranges. The largest area suitable the five species is 
located in the North Pacific Ocean (Japan and China Seas) (Fig. 3.2). 

In the case of temperate zones, suitable areas for Atlantic salmon were located between 
30°S to 60°S latitudes, and between 35°N to70°N latitudes; meanwhile, Cobia is the only 
species with suitable areas near latitude 0º (between 20ºS and 30ºN) (Fig. 3.2). 
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Fig. 3.2. Biological suitability areas for the seven species (Color codes: Orange, 
suitable areas for European seabass, Gilthead seabream, Atlantic Bluefin tuna and 

Meagre; Red, suitable areas for the 4 previous species + Greater amberjack; Blue and 
Green, suitable areas for Atlantic salmon and Cobia, respectively). Numbers represent 
division by oceans: 1. South Pacific Ocean; 2. South Atlantic Ocean; 3. Indian Ocean; 

4. North Pacific Ocean; 5. Black Sea; 6. Mediterranean Sea; 7. Caribbean Sea; 8. 
North Atlantic Ocean; 9. Arctic Ocean. 

3.3.2. Structural suitability 

Results from different single met-ocean parameters showed a great variability in location 
possibilities for cages with different resistance mainly to wave conditions, from high 
(cages resistant to extreme conditions) to moderate (less resistant cages) exposures 
(Table 3.4). Current velocities were not a limiting factor, being with percentages of 
suitable areas above 95% in all the three conditions for each ocean. On the other hand, 
considering the Hs50 for the different thresholds, a significant reduction in offshore areas 
with adequate conditions for cage resistance was observed in all oceans and seas from 
high to moderate exposures. As expected, the higher the exposure, the larger the 
adequate area. The percentage of appropriated areas in the high exposure condition 
varied between 6 and 33% of the total area analyzed in each ocean. For the moderate 
exposure condition, adequate areas did not exceed the 1% of the total study area by 
ocean, where the Mediterranean Sea and the Indian Ocean showed no adequate areas. 
Furthermore, the Caribbean Sea presented the greatest difference in appropriated 
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offshore conditions between both extreme thresholds (33 to 0.2% of adequate areas) 
(Table 3.4). Due to the lack of data, the Black Sea was not considered for the both 
analysis. 

Table 3.4. Absolute (km2) and relative (%) areas with adequate conditions for cage 
resistance for different thresholds of current velocities and Hs50 in each geographic 

area. 

 

Currents 

≤ 1.5 m/s 

Currents 

≤ 1 m/s 

Currents 

≤ 0.5 m/s 

𝐇𝐇𝐬𝐬𝟓𝟓𝟓𝟓 

≤ 5 m 

𝐇𝐇𝐬𝐬𝟓𝟓𝟓𝟓 

≤ 3 m 

𝐇𝐇𝐬𝐬𝟓𝟓𝟓𝟓 

≤ 1 m 

Arctic Ocean 
8.6E+07 
(98.8%) 

8.6E+07 
(98.8%) 

8.6E+07 
(98.8%) 

5.2E+06 
(6.0%) 

2.6E+06 
(2.9%) 

9.9E+05 
(.1%) 

North Atlantic 
Ocean 

5.1E+07 
(96.6%) 

5.1E+07 
(96.6%) 

5.0E+07 
(96.2%) 

3.1E+06 
(6.0%) 

6.4E+05 
(1.2%) 

6.6E+03 
(.1%) 

Caribbean Sea 
1.1E+06 
(98.8%) 

1.1E+06 
(98.8%) 

1.1E+06 
(95.9%) 

3.7E+05 
(33.0%) 

8.0E+04 
(7.2%) 

1.8E+03 
(0.2%) 

Mediterranean 
Sea 

1.3E+06 
(98.4%) 

1.3E+06 
(98.4%) 

1.3E+06 
(98.3%) 

1.9E+05 
(14.5%) 

3.5E+03 
(0.3%) 

.0  

Black Sea - - - - - - 

North Pacific 
Ocean 

1.4E+07 
(99.0%) 

1.4E+07 
(99.0%) 

1.4E+07 
(98.3%) 

2.1E+06 
(15.0%) 

4.4E+05 
(3.2%) 

3.9E+03 
(.1%) 

Indian Ocean 
8.3E+06 
(98.9%) 

8.3E+06 
(98.9%) 

8.2E+06 
(97.7%) 

1.3E+06 
(15.7%) 

3.5E+05 
(4.2%) 

.0 

South Atlantic 
Ocean 

1.2E+07 
(100.0%) 

1.2E+07 
(99.8%) 

1.2E+07 
(98.4%) 

1.1E+06 
(8.8%) 

2.5E+05 
(2.1%) 

7.7E+02 
(0.1%) 

South Pacific 
Ocean 

2.0E+07 
(100.0%) 

2.0E+07 
(99.9%) 

2.0E+07 
(99.6%) 

3.8E+06 
(18.4%) 

9.8E+05 
(4.8%) 

1.8E+04 
(0.1%) 

 

From a spatial point of view, suitable areas for the high exposure scenario were mainly 
located either close to the coast or in sheltered regions (Fig. 3.3). The largest areas for 
housing cages were located in the Arctic Ocean, the South Pacific Ocean and the North 
Atlantic Ocean, while the greatest relative suitable area (33%) was found in the 
Caribbean Sea (Table 3.4). 
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Taking into account the reference of the high exposure scenario, significant reductions 
in suitable areas for the other two scenarios were observed. Suitability for the moderate 
scenario were concentrated mainly near to the coast in the north of South America and 
South East Asia (cf. Annex). 

 

Fig. 3.3. Structural suitability areas for the high exposure scenario (Currents ≤ 1.5 m/s 
and Hs50 ≤ 5m). (Ocean code numbers as in Fig. 3.2). 

3.3.3. Operational suitability 

Differences in location possibilities for O&M activities of aquaculture facilities depended 
on wave height conditions, determined by the established thresholds (Table 3.5). 
Moreover, significant reduction in suitable areas were observed mainly from the 
substantial (𝐻𝐻𝑠𝑠 ≤ 2 m) to moderate (𝐻𝐻𝑠𝑠 ≤ 1 m) exposures for most ocean and seas 
regions. Oceans with greater differences in suitable areas between the high to moderate 
exposures were the South Atlantic Ocean (89.7%), the Indian Ocean (85.6%), the North 
Atlantic Ocean (79.6%) and the North Pacific Ocean (70.7%). 

No significant changes were recognized in the Arctic Ocean in face of the different 
thresholds considered. The most sheltered regional areas, the Mediterranean and Black 
Seas, did not present changes regarding suitable areas either. 
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Table 3.5. Absolute (km2) and relative (%) areas with adequate conditions for O&M 
activities for different thresholds in each geographic area. 

 𝐻𝐻𝑠𝑠 ≤ 3 m 𝐻𝐻𝑠𝑠 ≤ 2 m 𝐻𝐻𝑠𝑠 ≤ 1 m 

Arctic Ocean 3.5E+07 (39.7%) 3.5E+07 (39.7%) 2.8E+07 (32.2%) 

North Atlantic Ocean 4.8E+07 (91.2%) 3.4E+07 (65.5%) 9.8E+06 (18.7%) 

Caribbean Sea 1.1E+06 (99.9%) 1.1E+06 (99.9%) 3.9E+05 (35.5%) 

Mediterranean Sea 1.3E+06 (99.2%) 1.3E+06 (99.2%) 9.3E+05 (72.7%) 

Black Sea 3.1E+05 (99.3%) 3.1E+05 (99.3%) 3.1E+05 (98.9%) 

North Pacific Ocean 9.9E+06 (71.4%) 7.7E+06 (55.3%) 2.9E+06 (20.9%) 

Indian Ocean 6.0E+06 (72.1%) 2.8E+06 (33.6%) 8.6E+05 (10.3%) 

South Atlantic Ocean 6.1E+06 (50.6%) 1.2E+06 (10.3%) 6.3E+05 (5.2%) 

South Pacific Ocean 1.3E+07 (65.3%) 9.0E+06 (44.1%) 6.1E+06 (29.8%) 

 

The spatial distribution of suitable areas for operational suitability, according to the high 
exposure scenario (less restrictive), are shown in Fig. 3.4. Most of the study area was 
suitable, representing approximately 95% of the total area analyzed. Unsuitable areas 
were located mainly in the North Atlantic Ocean (between Canada and the west coast of 
United Kingdom and Norway), in the South Pacific Ocean (Oceania) and in the North 
Pacific Ocean, in the northeast of Asia. The spatial distribution and differences between 
the proposed scenarios can be observed in the Annex. 
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Fig. 3.4. Operational suitability areas for the high exposure scenario (𝐻𝐻𝑠𝑠 ≤ 3 m). 
(Ocean code numbers as in Fig. 3.2). 

3.3.4. Farming suitability 

Suitable zones for offshore fish aquaculture followed a similar spatial distribution pattern 
to that shown by the biological suitability for each species, constrained towards the 
continent (suitable areas near the coast or in sheltered regions) by the structural 
suitability (Fig. 3.5). As pointed out earlier, considering the high exposure scenario 
operational suitability was not a limiting factor for farming suitability. 

Farming suitability zones for European seabass, Gilthead seabream, Atlantic Bluefin 
tuna and Meagre were located between latitudes 30ºS and 30ºN, mainly along the 
Mediterranean Sea (Fig. 3.5). In a smaller fringe, following the Greater amberjack 
biological suitability pattern, the zones with the largest extension for five species were 
reduced to the South American subcontinent, the South Pacific Ocean and the South 
Atlantic Ocean (Fig. 3.5). On the other hand, opportunities for faming Atlantic Salmon 
were concentrated in zones over 30°N and 30ºS in both American ocean basins, above 
50°N in the NE Atlantic, and over 40°N in the NW (Russia) and NE Pacific ocean (New 
Zealand) (Fig. 3.5). Potential zones for Cobia farming were mainly located in tropical 
zones, dominating the sheltered zones in the South East Asia and part of the north of 
Oceania, totaling approximately 3,776,373 km2 (Fig. 3.5). 
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Fig. 3.5. Fish farming suitable zones considering the high exposure scenario of 
structural and operational suitability and the biological suitability of the seven species 
(Color codes: Orange, farming suitability for European seabass, Gilthead seabream, 
Atlantic Bluefin tuna and Meagre; Red, farming suitability for the 4 previous species + 
Greater amberjack; Blue and Green, farming suitability for Atlantic salmon and Cobia, 

respectively). 

In general, six zones were highlighted as potential for farming a greater number of 
species (4 and 5 fish): Two along the southern coast of Brazil (84,160 km2) and on the 
coast of Peru and Ecuador (154,895 km2); another two in the European and African 
continents (Mediterranean Sea: 258,260 km2; coasts of Morocco and Mauritania: 79,731 
km2); one in Asia, along part of the Chinese and Japanese coast (67,250 km2); and the 
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last one in the eastern coast of Australia (26,541 km2). Fig. 3.6 details the study area in 
three of these potential zones, showing with a better spatial resolution the specific 
constraints of each aspect considered. 

 

Fig. 3.6. Details of three of six potential zones for farming Gilthead seabream (sp. a), 
Atlantic Bluefin tuna (sp. b), Meagre (sp. c), Greater amberjack (sp. d) and European 

seabass (sp. e). (Codes: BS (Biological suitability); SS (Support Suitability); OS 
(Operational Suitability); FS (Farming Suitability)). 
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3.4. Discussion 

Traditionally, location of many aquaculture projects in the world was based mainly on 
either practical knowledge of fisheries distribution or assumptions on potential thresholds 
for their optimal growth or survival, adopting conservative approaches regarding 
appropriate climate conditions for siting cage systems in unexposed areas. Nowadays, 
aquaculture is an emerging activity in offshore environments that is growing rapidly, due 
to technological developments that allow for operation under more severe met-ocean 
conditions. This study focused on the identification of opportunities for worldwide 
development of marine fish farming, considering different sub-models to assess areas 
with optimal conditions for fish growth, structural resistance and O&M activities. The 
integration of all these aspects from a global perspective allowed for a homogeneous, 
high scale diagnosis on strengths and weaknesses for identifying locations for farming 
activities. The ability to analyze each aspect individually (biological, structural and 
operational), using long-term data series with high temporal resolution, opened the 
possibility of considering, in a complementary way, both the average and the statistically 
significant extreme conditions that may limit the potential development of this sector. This 
approach constitutes a preliminary step for further downscaling analysis at local scales 
(Weiss et al., 2018a), integrating other limiting variables (e.g. legal and socioeconomic 
factors). 

3.4.1. Farming suitability 

One of the most important questions arising from the results obtained in this work is how 
to demonstrate the reliability of the potential zones for farming the different fish species. 
Three different situations may be identified. The first evidence supporting that statement 
is that the regions of greatest aquaculture production for each species (e.g. Norway, 
Chile and United Kingdom for the Atlantic salmon; China and Japan for the Greater 
amberjack and Turkey and Greece for the Atlantic Bluefin tuna, Gilthead seabream and 
Meagre; FAO, 2017) coincided with the potential zones identified in this work for this 
activity. On the other hand, opportunities for this aquaculture sector have been identified 
in previously unexploited areas, but within the “native range” of each species (Kaschner 
et al., 2016a, 2016b, 2016c, 2016d, 2016e, 2016f, 2016g). This is the case for zones to 
the west of the African continent for Cobia and to the east of South America for Atlantic 
Bluefin tuna. Finally, a third situation is related to other offshore areas with no farming 
activities, located out of the geographic range of distribution of the selected species. For 
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instance, zones to the west and east of South America for Meagre, Gilthead seabream 
and European seabass and in the Argentina coast for Atlantic salmon are included in 
this case. 

The strength of the integrated methodology developed in this work is mainly related to 
opening farming opportunities for the aquaculture industry beyond the actual production 
and native range zones, in a similar way that occurred several years ago with the 
development of the salmon industry in Chile. Furthermore, of the seven species 
assessed, farming production of Atlantic Bluefin tuna, Meagre, Cobia and Greater 
amberjack are still not significant in terms of large-scale production (FAO, 2017). 
However, opportunities to farming Atlantic Bluefin tuna and Meagre and new areas for 
the market expansion of European seabass and Gilthead seabream have been identified 
in Latin America, Africa continent, Australia, and the seas of Japan and China (Fig. 3.5). 
For Grater amberjack the potential zones were mainly concentrated over the eastern and 
western portions of the United States, southern Brazil and in Australia, where it is not yet 
grown in marine cages (FAO, 2017). 

The case of Cobia aquaculture may be very important because it was the species with 
the largest suitable zones identified (Fig. 3.5). Due to its rapid growth rate and meat 
quality, there is a trend towards global production growth in the near future. According to 
statistics of FAO (2017) for the year 2015, only China (36,867 tons), Vietnam (2,916 
tons), Panama (1,200 tons) and Taiwan (1,013 tons) farmed Cobia in the ocean. 
Regarding the Atlantic salmon, the trend is opposite. The lack of places for farming along 
the coast leaves this activity almost exclusively dependent on open sea aquaculture 
(FAO, 2004). Of the regions designated as potential for farming this species (Fig. 3.5), 
only Argentina and Japan are not yet producers in the marine environment (FAO, 2017). 

The actual opportunities for the development of the aquaculture sector (i.e. potential 
zones identified for the fish species and not yet exploited) at the local scale may be 
limited by economic, social and political factors that should be considered in more 
detailed studies, that are out of the scope of this paper. Thus, studies at the local level 
are encouraged, where more accurate data and relevant factors for the area of interest 
should be considered to assess the feasibility of implementing this activity (c.f. Weiss et 
al., 2018a). 
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3.4.2. Biological suitability 

According to our results, biological suitability seems to be the determining factor for what 
type of species were suitable in different climate regions. This approach was based on 
the two most limiting factors for distribution of marine organisms at a biogeographical 
scale, temperature and salinity. Other water features (e.g. dissolved oxygen and 
chlorophyll a) were not considered in this global approach because of their dependence 
on specific exploitation conditions. 

Salinity effects, not performed in previous studies at this scale of analysis, were important 
for detecting very specific areas for biological suitability (e.g. in the northern Brazilian 
coast, the input of fresh water from the Amazon River turns the adjacent seawater into 
brackish water, with salinity concentrations below the ideal conditions for the considered 
species). In turn, temperature demonstrated a higher relevance for the biological 
suitability of most of species. Other large scale approaches were carried out in the recent 
years. Gentry et al. (2017) estimated the “general growth potential” for 120 fish species, 
according to the annual maximum and minimum temperature, over 30 years, based on 
the growth performance index (GPI). However, this approach only identified regions in a 
generic way for all the species considered. A more specific study on fish species was 
developed by Kapetsky et al. (2013). In this study, suitable areas according to the sea 
surface temperature for Atlantic salmon and Cobia growth presented an equivalent 
spatial distribution pattern as those obtained in this work. That study considered similar 
temperature thresholds as the unique biological criterion, but based on monthly average 
and a 95% confidence interval statistic time series. At this point, a new question arises: 
Do we need high temporal resolution data series (e.g. daily temperatures) at this 
worldwide scale? 

The use of long-term data series with fine temporal resolution allowed us to estimate 
accurately the parameter of exceedance time percentage. This parameter was 
complementary to the mean values, restricting areas with greater temporal variations 
outside the optimum conditions of temperature and salinity for the seven fish species. 
This parameter indirectly considered seasonal, monthly and punctual variations in the 
whole time series, dispensing studies with different temporal scales for site selection 
suitable areas (e.g. studies by seasonality). 

Because most marine fish do not tolerate rapid changes in temperature, parameters of 
duration of the exceedance periods and exceedance probabilities can be considered 
complementary in studies at the local level. For instance, there is the case study in the 
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Mediterranean Sea (Fig. 3.7), where the mean duration of the exceedance periods 
reached 65 days in the East of the Mediterranean Sea, close to Israel and Lebanon. 
Therefore, although some zones to the East of the Mediterranean Sea are considered 
suitable (Fig. 3.5), the high duration of the exceedance periods may compromise fish 
farming. In the same way, zones to the Northeast (Greece and Turkey coasts), North 
(Croatia coast) and Southwest of the Mediterranean Sea (Algeria coast) can be 
considered unstable due the exceedance probability, for 7 days, was higher than 0.9%. 
Therefore, the use of duration and probability of the exceedance periods can eliminate 
uncertainty of standard analyses based on averages and percentiles, showing the 
importance of using high temporal resolution data. Data on survival rates of the fish 
species in exceedance periods must be developed for local studies. 

 

 

Fig. 3.7. Example of the Mediterranean Sea of the duration and probability of the 
exceedance periods for sea surface temperature regarding Gilthead seabream, Atlantic 

Bluefin tuna, Meagre and Greater amberjack. Mean duration in days that exceeded 
26°C. Exceedance probability (>26ºC) over 7 days (0 to 1% scale). 
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3.4.3. Structural suitability 

The search of opportunities for fish farming in open sea environments faces more 
adverse oceanic conditions, increasing the risks of structure failure (Vielma and 
Kankainen, 2013). As a result, robust structures are needed to withstand met-ocean 
severity, directly influencing the profitability and technical feasibility of the enterprise. In 
addition, the structure must also be efficient for the well-being of the farmed species. 

Wave and currents conditions are a paramount aspects for the offshore cages location, 
which can damage, deplete and render useless such structures (James and Slaski, 
2006; Beveridge, 2004). Moreover, possible flaws due to wrong location can cause fish 
loss, which can culminate in conflicts as a result from the interaction between native and 
captive fish. Meanwhile, although there is an established comprehension of how wave 
height impacts aquaculture structures (Panchang et al., 2008), the cage resistance to 
endure severe met-ocean conditions is not commonly addressed in site selection 
approaches for fish farming. Therefore, parameters such as the return period in an 
adequate temporal scale and also ocean currents must be considered to identify areas 
with conditions to increase the lifespan of the cage. 

In this study, parameters for current velocities and Hs50 were used to assess the 
resistance of a generic cage in three different environmental scenarios. The criteria used 
for current velocities restricted less than 5% of the studied areas in all scenarios 
considered. In turn, the proposed scenarios for Hs50 were more restrictive, being this 
parameter the more limiting in this work. The high exposure scenario (less restrictive) 
was elaborated assuming that technological development currently in progress will reach 
this physical limit that is currently accepted to different trials and experiments. 
Meanwhile, for the other two scenarios it is assumed that there are already structures 
with resistance capacity to operate in these met-ocean conditions. 

Therefore, the largest portion of the study area evidently presents conditions to develop 
aquaculture activities using cages designed for substantial and high exposed zones, 
such as Guanche et al. (2016), Kames Fish Farming (2001) and OceanSpar LLC (2013). 
Cages designed for moderate exposed environments present little margin for an 
implementation in offshore zones. 
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3.4.4. Operational suitability 

Identification of suitable areas for O&M activities ensure the cage maintenance and the 
safety of the staff in charge. Depth, distance to ports and wave conditions are generally 
considered to assess the costs of transport, installation and maintenance of an 
aquaculture farm (Kaiser et al., 2011). However, there are no global studies that consider 
operational activities, since most of the efforts are focused on onshore and nearshore 
aquaculture. 

Offshore O&M activities make up a large part of the overall costs of the project, due to 
the logistics and accessibility of the area (Verbruggen et al., 2002). In addition, offshore 
experiments show that work is not only more expensive, but also more time consuming 
than onshore or nearshore activities (Naylor and Burke, 2005). 

To propose location possibilities for O&M activities, three different scenarios were 
proposed considering thresholds for wave conditions. Considering more or less severe 
sea conditions, the establishment of different scenarios allows designing alternatives to 
carry out O&M activities, where the high exposure scenario demand higher precaution, 
demanding harder equipment (Aircrafts and vessels in general). In turn, the moderate 
exposure scenario (more restrictive regarding suitable areas) do not require the use of 
high tech equipment, reducing the economic costs. Therefore, suitable areas of the three 
scenarios considered allow alternatives for location aquaculture facilities depending on 
the type of project desired (Types of cages, equipment and capital investment). 

This analysis showed that with the adjustment of equipment according to sea severity 
scenarios it is possible to carry out O&M activities without compromising the safety of 
the facilities and avoiding possible economic losses. Operational suitability should be 
evaluated for local studies according to the number of weather windows for performing 
the activities. Specific criteria of the area of interest should also be used in these cases, 
for example, ports distance to measure the economic feasibility. 
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3.5. Conclusion 

Nowadays, having tools to identify priority areas for emerging activities of the blue 
economy assist investors and decision makers in the management and planning of the 
marine space. In this context, the present contribution demonstrates opportunities, on a 
global scale, for the expansion of fish farming activities for seven species, considering 
biological, structural and operational aspects in an integrated analysis. The 
methodological approach developed presents a series of components and sub-models 
that, alone, can be used as independent evaluation tools (e.g. mapping areas to carry 
out O&M activities). The use of long-term data series (20–30 years) with fine spatial and 
temporal resolution provided greater reliability for this type of approach; in addition it 
allows the use of parameters for exceedance periods (novel parameter in this field of 
application) with adequate precision. Therefore, the unprecedented global assessment, 
considering more comprehensive aspects than only biological ones provides guidelines 
for future studies and tends to be a tool to assist in marine management. Moreover, the 
proposal of different scenarios for the cages resistance and for the O&M activities from 
a general spatial perspective aims to guide entrepreneurs in the choice of areas 
according to the type of project desired. Although the proposed methodology focused on 
the offshore fish farming, it can also be replicated for other marine activities. However, 
according to the scale of analysis of this study, an evaluation at local planning level is 
essential to estimate the feasibility of the implementation of this activity.
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Chapter IV. Co-location opportunities for renewable energies 
and aquaculture facilities in the Canary Archipelago 

This chapter is an edited version of the research article published in the journal Ocean 
& Coastal Management, vol. 166, pp. 62-71, by Weiss, C.V.C., Ondiviela, B., Guinda, 
X., del Jesus, F., González, J., Guanche, R., Juanes, J., in 2018 with the title “Co-location 
opportunities for renewable energies and aquaculture facilities in the Canary 
Archipelago”. https://doi.org/10.1016/j.ocecoaman.2018.05.006 

Abstract 

The present study proposes a specific methodology that integrates several selection 
criteria responding simultaneously to the needs and limitations of marine aquaculture 
and renewable energy production, aiming to identify opportunities for the co-location of 
these activities. The methodology was implemented over 25 km of the coastal fringe of 
four islands of the Canary Archipelago, applying a multi-criteria approach based on 
independent probabilistic suitability and mapping analysis (time series of 20-30 years) 
for: i) wind and wave energy production potential; ii) structural requirements for 
aquaculture cages and energy devices; iii) limits for operation and maintenance 
activities; iv) feasibility to transport energy to the grid; and v) biological requirements for 
eight species of fish. A stepwise procedure was carried out, including: 1) suitability for 
wave, wind and aquaculture activities, with spatial resolution of 0.01° (0 - 1 probability 
scale); and 2) integrated co-location mapping, considering suitability for each activity. 
Opportunities for the co-location of wind and aquaculture farms were identified in the 
southeastern portion of the islands, while in Tenerife and Fuerteventura wave-wind 
devices co-location opportunities were identified. Thus, opportunities for marine 
aquaculture and renewable energy were demonstrated in the present case study 
applying a preliminary assessment of the potential exploitation of these resources. 
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4.1. Introduction 

Integrated offshore management is a future challenge for the development of sustainable 
growth of marine economies. The progressive increase in worldwide demands for 
marine-based renewable energies combined with higher market demands for 
aquaculture-based food requires better knowledge on marine spatial planning (MSP) 
tools that allow optimizing the use of this space for different purposes. That is the case 
of energy production and aquaculture activities, in which synergistic and competitive 
interactions must be thoroughly analyzed at an appropriate scale. However, despite the 
recognized potential synergies for the combined exploitation of marine space (e.g. 
operation and maintenance (O&M) activities, structural technologies and constraints), 
there are no studies that consider the identification of zones with conditions for the co-
location of wind energy, wave energy and aquaculture activities together.  

Therefore, mapping the opportunities for the co-location of marine activities is an 
essential step in the MSP process (Ehler and Douvere, 2009). In this sense, and due to 
the lack of approaches that address the co-location of these activities in a site selection 
scope, a methodological approach was developed to identify potential areas for the 
implementation of these industries, as well as the opportunities for co-location. The 
methodology developed was applied in four islands of the Canary Archipelago. 

4.2. Study area 

The study area encompasses the marine environment (up to 25 km away from the 
shoreline) of the islands of Tenerife, Gran Canaria, Fuerteventura and Lanzarote 
(Canary Archipelago). The region has a high-energy potential due to the constant 
influence of trade winds, which circulate between the tropics from high subtropical 
pressures towards low Ecuadorian pressures, crossing the islands from a southeastern-
northeastern direction. The constancy of these winds and the extensive fetch of the 
northern coast of the islands, generate constant waves with high energetic capacity. Due 
to the subtropical location of the archipelago, marine waters present warm and stable 
temperatures throughout the year. Moreover, the scarcity of river inputs and low 
continental influence due to the distance to the African coast ensure oligotrophic 
conditions, and stable salinity and temperature values. These conditions, combined with 
the advancement of offshore energy and aquaculture technologies make it potentially 
feasible to exploit wind and wave power, and a large number of temperate marine 
species in the Canary Archipelago. 
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4.3. Material and methods 

Potential areas for individual and combined exploitation of energy resources and 
aquaculture were identified through three main steps. In step 1, the suitability of the 
studied area for the exploitation of offshore wave and wind energy was evaluated 
according to energy production and to structural, operational, and energy transport 
aspects. Step 2 consisted of evaluating suitability for farming eight commercial fish 
species in offshore cages according to biological, structural and operational aspects. 
Step 3 involved integrating the results for each activity and the combined exploitation 
(Fig. 4.1). 

 

Fig. 4.1. Steps followed for individual and combined mapping for the exploitation of 
wave energy, wind energy and aquaculture, based on a suitability scale according to 
the percentage of time the study area is in optimum conditions (0 for unsuitable and 1 
for high suitability). For the mapping, the suitability scale was divided into 4 classes: 

High suitability (>0.75); Moderate suitability (0.5-0.75); Low suitability (<0.5); and 
unsuitable (0). Areas with high suitability were considered for the co-location 

opportunities. 

Analyses were conducted considered a long-term time series (9 - 36 years), which was 
homogenized through the inverse distance weighted (IDW) technique, on a grid with 
0.01° spatial resolution (Table 4.1). The suitability of the study area was estimated on a 
scale regarding the probability of meeting optimal conditions for wave, wind and 
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aquaculture exploitation (1 for maximum suitability, 0 for minimum suitability). All 
analyses were performed using MATLAB R2014b (MathWorks, 2014) and ArcGIS 10.1 
(ESRI, 2015b) software. 

Table 4.1. Database for the met-ocean and physical-chemical variables considered. 
Sources of information, temporal resolution, spatial resolution and available period are 

indicated. 

Variables Sources of 
information 

Temporal 
resolution 

Spatial 
resolution 

Available 
period 

Waves (m) Perez et al. (2015) hourly 0.125° 1979 to 2015 

Wind (m/s) Menendez et al. 
(2014) 

hourly 0.135° 1989 to 2015 

Currents (m/s) Cid et al. (2014) hourly 0.114° 1979 to 2014 

Bathymetry (m) EMODNet (2016) punctual 0.002° 2016 

Ports Puertos Canarios 
(2016) 

punctual punctual 2016 

Electrical 
substations 

REE (2012) punctual punctual 2012 

Water 
temperature (°C) 

Donlon et al. 
(2012) 

daily 0.050° 1985 to 2013 

Salinity (PSU) Copernicus 
(2016b) 

daily 0.083° 2002 to 2011 

Chlorophyll a 
(mg/m3) 

Globcolour (2016a) monthly 0.036° 1997 to 2015 

Transparency (m) Globcolour (2016b) monthly 0.036° 1997 to 2015 

Oxygen (ml/l) Levitus et al. 
(2013) 

yearly in situ 1985 to 2013 

Nitrates (µmol/l) Levitus et al. 
(2013) 

yearly in situ 1985 to 2013 
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4.3.1. Energy exploitation 

Energy exploitation feasibility was based on the assessment of independent and 
complementary aspects regarding the operation of wave and wind farms. Wave and wind 
conditions were analyzed to estimate energy production. Elements related to the integrity 
and durability of offshore structures were evaluated according to the severity of met-
ocean conditions. Operational suitability regarded the possibility of carrying out O&M 
activities on offshore energy platforms. The suitability for energy transport was evaluated 
based on the proximity of electrical substations. Analyses were based on the reference 
operating thresholds of wave devices (Babarit et al., 2012; de Andres et al., 2015a; de 
Andres et al., 2015b) and large wind turbines (Jonkman et al., 2009; Jonkman et al., 
2012). 

4.3.1.1. Energy production 

Energy production suitability was obtained by the mean of available energy, significant 
wave height, peak wave period and wind speed values. Thresholds of these elements 
were considered to estimate wave and wind energy production (Table 4.2). Wind 
exploitation was evaluated based on the percentage of time the wind speed and its 
available potential remain within the production threshold. In addition, maximum 
significant wave height for which turbines shut down production due to safety reasons 
was also considered. The wave energy suitability assessment was based on the 
percentage of time a site presented waves that could be harvested energetically, within 
wave height and period thresholds. Wave energy flow was also considered, since this 
parameter indicates the availability of resources. 

4.3.1.2. Structural suitability 

Structural suitability was obtained by integrating 𝑊𝑊𝑠𝑠50, Hs50, 𝐶𝐶50 with the critical value 
method (minimum value of suitability). Extreme conditions (50-year return period) for 
different elements were considered as reference parameters to evaluate site severity 
and influence on design and structure. These conditions were evaluated according to 
the percentage of time that currents, wave and wind variables met the established 
thresholds over the entire time series (Table 4.2). Areas deeper than 300 m and over 
25% slope were excluded. 

 



 
Chapter IV Co-location opportunities for renewable energies and aquaculture facilities 

 

110 
 

Table 4.2. Variables, thresholds and criteria for the exploitation of wave and wind 
energy. 

Aspects Thresholds Criteria (0-1) 

Wave production   

Available energy flow (kW/m) > 15 % of time 

Significant wave height (𝐻𝐻𝑠𝑠, m) 1 < 𝐻𝐻𝑠𝑠 <5 % of time 

Peak wave period (𝑇𝑇𝐴𝐴, s) 5 < 𝑇𝑇𝐴𝐴 < 14 % of time 

Wind production   

Wind speed (90 m high) (𝑊𝑊𝑠𝑠, m/s) 4 < V < 25 % of time 

Available potential (W/m2) > 400 % of time 

Significant wave height (𝐻𝐻𝑠𝑠, m) < 5 % of time 

Structural suitability   

50-year return period for wind speed (𝑊𝑊𝑠𝑠50, m/s) < 40 % of time 

50-year return period for significant wave height 
(Hs50, m) 

< 15 % of time 

50-year return period for current velocity (𝐶𝐶50, m/s) < 1  % of time 

Bathymetry (m) < 300 Boolean 

Slope (%) < 25 Boolean 

Operational suitability   

Distance from ports (km) < 40 Distance 

Wind speed (𝑊𝑊𝑠𝑠, m/s) < 15 8-h weather 
windows 

Significant wave height (𝐻𝐻𝑠𝑠, m) < 2 8-h weather 
windows 

Energy transport   

Distance from electrical substations (km) < 40 Distance 
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4.3.1.3. Operational suitability 

Operational suitability (OS) was determined by the weighted mean of significant wave 
height values, wind speed and distance to the ports (Eq. 4.1). The weights were 
attributed according to the relevance of each factor on operational activities in the study 
area, reflecting greater importance for waves and wind (limiting factors for site 
accessibility) than the distance to ports, which was not considered as a limiting factor in 
the Canary Islands. Accessibility was determined by the number of 8-hour weather 
windows that occur per year to perform vessel-structure access maneuvers, according 
to the thresholds considered (Table 4.2). Sites were considered to have complete 
accessibility (suitability 1) with 1095 access windows. The distance to the nearest port 
was calculated based on an Euclidean distance up to 40 km, considering that smaller 
distances have higher suitability and vice versa (0 - 1 scale). 

𝑂𝑂𝑆𝑆 = (3∗𝑤𝑤𝑊𝑊𝑊𝑊𝑊𝑊+2∗𝑤𝑤𝑊𝑊𝑊𝑊𝑊𝑊+𝐴𝐴𝐿𝐿𝑝𝑝𝑡𝑡𝑠𝑠)
6

                     (4.1) 

4.3.1.4. Energy transport 

The suitability of a site regarding energy transport was estimated calculating the 
Euclidean distance of the nearest electrical substations. The premise considered was 
that the closer an offshore farm is to an energy substation, the lower the cost of 
installation and energy losses due to dissipation. Energy transport suitability values were 
calculated according to the maximum distances considered (Table 4.2). 

Scenarios with a theoretical location of a substation on each island were generated as 
an alternative to areas with high-energy potential and that are suitable regarding 
structure and O&M activities. The locations of the substations were similar for the wave 
and wind energy scenarios, simulating suitability to explore both forms of energy without 
limiting distances of substations to energy transport. 

4.3.1.5. Wind and wave exploitation suitability 

Suitability for the exploitation of wave and wind energy and their respective theoretical 
scenario was obtained by the integration, using the critical value method, of production, 
structural, operational and energy transport suitability. 
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4.3.2. Aquaculture 

The suitability of the study area to accommodate offshore fish farming cages was 
assessed according to requirements defined by biological, structural and operational 
aspects. Biological suitability regarded the adequacy of environmental conditions 
(physical-chemical factors) to the farming requirements necessary for fish growth. The 
integrity and durability of the cage against met-ocean conditions was evaluated by 
structural suitability. Operational suitability evaluated the feasibility of carrying out O&M 
activities in the cage (feeding, fishing, cleaning, among others). 

Biological suitability thresholds were based on previous studies (Gifford et al., 2001; 
Santhanam et al., 2015; UNDP/FAO, 1989) and a specialized information system 
(Froese and Pauly, 2015). Structural and operational thresholds were based on the 
Norwegian Standard NS 9415.E.2009 (Standard Norge, 2009). 

4.3.2.1. Biological suitability 

For optimum species growth, cage location needs to meet certain conditions in 
concomitance, regarding temperature, salinity, dissolved oxygen, transparency, 
chlorophyll a and nitrates (Table 4.3). Therefore, all variables were evaluated according 
to the percentage of time (suitability scale of 0 to 1) they remained within the biological 
thresholds for each species over the entire time series. 

4.3.2.2. Structural suitability 

The suitability for structural strength of the cage was defined according to integration, by 
the critical value method, of current and wave conditions over a 50-year return period. 
These met-ocean conditions were determined by the percentage of time that the site 
presented suitable conditions according to the thresholds adopted (Table 4.3). Areas 
deeper than 300 m and slope higher than 25% were discarded. 

4.3.2.3. Operational suitability 

The suitability to perform O&M activities in the cage was calculated using the weighted 
mean of the distance to ports and site accessibility elements (Eq. 4.1). The thresholds of 
Table 4.3 determine an Euclidean distance to ports of up to 40 km and the significant 
wave height and wind speed that promote weather windows. 
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4.3.2.4. Aquaculture suitability 

Biological, structural and operational suitability were integrated, using the critical value 
method, to establish suitability for farming each fish species. 

 
 

Table 4.3. Variables, thresholds and criteria for the exploitation of marine aquaculture. 

Aspects                                Thresholds Criteria 

(0-1) 

Biological suitability        

 Temperature 

(°C) 

Salinity 

(PSU) 

Chlorophyll 

a (mg/m3) 

Transparency 

(m) 

Oxygen 

(ml/l) 

Nitrates 

(µmol/l) 

 

European seabass 

Dicentrarchus labrax 

18 - 27 30 - 40 < 10 > 0.5 > 5 < 214 % of 

time 

Gilthead seabream 

Sparus aurata 

18 - 26 30 - 40 < 10 > 0.5 > 5 < 214 % of 

time 

Red porgy 

Pagrus pagrus 

20 – 27.7 31.6 - 

38 

< 10 > 0.5 > 5 < 214 % of 

time 

Atlantic Bluefin tuna 

Thunnus thynnus 

9.4 - 25 30.3 – 

37.7 

< 10 > 0.5 > 5 < 214 % of 

time 

Meagre 

Argyrosomus regius 

16.1-  27.7 29.5 – 

39.1 

< 10 > 0.5 > 5 < 214 % of 

time 

Greater amberjack 

Seriola dumerili 

19.1 – 28.4 33.2 -  

37.1 

< 10 > 0.5 > 5 < 214 % of 

time 

Wreckfish 

Polyprion americanus 

11.7 – 25.9 32.4 – 

37.9 

< 10 > 0.5 > 5 < 214 % of 

time 

Dusky grouper 

Epinephelus 

marginatus 

20.4 – 26.5 33.2 – 

37.2 

< 10 > 0.5 > 5 < 214 % of 

time 
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Aspects Thresholds Criteria (0-1) 

Structural suitability   

50-year return period for significant wave height (Hs50, m) < 5 % of time 

50-year return period for current velocity (𝐶𝐶50, m/s) < 1 % of time 

Bathymetry (m) < 300 Boolean 

Slope (%) < 25 Boolean 

Operational suitability   

Distance from ports (km) < 40 Distance 

Wind speed (𝑊𝑊𝑠𝑠, m/s) < 15 8-h weather 

windows 

Significant wave height (𝐻𝐻𝑠𝑠, m) < 1 8-h weather 

windows 

4.3.3. Mapping and co-location opportunities 

According to suitability for wave and wind energy and for farming eight fish species 
(probability scale between 0, for unsuitable areas, and 1, for areas with high suitability), 
the study area was divided into four classes: i) High suitability (>0.75), for areas with 
probability greater than 75% to present optimum conditions for the exploitation of the 
evaluated activities; ii) Moderate suitability (0.5-0.75), for areas with probability between 
50% and 75% to present optimum conditions; iii) Low suitability (<0.5) for areas with 
probability less than 50% to present optimum conditions and; iv) Unsuitable (0). A 
combined mapping integrating areas with high suitability of the three activities was 
proposed to identify areas with co-location opportunities. 

4.4. Results 

4.4.1. Wave energy 

Areas with the highest suitability (> 0.75) for wave energy exploitation were concentrated 
mainly on the northern and northwestern coast of Tenerife, Gran Canaria and 
Fuerteventura and on the southwestern portion of the islands of Fuerteventura and 
Lanzarote (Fig. 4.2). The total highly suitable area was 752 km2. A critical element was 
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energy resource availability, which was directly related to the predominant north-west 
swell in the Canary Islands. Depth and slope of the seabed, which were considered in 
the assessment of structural suitability, restricted 81% of the study area. In turn, the 50-
year return period of current velocity, significant wave height and wind speed did not 
restrict any area. 

Regarding operational suitability, the distance to ports restricted areas to the west and 
north of Lanzarote, to the south and southwest of Fuerteventura and to the south of 
Tenerife. The main potential areas for wave exploitation without nearby electrical 
evacuation services were mainly western Fuerteventura and Gran Canaria and northern 
Lanzarote. 

 

Fig. 4.2. Mapping proposed for the exploitation of wave energy in Tenerife, Gran 
Canaria, Fuerteventura and Lanzarote islands of the Canary Archipelago. 

Fig. 4.3 proposes a scenario with theoretical locations for substations. The proposed 
location for the substations on the islands of Lanzarote and Fuerteventura - Ajuy and 
Máguez locations, respectively – led to a significant increase in highly suitable areas to 
the north of Lanzarote and west of Fuerteventura. Tenerife experienced an increase of 
highly suitable areas to the west of the island, where the theoretical substations were 
located (Teno location). For the Gran Canaria island, the scenario placing an electrical 
substation in the region of La Aldea (western portion of the island) increased areas with 
low suitability (<0.5) to a level of moderate suitability (0.5-0.75), not reaching high levels 
of suitability due to the low energy potential available in this region. Together, highly 
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suitable areas increased from 752 km2 to 1230 km2, representing a 64% increase in the 
feasible area for wave energy exploitation. 

 

Fig. 4.3. Scenario for the exploitation of wave energy with the theoretical location of 
electrical substations. 

4.4.2. Wind energy 

Areas with high suitability for wind farms were mainly distributed on the eastern coasts 
of the islands. Additionally, areas west of Tenerife, southwest to Fuerteventura and 
northwest to Lanzarote also showed suitable conditions (Fig. 4.4). The highly suitable 
areas covered 768 km2, while moderately suitable areas covered 2345 km2. The high 
suitability for wind energy production was attributed to the energy potential generated by 
trade winds reaching the islands of the Archipelago. 

Fig. 4.5 simulates alternatives to areas with high-energy potential and that are highly 
suitable for structural and O&M activities. Areas near the theoretical substations stood 
out as highly suitable for wind farms, demonstrating that the only limiting aspect in these 
regions was energy transport to the grid. These areas, located to the north and west of 
the islands, increased highly suitable areas to 1505 km2, representing an increase of 
96%. 
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Fig. 4.4. Mapping proposed for the exploitation of wind energy in Tenerife, Gran 
Canaria, Fuerteventura and Lanzarote islands of the Canary Archipelago. 

 

 

Fig. 4.5. Scenario for the exploitation of wind energy with the theoretical location of 
energy substations. 
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4.4.3. Aquaculture 

Areas with high suitability for farming European seabass, Gilthead seabream, Atlantic 
Bluefin tuna, Meagre and Wreckfish covered 975 km2, while moderately suitable areas 
covered 713 km2 (Fig. 4.6a). Greater amberjack (Fig. 4.6b) presented 308 km2 of highly 
suitable areas for farming in Tenerife and Gran Canaria, while Red porgy (Fig. 4.6c) 
farming was considered moderately suitable over 1688 km2 distributed across the four 
islands. Dusky grouper farming did not present highly suitable areas (Fig. 4.6d), but was 
considered moderately suitable over 491 km2 across Tenerife and Gran Canaria and 
presented low suitability over an area of 1197 km2 in Fuerteventura and Lanzarote. 
Biological suitability was determined mainly by temperature, limiting suitability for farming 
species of warmer environments in the eastern portion of the study area (e.g. Red porgy, 
Greater amberjack and Dusky grouper). The most critical element for structural suitability 
was significant wave height in a 50-year return period, excluding the northern and 
western coast of the islands. In the assessment of operational suitability, the distance 
from ports and the number of 8-hour weather windows for wave height also restricted 
areas to the north and west of the study area. Moreover, the number of weather windows 
decreased suitability to the southeast of Gran Canaria, northeast of Fuerteventura and 
southeast of Lanzarote, as shown in Fig. 4.6a (yellow areas). Therefore, the southern 
and eastern portions of the islands presented optimum conditions for harboring offshore 
cages and carrying out O&M activities. 

4.4.4. Co-location opportunities 

Potential zones for wave exploitation were located mainly in the northern and 
northwestern portions of the islands, while the highest potential for wind energy was 
identified to the east and southeast, coinciding with areas highly suitable for aquaculture 
(Fig. 4.7). Approximately 311 km2 of the study area presented highly suitable conditions 
for the combined exploitation of wind power and aquaculture. In the islands of 
Fuerteventura, Lanzarote and Tenerife, 80 km2 were identified as suitable for the co-
location of both wave and wind energy. No areas were identified for the combined 
exploitation of aquaculture and wave energy. 
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Fig. 4.6. a) Mapping for farming European seabass, Gilthead seabream, Atlantic 
Bluefin tuna, Meagre and Wreckfish; b) Mapping for farming Greater amberjack; c) 

Mapping for farming Red porgy; d) Mapping for farming Dusky grouper. 
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Fig. 4.7. Map highlighting areas with appropriate conditions for the co-location of wave 
energy, wind energy and aquaculture. Only areas with values above 0.75 were 

considered. For aquaculture, only the areas considered highly suitable for European 
seabass, Gilthead seabream, Atlantic Bluefin tuna, Meagre and Wreckfish were 

integrated in this co-location opportunities map. 
 

4.5. Discussion 

Our study provides a useful tool to mapping the co-location opportunities for wave 
energy, wind energy and aquaculture activities and, therefore, assist in the definition and 
analysis of the future conditions of a MSP process (Ehler and Douvere, 2009). The 
methodological approach developed and applied in the Canary Archipelago identified 
priority areas for the development of these industries of interest to the Blue Growth. The 
analyses carried out using a long-term data series with fine spatial and temporal 
resolution allowed an effective evaluation of the potential of each activity. The 
assessment in terms of probability (% of time in optimum conditions) for each element 
analyzed was effective in estimating environmental and technical conditions required for 
each aspect and activity evaluated. 

The competition for space in the marine environment emphasizes the need to efficiently 
manage and exploit synergic activities. Thus, new actors in the maritime sector 
(European Commission, 2012; European Commission, 2014b) have driven the 
sustainable development of interdependent industries within a Blue Growth framework, 
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highlighting the important role of renewable energies and aquaculture in marine economy 
over the coming decades. 

In the case of the Canary Islands, competition for space is evident, due to the presence 
of numerous protected areas (Special Protection Areas for Birds, Marine Reserves, 
Special Areas of Conservation and Natural Protected Areas) and marine uses (e.g. 
maritime traffic, fishing, military and ports). In this context, aquaculture is a sector with 
high growth potential, with more than 50 installations distributed in the archipelago. New 
activities in the renewable energy sector also begin taking place in the islands, although 
they still face economic barriers that are limiting their development (European 
Commission, 2017b). Therefore, the Blue Growth coupled with the existing uses and 
restrictions in the study area highlight the need for the co-location of uses and the 
application of Integrated Maritime Policy principles, as laid down in Directive 2014/89/EU 
on MSP (European Union, 2014) and supported, at national level, by the Spanish 
normative R.D. 363/2017. 

Synergies were identified among these activities in the study area. The greatest potential 
identified regarded the combination of wind energy and fish farming of five species 
(European seabass, Gilthead seabream, Atlantic Bluefin tuna, Meagre and Wreckfish). 
The synergies of combining these two activities could represent an interesting 
opportunity for the development of the wind sector in the Canary Islands; furthermore, 
the co-location of these uses reduces operating costs, since both types of facilities have 
limited accessibility (Michler-Cieluch et al., 2009). The A2 project (2015) - inserted in the 
MARIBE (2015) project that have investigated the combination of these activities on 
offshore floating platforms - was conducted for the southeastern portion of Gran Canaria, 
coinciding with the area of co-location opportunities identified for these activities (Fig. 
4.7). Therefore, the study area presented potential areas for the combination of these 
activities, especially on multi-use floating platforms such as in the North Sea (Stuvier et 
al., 2016). Despite the potential of combining these two uses, risks and uncertainties still 
limit their full development, requiring the formalization of public policies and sustainable 
and balanced solutions for these different activities (Wever et al., 2015). In addition, 
trade-offs between combined activities should be evaluated in an integrated and 
transparent manner, optimizing resource efficiency (White et al., 2012), mitigating 
environmental impacts and avoiding possible drawbacks (e.g. interference of energy 
converters on farmed species). 

Areas with optimum conditions were also identified for the co-location of wind and wave 
farms, as well as for hybrid systems. Because of the similarities between technologies 
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and exploitation platforms, synergies between these uses tend to reduce operating costs 
and increase energy production per unit area. The biggest advantage in economic terms 
is the reduction of costs to carry out O&M activities, either by the joint accomplishment 
of the activities or by the presence of a wave energy converter (WEC) to increase access 
time to the site (number of weather windows) (Astariz et al., 2015a). In particular, the 
shielding effect of WEC on offshore wind farms is one of the reasons for the rise of co-
location and hybrid systems in recent years (Pérez-Collazo et al., 2013). Besides 
synergies regarding projects and technologies, legislative synergies can promote the 
development of projects combining these activities (Pérez-Collazo et al., 2015). 
Nevertheless, in the case of the Canary Islands, the lack of attractiveness for private 
investments, due to economic factors, hinders the development of these activities. 
According to the European Commission (2017b), the economic infeasibility for the 
exploitation of these resources is due to both the insularity and the geomorphological 
characteristics of the study area. The distance from the continent makes logistics more 
expensive, while the depth and slope associated with the met-ocean conditions of the 
region require equipment with greater resistance. However, efforts to develop 
economically sustainable technologies for wind and wave exploitation in the Canary 
Islands are being carried out. Consequently, mapping the optimum conditions for wave 
and wind exploitation based on parameters of floating structures tends to assist investors 
and decision makers in the gaps to be filled for the implementation of these industries in 
the region. 

Operational differences between aquaculture cages and WEC devices demonstrated the 
non-linearity in spatial distribution of potential areas for these activities in the study area. 
Potentially energetic zones for the exploitation of waves were opposed to those of 
aquaculture, mainly because of the environmental stress that waves impose on fish in 
aquaculture cages (Pérez et al., 2003). In addition, the parameters considered to identify 
potential areas for fish cages were not compatible with those for WEC device operation. 
However, the possibility of combining the exploitation of wave energy with aquaculture 
farms in other fields cannot be ruled out. The co-location of these activities will depend 
on the species farmed and the type of co-location systems or hybrid platform used. The 
MARIBE (2015) project has explored the combination of wave energy and fish farming 
in the Mediterranean, and wave energy and seaweed farming in the Atlantic. Prototypes 
and experiments have also been developed for offshore cages that can withstand more 
adverse met-ocean conditions (e.g. Guanche et al., 2016; Kames Fish Farming, 2001; 
OceanSpar LLC, 2013), which may present synergies with WEC devices. 



 
Chapter IV Co-location opportunities for renewable energies and aquaculture facilities 

 

123 
 

The waters of the Canary Archipelago offer opportunities for the combined exploitation 
of resources, which was demonstrated by the potential of combining wind energy with 
aquaculture and wave energy. Areas deeper than 50 m were considered suitable for 
these activities due to the technological advances that allowed the exploitation in deeper 
waters with floating structures. The individual assessment of different aspects required 
for the operation of these activities (energy production, energy transport, structural 
suitability, O&M activities and biological suitability for fish farming) allowed for the 
identification of limitations that are subjected to technological solutions. The issue of 
availability of resources in areas without an electrical grid, for example, can be solved 
with the installation of electrical substations, as simulated in the theoretical scenarios for 
wave and wind energy. 

Mapping opportunities for the development of the renewable energy and aquaculture 
industries is an essential step to recognize trends in the development of these activities 
and, therefore, for the MSP. The feasibility of locating and co-locating renewable 
energies and aquaculture facilities in the Canary Islands requires the contemplation of 
other steps of a MSP process (Ehler and Douvere, 2009), incorporating economic, 
political and social factors, besides the stakeholders participation and the analysis of 
possible conflicts between other existing uses and restriction areas. In any case, the 
promotion of these sectors in the Canary Islands, which currently present a marked 
unequal level of development, would have an immediate effect on the region's 
socioeconomic situation, contributing to a diversification of economic activity. 

4.6. Conclusion 

As the exploitation of marine resources expands and intensifies, the need to minimize 
conflicts and optimize the use of space increases. For the sustainable development of 
marine economies, integrated mapping approaches in a spatial planning framework 
should be considered for emerging industries. The present contribution presents a 
preliminary assessment tool to assist in the MSP of the four islands of the Canary 
Archipelago, mapping priority areas for the development of wave, wind and aquaculture 
activities. 

The methodological approach developed presented a series of components and sub-
models (energy production, structural, operational, energy transport and biological 
assessments) that can be used as independent evaluation tools. The ocean mapping 
approach for wave, wind and aquaculture farms allowed the identification of potential 
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zones for the combined exploitation, as well as the limitations and trade-offs for each 
activity in the study area. The methodology developed can be replicated in other study 
areas and for other marine activities. In addition, this framework supports MSP in 
identifying efficient solutions for ocean use, assisting decision-makers and investors in 
the exploitation of resources in a sustainable way. 

The present study demonstrated the co-location capacity of wind energy with other 
marine activities. Although no areas were observed to hold conditions for the 
combination of the three activities, technological and scientific advances demonstrate 
the possibility of the combined exploitation of wave energy, wind energy and aquaculture. 

Co-location can be seen as a milestone for MSP, enabling the sustainable development 
of marine economies, and therefore, Blue Growth. Nevertheless, for proper planning all 
marine uses must be considered simultaneously, with the participation of stakeholders. 
Public policies that encourage the combination of different uses must be formalized, 
since management and planning in the marine environment tend to be dealt by different 
government agencies, which often have conflicting objectives.
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Chapter V. Climate change effects on marine energy resources 
and environmental conditions for offshore aquaculture in 
Europe 

 

Abstract 

Based on current (reference climate) and future (projected climate) scenarios, favorable 
conditions for wind and wave energy exploitation and for farming six marine fish species 
were assessed using a suitability index in all European regional seas. The delta change 
method was used for projections, using the General Circulation Models outputs 
(Representative Concentration Pathway 8.5) from the fifth phase of the Coupled Model 
Intercomparison Project. Regarding power density, the observed changes in climate will 
not have direct impacts on the geographic distribution of potential zones for the energy 
industry (both wind and wave based), that is, they pose no threat to this industry. Long-
term changes in environmental conditions will, however, require adaptation of the 
aquaculture sector, and especially, of its exploitation areas. Opportunities for 
aquaculture expansion of the assessed species are identified. The evaluation of potential 
zones for the exploitation of marine renewable energy resources and offshore 
aquaculture represents a stepping-stone, useful for improving decision-making and 
assisting in the management of marine economies both in the short-term (current 
scenario) and in the long-term (future scenario) development of these sectors. 
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5.1. Introduction 

The development of the marine renewable energy and offshore aquaculture sectors is 
susceptible of being affected by climate change. The continuous increase in greenhouse 
gas emissions could have impacts on the marine renewable energy and offshore 
aquaculture sectors, thereby affecting food security and energy supply marked by 
increasing global demand (Carvalho et al., 2017; Merino et al., 2012; Perez et al., 2015). 
In this context, General Circulation Models (GCMs) are essential tools for assessing 
climate change in future scenarios. Such projection models take into account 
Representative Concentration Pathways (RCPs) introduced in the Fifth Assessment 
Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC, 2014a). 
According to this document, the severe increase in greenhouse gas emissions has 
reached the worst emission scenario proposed by the IPCC, the RCP 8.5 (Clark et al., 
2016; IPCC, 2014a), which is, therefore, the more realistic scenario if no specific 
mitigation objective is implemented (Riahi et al., 2011; van Vuuren et al., 2011). 

Having recognized the currently available climate projection tools and that wind-wave 
climate and environmental conditions (physical-chemical factors) respond to climate 
variability and changes (Callaway et al., 2012; Hoeke et al., 2013), next step must focus 
on what impact can climate change have on the marine renewable energy and offshore 
aquaculture sectors. Consequently, a question arises: what are the opportunities and 
threats to these industries in the long-term? 

Although an effort has been made by the scientific community to project climate change, 
as mentioned in Chapter I, there are no approaches to assess the distribution of potential 
zones for the exploitation of marine renewable resources and for open sea fish farming 
in future scenarios. Consequently, for the long-term planning of these activities, a holistic 
view on the effects of climate change on energy resources and environmental conditions 
is required.  

This work aims to assess the geographical distribution of potential zones for the 
exploitation of offshore wind and wave resources and for farming six marine fish species 
under a climate change scenario, based on recognized site selection methodologies for 
these activities (Weiss et al., 2018a; 2018b; 2018c; 2018d). For this purpose, two 
scenarios (current and projected climate) are considered to recognize zones with 
favorable conditions for these activities, thus identifying opportunities and threats for 
these marine economies. 
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5.2. Study area 

The study area encompasses the Mediterranean Sea, the Black Sea, the Baltic Sea and 
the Northeast Atlantic Ocean (including the North Sea and the Barents Sea). These 
regions, which include all the European regional seas, are of particular interest to the 
renewable energy and offshore aquaculture sectors. Europe has a leading role in the 
use of marine energies, accounting for more than 90% of the installed offshore wind 
capacity in the world (Kalogeri et al., 2017). The enormous wind potential in the North 
Atlantic sub-basin is evidenced by the advanced development of the wind industry in the 
North and Baltic Seas. Conversely, this industry is still in its initial developmental phase 
in the Mediterranean Sea, with some wind farms in operation, but most still under 
construction or being planned (4COffshore, 2018). Another area of special interest for 
wind and wave energy exploitation is the Black Sea (Rusu et al., 2018). According to 
Weiss et al. (2018d), the North Atlantic sub-basin also has a high potential for the 
exploitation of wave energy. 

As regards aquaculture, the Mediterranean Sea is one of the areas with the greatest 
potential for farming European seabass, Gilthead seabream, Atlantic Bluefin tuna and 
Meagre (Weiss et al., 2018c), the last three species currently being farmed at commercial 
scale in Turkey and Greece (FAO, 2017). The African coast of the North Atlantic presents 
great opportunities for farming Greater amberjack (Weiss et al., 2018c). Finally, Norway 
and the United Kingdom are the main producers of Atlantic salmon in the North Sea 
(FAO, 2017). 

5.3. Material and methods 

This study analyzed current and future spatiotemporal dynamics in met-ocean conditions 
and oceanic physical-chemical factors for the exploitation of energy resources and open 
sea fish farming. For the projections (future scenario), the delta change method (Mosier 
et al., 2014; Mosier et al., 2018) was adopted, using changes (differences) in GCM 
outputs (hindcast and forecast data) and reanalysis data as a reference climate (Fig. 
5.1). Based on a current (reanalysis data) and a future scenario at the end of the 21st 
century (projected data), it was assessed: i) the available wind potential, to identify zones 
with favorable conditions for energy exploitation; ii) the available wave energy flux, to 
identify zones with favorable conditions for energy exploitation; and iii) the environmental 
conditions, to identify zones with optimal conditions for fish growth. The suitability of the 
study area was estimated using an index (Suitability index, SI) measuring the probability 
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of meeting favorable conditions for each evaluated aspect (the index ranges between 
values of 1, for maximum suitability, and 0, for minimum suitability) (Weiss et al., 2018a; 
2018b; 2018c; 2018d). Fig. 5.1 shows a general overview of the methodology followed 
in this work, which is explained in more detail in the following sections. 

 

Fig. 5.1. Diagram depicting the various steps followed under the developed 
methodological approach. 

5.3.1. Data 

For the current scenario, a combination of validated statistical information and reanalysis 
(21-37 years) at different temporal (hourly, daily and weekly) and spatial (0.017º-0.3º) 
resolutions was used, depending on the availability of homogeneous data (Table 5.1). 
As for the future scenario, a long-term (2070 – 2099) projection, based on the RCP 8.5 
from the fifth phase of the Coupled Model Intercomparison Project (CMIP5, Taylor et al., 
2012) was considered. GCMs of the baseline scenario (RCP 8.5) were chosen to 
represent projections of long-term changes since they  correspond to the pathway with 
the highest greenhouse gas emissions, that is, if no specific measure of climate 
mitigation is included (Riahi et al., 2011; van Vuuren et al., 2011). To ensure data 
accuracy, GCMs were selected according to their ability to represent projections in the 
Northeast Atlantic region (Perez et al., 2014; Perez et al., 2015) and because it is the 
reference set of the IPCC (IPCC, 2014a) (Table 5.1). 
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Table 5.1. Summary of available periods, data sources, resolutions and models for the 
current and future scenarios. 

Variable Available 

Period 

Sources of 

Information 

Temporal 

Resolution 

Spatial 

Resolution 

Model 

 

 

Wind 

1979-2010 Saha et al., 

(2010) 

 

Hourly 

0.3º  

Reanalysis 

2011-2015 Saha et al. 

(2014) 

0.2º 

2070-2099 WCRP (2018) Daily *0.25º CNRM-CM5; 
GFDL-ESM2G; 
GFDL-ESM2M; 
IPSL-CM5A-LR; 
IPSL-CM5A-
MR; MPI-
ESMMR 

 

 

Waves 

1979-2015 Perez et al., 

(2017) 

 

Hourly 

0.25º  

Reanalysis 

1979-2015 Reguero et al. 

(2012) 

0.25º 

2070-2099 WCRP (2018) Monthly *0.25º CNRM-CM5; 
GFDL-ESM2G; 
GFDL-ESM2M; 
IPSL-CM5A-LR; 
IPSL-CM5A-
MR; 
IPSLCM5B-LR; 
MPI-ESM-LR; 
MPI-ESM-MR 

Water 

temperature 

1985-2013 Donlon et al. 

(2012) 

Daily 0.25º Reanalysis 

2071-2099 WCRP (2018) Daily 0.25º CNRM-CM5; 
GFDL-ESM2G; 
IPSL-CM5A-LR; 
IPSL-CM5A-
MR; MPI-ESM-
LR; MPI-ESM-
MR 

Salinity 
1993-2013 Copernicus 

(2016a) 

Weekly 0.25º Reanalysis 

2079-2099 WCRP (2018) Monthly *0.25º IPSL-CM5A-LR; 
IPSL-CM5A-
MR; 
IPSLCM5B-LR; 
CNRM-CM5; 
GFDL-EMS2G; 
GFDL-ESM2M 
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Bathymetry 2009 Amante and 

Eakins (2009) 

Static 0.017º Satellite 

measurements 

* Spatial resolution derived from reanalysis data, c.f. 5.3.2. Simulation of long-term 

projections. 

5.3.2. Simulation of long-term projections 

The simulation of future scenarios for the period between 2070 and 2099 was based on 
the delta change method (delta downscaling or change factor method), which is widely 
used in the literature (Lutz et al., 2014; Moiser et al., 2014; Räty, et al., 2014). As a quality 
control, data with more than 20% of the values outside the limits of the Mean Squared 
Errors (MSEmean ± MSEstd) between the reanalysis data (reference climate) and the 
GCMs data (hindcast) for the same period (1985-2005) were discarded (Chai and 
Draxler, 2014). These periods were used because the reanalysis data overlap with the 
data available in most GCMs. A detailed description of this data validation procedure is 
presented in de la Hoz et al. (2018). 

To avoid systematic biases, parameters (mean, min, max, std) were calculated for each 
GCM (hindcast and forecast data) independently, and averaged with the ensemble 
method (Arnell et al., 2014), in the same order as in other works (Camus et al., 2017; de 
la Hoz et al., 2018; Meier et al., 2011). To generate a long-term time series (2070-2099) 
with the same spatial and temporal resolution as that of the current scenario, differences 
in the means between the forecast (2070-2099) and hindcast (1985-2005) GCM data 
series were applied to the reanalysis data series, assuming the same bias in current and 
future climate scenarios. Because the spatial and temporal resolutions of the GCMs 
outputs are too coarse to allow a direct comparison with the analytical reanalysis, the 
points with the shortest Euclidean distance among them were considered. 

5.3.3. Suitability index assessment 

5.3.3.1 Evaluation criteria 

Analyses were based on reference operating thresholds of large wind turbines (Bak et 
al., 2013; Jonkman et al., 2009; Jonkman et al., 2012), wave devices (Babarit et al., 
2012; de Andres et al., 2015a; Roberson et al., 2016) and in the environmental ranges 
considered optimal for the growth of the six selected marine fish species (Weiss et al., 
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2018c). Depth limits for energy (500 m depth) and aquaculture (700 m depth) activities 
were similar to those established in previous studies (Weiss et al., 2018c; 2018d) (Table 
5.2). 

5.3.3.2 Wind and wave energy resources 

The assessment of resource availability was based on the percentage of time during 
which favorable production conditions existed for both wind and wave devices (Table 
5.2). Therefore, the SI of the wind resource (𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊) was defined according to Eq. 5.1, 
and the SI for wave resource (𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊) according to Eq. 5.2. 

𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = �𝑡𝑡𝐴𝐴𝐴𝐴
𝑡𝑡̅
�                        (5.1) 

𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = �𝑡𝑡𝐸𝐸𝐸𝐸
𝑡𝑡̅
�                        (5.2) 

where 𝑡𝑡𝐴𝐴𝐴𝐴 is the time, at the temporal resolution of the base variable (wind, Table 5.1), 
that the available potential at a height of 90 m (𝐴𝐴𝑇𝑇) remained above 400 W/m2 (Table 
5.2) in the whole time series (𝑡𝑡̅); and 𝑡𝑡𝐸𝐸𝐸𝐸 is the period of time, at the temporal resolution 
of the base variable (waves, Table 5.1), that energy flux (𝐸𝐸𝑓𝑓) remained above 15 kW/m 
(Table 5.2) in the whole time series (𝑡𝑡̅). 

5.3.3.3 Aquaculture 

For open sea fish farming, the assessment of suitable zones was based on two limiting 
factors for fish growth: sea surface temperature (𝐻𝐻𝐻𝐻𝑡𝑡) and sea surface salinity (𝐻𝐻𝐻𝐻𝐻𝐻). 
Therefore, the SI for aquaculture (𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴) was established according to the percentage of 
time that 𝐻𝐻𝐻𝐻𝑡𝑡 and 𝐻𝐻𝐻𝐻𝐻𝐻 remained within the biological thresholds for each species (Table 
5.2) in concomitance (𝑐𝑐𝑓𝑓𝑚𝑚) (Eq. 5.3). 

𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴 = 𝑐𝑐𝑓𝑓𝑚𝑚 �𝑡𝑡𝐻𝐻𝐻𝐻𝑡𝑡
𝑡𝑡̅

, 𝑡𝑡𝐻𝐻𝐻𝐻𝐻𝐻
𝑡𝑡̅
�             (5.3) 

where 𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡 is the time, at the temporal resolution of the base variable (temperature, Table 
5.1), that the 𝐻𝐻𝐻𝐻𝑡𝑡 remained within the defined thresholds for each fish species (Table 5.2) 
during the whole time series (𝑡𝑡̅); and 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠 is the time, at the temporal resolution of the 
base variable (salinity, Table 5.1), that the 𝐻𝐻𝐻𝐻𝐻𝐻 remained within the defined thresholds for 
each fish species (Table 5.2) throughout the  time series (𝑡𝑡̅). 

The Kriging method (Ghiasi and Nafisi, 2015) was employed to interpolate the results on 
a homogeneous grid with a 0.10º resolution. 
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Table 5.2. Aspects, species assessed, thresholds, data sources and criteria. 

Aspects/Species Thresholds Sources of 
Information 

Criteria  

(0-1) 

Wind Resource    

Available potential 
(W/m2) 

≥ 400 (Bak et al., 2013; 
Jonkman et al., 
2009; Jonkman et 
al., 2012) 

% of 
time 

Wave Resource    

Available energy 
flux (kW/m) 

≥ 15 (Babarit et al., 2012; 
de Andres et al., 
2015a; Roberson et 
al., 2016) 

% of 
time 

Bathymetry (m) ≤ 500 Weiss et al. (2018d) Boolean 

Aquaculture Temperature 
(ºC) 

Salinity 
(PSU) 

  

European seabass 

Dicentrarchus 
labrax 

18≤ x ≤27 30≤ x ≤40  

 

 

 

 

 

Weiss et al. (2018c) 

% of 
time 

Gilthead seabream 

Sparus aurata 

18≤ x ≤26 30≤ x ≤40 % of 
time 

Atlantic salmon 

Salmo salar 

6≤ x ≤16 30≤ x ≤35 % of 
time 

Atlantic Bluefin tuna 

Thunnus thynnus 

18≤ x ≤26 30≤ x ≤40 % of 
time 

Meagre 

Argyrosomus regius 

18≤ x ≤26 30≤ x ≤40 % of 
time 

Greater amberjack 

Seriola dumerili 

20≤ x ≤26 30≤ x ≤36 % of 
time 

Bathymetry (m) ≤ 700 Boolean 



 
Chapter V Effects of climate change on marine renewable energies and offshore aquaculture 

 
 

135 
 

5.4. Results and Discussion 

5.4.1 Wind energy 

The magnitude of changes in average wind speed, considering a height of 90 meters to 
simulate the operating conditions for wind turbines at hub height (Jonkman et al., 2009), 
is shown in Fig. 5.2. Climate modelling indicated a decrease of around 5% in energy 
potential in most of the study area from present to the period 2070-2099. The average 
ensemble of the projected wind speed was generally smaller than that of the current 
scenario, which is expressed with negative values, except for the Baltic and Barents 
Seas. The decrease in resource availability in the North Atlantic sub-basin was 
consistent with the findings of Casas-Prat et al. (2018) and Semedo et al. (2013), in 
relation to the decrease in mean wind speed. Hemer et al. (2013) also predicted a 
weakening of wind velocities in the North Atlantic sub-basin, but of a larger magnitude (- 
3 m/s) than those observed in this study (0.43 m/s). These variations could be justified 
by the different scale of analysis and the models and methods used in each study. 

The increase in wind speed identified for the Baltic Sea shows increments of up to 0.49 
m/s in the northern part. Various studies carried out in this region also state that there 
may be an increase in wind speed (Gräwe et al., 2013), however, others claim that wind 
characteristics will not change (Junjie et al., 2015). For the Mediterranean and Black 
Seas, the pattern of changes in wind speed was similar to those calculated by Koletsis 
et al. (2016) and Soukissian et al. (2018), showing a negative trend in most part of both 
seas. However, such authors found increases in specific areas, such as the Aegean Sea 
and in the western part of the Black Sea (Koletsis et al., 2016), and in the Adriatic and 
Ionian Seas (Soukissian et al., 2018), which were not observed in this study. 



 
Chapter V Effects of climate change on marine renewable energies and offshore aquaculture 

 
 

136 
 

 

Fig. 5.2. Changes in wind speed (m/s) between the ensembles of the GCMs forecast 
(2070-2099) and hindcast (1985-2005) datasets. 

The available potential (power density) calculated for the current scenario is consistent 
with the conclusions of Zheng and Pan (2014) and Zheng et al. (2018) (Fig. 5.3a). In 
addition, it follows the same spatial pattern distribution and values as those found by 
Kalogeri et al. (2017) (see annex for wind potential in the different scenarios). The 
potential at 90 m height, which was of the same order of magnitude as that shown in 
other studies (Weiss et al., 2018d), predicted zones with the highest power density in 
Iceland, the North Sea, and the Baltic Sea (Fig. 5.3), coinciding with the main areas 
where the offshore wind industry is currently being developed (i.e. North and Baltic Seas; 
4COffshore, 2018). Certain areas in the Mediterranean Sea such as the coast of Greece, 
which is expanding this industry (4COffshore, 2018), also stand out as with a potential 
for wind exploitation. South-west regions, such as the Canary Islands, also present 
favorable conditions regarding wind potential (Weiss et al., 2018a). 

The main and most direct mechanism by which climate change can impact the wind 
energy sector is through changes in the variability and distribution of the wind resource 
(Pryor and Barthelmie, 2010). However, despite the predicted changes in wind speed 
(Fig. 5.2), differences between the SI of the current (Fig. 5.3a) and future scenarios (Fig. 
5.3b) were not relevant. The changes projected towards the end of the 21st century were 
not relevant enough to affect the availability of a good resource (potential ≥ 400 W/m2). 
Therefore, those areas identified as having a potential for wind exploitation tend to 
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maintain these favorable conditions over time as regards power density, thus highlighting 
the areas of opportunity for the expansion of the energy sector in the long-term. 

                              a)                    b) 

 

Fig. 5.3. SI for the available wind potential in the a) current (1979-2015) and b) future 
scenarios (2070-2099). 

As an example, Fig. 5.4a shows the location of offshore wind projects in the North Sea 
(4COffshore, 2018). The wind farm location zones, whether in operation, installation or 
planning stage, remain above 40% of the time (0.4 of SI) under favorable conditions for 
the exploitation of the resource for both the current and future scenarios (Fig. 5.4b). 
There is only a slight decrease of the 𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 in some locations for the projected scenario, 
but it do not seems to pose a threat to the future of the North Sea wind sector. 
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a) 

 
b) 

 

Fig. 5.4. a) Location of wind projects in the North Sea, classified as either fully 
commissioned, generating power, under construction, consent authorized, consent 

application submitted, or early planning (4COffshore, 2018). b) SI for the current and 
future scenarios in the locations of the represented wind farms according to their 

longitude. 

5.4.2 Wave energy 

Long-term changes in wave energy flux were computed with respect to the reference 
climate (Fig. 5.5). In general, a decrease in wave potential is expected in most of the 
study area, mainly towards the west (decrease of around 0.45 kW/m). As with wind 
speed (Fig. 5.2), wave simulations projected lower waves in the North Atlantic sub-basin, 
coinciding with the results of Casas-Prat et al. (2018), Hemer et al. (2013), Semedo et 

0,45

0,5

0,55

0,6

0,65

0,7

SI

Longitude
Current climate Projected climate

-3,2 ºW              -0,35 º W                2,5º E                  5.35º E                    8,2ºE 



 
Chapter V Effects of climate change on marine renewable energies and offshore aquaculture 

 
 

139 
 

al. (2013), and Wang et al. (2014), who observed a decrease in 𝐻𝐻𝐻𝐻 and wave periods in 
that region. The Mediterranean Sea, the North Sea and the Baltic Sea showed a higher 
stability or a moderate decrease in this energy resource. A consensus with the work of 
Morim et al. (2018) was found regarding the decrease in the North Atlantic and the 
Mediterranean Sea, although no substantial increase in wave power was observed in 
the Baltic Sea, as found by these authors. The only zone with increased wave energy 
flux was the Norwegian Sea, in accordance with the results on the climatological 
projections for 𝐻𝐻𝐻𝐻 found by Casas-Prat et al. (2018), Liu et al. (2016) and Semedo et al. 
(2013). Because the selected GCMs were based on the skills recommended by Perez 
et al. (2014) and in the models used by Perez et al. (2015) for wave climate, changes in 
wave energy flux from the current to the future scenario were similar to those found by 
Perez et al. (2015). However, changes of a larger magnitude than those found by these 
authors (mainly negative ones in the North Atlantic sub-basin), were observed. The Black 
Sea was not considered for energy flux calculations due to the lack of available data to 
calculate such an aggregated variable in long-term projections. 

 

Fig. 5.5. Changes in available wave energy flux (kW/m) between ensembles of the 
GCMs forecast (2070-2099) and hindcast (1985-2005) datasets. 

Wave energy followed a spatial distribution pattern similar to that of wind, with zones with 
a larger energy potential concentrated mainly in the North Atlantic (near Ireland, the 
United Kingdom, Faroe Islands and Iceland) (see annex for current and projected wave 
energy flux). The energy flux in this zone was around 80 kW/m, as found by Reguero et 
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al. (2011). The energy potential calculated for the current scenario followed the same 
distribution and similar values as previous studies (Kalogeri et al., 2017; Weiss et al., 
2018d), being consistent with the conclusions of Reguero et al. (2015). Due to the fact 
that the magnitude of changes found between the reference and the projected climate 
was not very pronounced (Fig. 5.5), the SIs for the current (Fig. 5.6a) and the future 
scenario (Fig. 5.6b) of wave energy flux showed no relevant differences. Considering the 
time in which the resource reached values above 15 kW/m, long-term changes in met-
ocean conditions should not directly influence energy extraction projects. As with the 
wind resource scenarios (Fig. 5.3a, b), the availability of energy-efficient resource 
remained stable, with minor changes at specific points, such as in specific latitudes of 
the North Atlantic sub-basin. Therefore, there are opportunities for long-term investments 
in the wave energy sector in the potential zones identified in the study area, since there 
are currently no operational wave farms. 

                             a)                      b) 

 

Fig. 5.6. SI for the available wave energy flux in the a) current (1979-2015) and b) 
future scenario (2070-2099). 

5.4.3 Aquaculture 

In contrast to the changes observed for energy resources, water temperature and salinity 
indicated changes of a larger magnitude in the study area, reaching a difference of 
almost 5 ºC (Fig. 5.7a) and 2.7 PSU (Fig. 5.7b). The long-term temperature projection 
showed increments in all European regional seas, coinciding with the findings of de la 
Hoz et al. (2018). The spatial distribution of these increases followed the same pattern 
as that found by these authors, but they were larger in magnitude. The rates of projected 
changes in temperature were similar to those found by Tinker et al. (2016) and Hand et 
al. (2018) in the North Atlantic sub-basin, with a substantial long-term increase of around 
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1.3 °C. The long-term projections of Meier (2006) in the Baltic Sea also observed an 
even higher increase in sea surface temperature. In the Mediterranean Sea, the detected 
changes varied between 1 and 3 ºC, equal to those found for the same long-term period 
by Mariotti et al. (2015). Extreme changes were identified in the Black Sea, with 
increases of around 4ºC (Sakali and Başusta, 2018). 

Changes in sea surface salinity for the future scenario presented both increases and 
decreases in the study area (Fig. 5.7b). The observed heterogeneity in spatial distribution 
compared to temperature variation may be due to adjective processes and local 
freshwater inputs (Tinker et al., 2016). The salinity projection was validated with OCLE 
database (http://ocle.ihcantabria.com/, de la Hoz et al., 2018), which showed the same 
spatial pattern as that of the changes observed between current and future scenarios. 
However, the increments found in this study were higher than those observed in the 
OCLE database. A decrease in salinity was predicted mainly for the North Atlantic sub-
basin, concentrated in the North Sea, and with differences of up to -2.18 PSU. Tinker et 
al. (2016) also projected such a decrease in this region, although with declines of 
approximately 0.41 PSU. The Baltic Sea also showed a salinity decrease in relation to 
the current scenario, as documented by Meier (2006). Conversely, increases (of up to 
2.5 PSU in the Aegean Sea), were observed in most of the Mediterranean Sea, though 
particular areas showed decreases (around -1.8 PSU on the Egyptian coast and -0.7 to 
the extreme west of the Mediterranean Sea). Projections for the Black Sea identified 
increments of around 1 PSU. 

The effects of climate change on marine environmental conditions are evident (Hand et 
al., 2018), with direct and indirect impacts on aquaculture (Barange and Cochrane, 
2018), seafood quality (Barbosa et al., 2017) and implications on the growth rate of the 
farming species (Sarà et al., 2018). In this context, changes in environmental conditions 
suitable for open sea fish farming tend to drive the long-term spatiotemporal evolution of 
this industry. By identifying changes in environmental conditions affecting six marine fish 
species susceptible of being farmed, it is possible to identify the long-term opportunities 
associated with aquaculture, and particularly, the increase in suitable areas for these 
species’ farming. Evidence indicating long-term threats to the current potential farming 
areas has not been identified, except for small areas in the central west and east of the 
United Kingdom and eastern Ireland, which show a decrease in the SI for Atlantic salmon 
farming (Fig. 5.8c). 

 

http://ocle.ihcantabria.com/
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a) 

 
b) 

 

Fig. 5.7. Changes between the ensembles of the GCMs forecast (2070-2099) and 
hindcast (1985-2005) datasets, for a) water temperature (ºC) and b) salinity (PSU). 

Alterations in the distribution of areas suitable for farming of the assessed species were 
projected based on changes in temperature (Fig. 5.7a) and salinity (Fig. 5.7b). The SIs 
calculated for each fish species in the current scenario were equivalent to the findings of 
Weiss et al. (2018c). Due to the similarity in temperature and salinity thresholds 
(euryhaline and eurythermal species), Gilthead seabream, Atlantic Bluefin tuna, Meagre 
and European seabass showed a similar distribution of suitable zones with regard to the 
environmental conditions prevailing in the current scenario (Fig. 5.8a, b). The spatial 
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patterns of the zones with the greatest suitability (Sis) for these species were similar for 
the current and future scenarios, concentrating mainly in the Mediterranean Sea and 
along the North Atlantic coast of Morocco and the Canary Islands (Weiss et al., 2018a; 
2018c). However, there was a considerable increase in the SI of the Moroccan coast and 
the southern part of Spain and Portugal, and small increases in the southern 
Mediterranean and the Aegean Sea between Greece and Turkey (main producers of 
Atlantic Bluefin tuna, Gilthead seabream and Meagre; FAO, 2017), in the long-term 
scenario, mainly due to changes in temperature (Fig. 5.8a, b). 

With increasing water temperatures, suitable zones for farming Atlantic salmon will be 
redistributed to higher latitudes, as evidenced on the Norwegian coast (Fig. 5.8c). 
Nevertheless, salinity projections demarcated the higher SIs along the North Atlantic 
sub-basin latitudes. The spatial redistribution of favorable conditions for Atlantic salmon 
farming demonstrated both the resilience of the current industry (production of Atlantic 
salmon in Norway and the United Kingdom; FAO, 2017) and new market opportunities. 
No suitable zones were identified for farming Greater amberjack in the current scenario, 
mainly due to temperature and salinity thresholds to the north and south of the study 
area, respectively (Fig. 5.8d). The SI for the projected climate scenario increased in the 
coast of Morocco, southern Spain, the Canary Islands and the Bay of Biscay, for this 
species (Fig. 5.8d). 

This methodological approach, considering temperature and salinity to assess the 
possible effects of climate change, demonstrated the possibilities of long-term farming 
for the assessed species. The identified effects will require adaptation of the aquaculture 
sector, mainly as regard the exploitation areas. Therefore, long-term changes, although 
apparently of a positive nature (i.e. enabling farming of certain species in other regions) 
are resulting in changes in different marine regions (Hobday et al., 2014), and require 
preventive management and planning for the long-term development of this sector. In 
this context, assuming that climate change will have a direct impact on wild fish 
resources (Barbosa et al., 2017; Frost et al., 2012), the aquaculture sector can contribute 
to food security throughout this century, since it can adapt to changes in the 
environmental conditions suitable for fish farming. 
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Fig. 5.8. SIs for a) Meagre, Gilthead seabream and Atlantic Bluefin tuna; b) European 
seabass; c) Atlantic salmon and; d) Greater amberjack in current (left column) and 

future (right column) scenarios. 
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As an example, the SI averages of the current and future scenarios for Meagre, Gilthead 
seabream and Atlantic Bluefin tuna in FAO’s (Food and Agriculture Organization of the 
United Nations) delimitation of the Mediterranean Sea as a Major Fishing Area (Fig. 5.9a; 
FAO, 2018a), are presented in Fig. 5.9b. The largest increases in SI were predicted for 
divisions 1.1 and 1.2, indicating opportunities for the long-term expansion of Meagre and 
Gilthead seabream farming in France (production of 600 and 700 t in 2016, respectively), 
and Meagre, Gilthead seabream and Atlantic Bluefin tuna farming in Spain (production 
of 1661, 10128 and 910 t in 2016, respectively) (FAO, 2018b). However, opportunities 
for new markets were identified in Algeria and Morocco for the three species and in 
France for Atlantic Bluefin tuna (FAO, 2018b). Increases in SI were also observed in 
divisions 2.2, 3.1 and 3.2. Division 3.2 calls for special attention, since it’s the main 
production zone of these three species (FAO, 2017), and the continuity of favorable 
conditions over a longer period of time was confirmed (i.e. SI increase), favoring the long-
term expansion of this industry. The zones in divisions 1.3 and 2.1 will maintain current 
environmental conditions, SIs for both scenarios being similar (with a 0.01 and 0.004 of 
difference, respectively). Therefore, the continuity of aquaculture activities for these 
species does not seem to be threatened by the predicted increase in ocean temperature 
and changes in salinity; on the contrary, opportunities for the development of this sector 
were identified in the Mediterranean Sea. 
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a) 

 
b) 

 

Fig. 5.9. a) Mediterranean Sea FAO Major Fishing Area with its respective divisions 
(FAO, 2018a). b) SIs averages for the current and future scenarios in each division as 

proposed by FAO. 

5.4.4 Projected changes and SI 

The methodology developed in this work predicts the effects of climate change on wind 
and wave energy resources and on the variations in the environmental conditions 
suitable for open sea fish farming until the end of the 21st century. The projections were 
based on RCP 8.5 of the GCMs to simulate future met-ocean and environmental 
conditions based on the continuity of the current level of CO2 emissions (Park et al., 
2015). Because the GCMs outputs are not accurate to directly represent the 
climatological conditions at regional scales (Sailor et al., 2008), the delta change method 
was used to project the long-term scenarios. This method has been recommended to 
represent spatiotemporal structures (temporal and spatial variability similar to that of the 
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reference climate; Räty et al., 2014; Mosier et al., 2014), as was the case in this study, 
where the assessment of conditions for the exploitation of energy resources and 
aquaculture was conducted using long-term time series (Table 5.1). In addition, the bias 
of the different GCMs was reduced due to the technical ensemble applied, providing 
results with a high consistency and a good agreement with the reference climatology. 
Therefore, as observed by Perez et al. (2015), climate projections based on ensembles 
and in the skills of GCMs were more reliable than those based on a single GCM or an 
unfiltered set. 

The use of long-term data series with fine spatial and temporal resolutions (reference 
climate) provided reliability for the projections and for the calculation of SIs. The SIs 
allowed the evaluation of the effects of changes in met-ocean and environmental 
conditions prone to impact the development of the marine energy and aquaculture 
industries, in a general way. Nevertheless, they permitted to recognize areas with 
opportunities and threats for both activities. The identification of potential zones for these 
activities aims to assist in the management of marine economies both in the short-term 
(current scenario) and in the long-term (projected scenario). 

5.5. Conclusion 

Projections to assess the effects of climate change on emerging marine economies 
assist in strategic management and long-term planning of the marine space. In this 
sense, a holistic view of spatial displacement trends in the energy and aquaculture 
industries within a Blue Growth perspective highlights future opportunities and threats 
for these sectors. It also identifies potential pressures to which these activities will be 
exposed in areas which are still unprepared for such development (e.g. expansion of the 
aquaculture industry for European seabass farming along the Morocco coast). 

A regional downscaling of the atmospheric conditions for multivariate wind-wave climate 
and environmental conditions was developed and applied in European regional seas. 
The methodological approach used was based on the delta change method for long-term 
projections. Although it is considered a simple method by assuming that the climatic 
variability is stationary, this allowed an integral visualization of the availability of 
renewable marine energy resources and favorable environmental conditions for the 
farming of six marine fish species. One of the main advantages of this method is the low 
computational cost and the ease of manipulating different variables and GCMs at the 
same time. In addition, the delta change method allowed improving the spatial and 
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temporal resolution of the GCM outputs, generating a projected time series between the 
years 2070-2099 that enabled SI calculations for the different activities in future 
scenarios with a higher robustness. The use of SIs to analyze the distribution of potential 
zones for current and future scenarios based on long-term data series contributed to the 
reliability of the results found, being more realistic than evaluations based on average 
values. Moreover, time-percentage parameters indirectly accounted for spatiotemporal 
variations, making other time scale analyses, as for instance seasonal studies, 
unnecessary. 

Returning to the issues raised in the Introduction and answered in the Results and 
Discussion section: “What impact can climate change have on the marine renewable 
energy and offshore aquaculture sectors? What are the opportunities and threats to 
these industries in the long-term?” Climate projections using the very high baseline 
emission scenario (RCP 8.5) indicated that the energy potential for both wind and wave 
energy will not be negatively impacted by climate change. In fact, both resources showed 
a relative stability between reference and projected climate situations. In the case of 
environmental conditions for open sea fish farming, a considerable long-term change 
was predicted. The increase in temperature (Fig. 5.7a) and differences in salinity (Fig. 
5.7b) will require an adaptation of the aquaculture sector regarding the geographical 
location of the farms. In any case, management responses should be implemented in 
advance to reduce the impacts of unfavorable conditions and maximize opportunities in 
areas suitable for aquaculture. Therefore, the assessment of potential zones for the 
exploitation of marine renewable energy resources and fish farming represents a useful 
stepping-stone for improving decision-making and confirming the long-term resilience of 
such activities in the study area.
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Chapter VI. Conclusions and future research 

The general objective of this thesis was to develop and apply methodologies to recognize 
potential zones for the development of offshore marine wind and wave energy production 
and aquaculture, with the ultimate goal of promoting the sustainable development of 
these activities in the context of a marine spatial planning (MSP) strategy. This was 
achieved by assessing the suitability of locations at different spatial (global and regional 
analysis) and temporal (analysis of different scenarios in the short and long-term) scales, 
potential opportunities, synergies for the co-location of these activities, and possible 
effects of climate change on these marine economic activities. 

The results obtained demonstrated that the marine space presents opportunities for the 
expansion of wind energy, wave energy and fish farming activities in unexploited areas, 
reflecting potential for growth in these sectors over the coming decades. The possibilities 
of extending exploitation towards the offshore environment should be oriented by 
sustainable development strategies, seeking alternatives to optimize the integrated use 
of the marine space. In this regard, the spatial synergies observed between marine 
renewable energies and offshore aquaculture, together with the technological advances 
of the offshore sector, could be an alternative for Blue Growth. The preliminary 
assessment of current favorable conditions for the implementation of these activities, as 
well as for the coexistence of uses, allowed identifying priority areas for the development 
of these blue economies. 

Analyzing and defining existing and future conditions are among the most important 
steps for MSP. In this context, the climatic projections for the analysis of future conditions 
demonstrated both opportunities and threats to the development of these industries, 
regarding locations with favorable conditions for the exploitation of marine energy 
resources and for fish farming. The inclusion of climate change in the planning process 
tends to reduce possible risks and maximizes opportunities for these sectors. 

Therefore, the strength of the proposed methodologies regards the ability to adapt and 
replicate the spatial analysis tools developed to other marine activities, study areas and 
climate scenarios. The methodologies developed in this thesis will assist in the integrated 
management and strategic planning of these activities, supporting specific strategies to 
optimize the use of space for sustainable exploitation of the marine environment, 
adaptive management in the face of climate change, and fostering the coexistence of 
uses to avoid conflicts and highlight synergies between these activities. Thus, the 
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contribution of this thesis is directly linked to the development of these emerging marine 
economies from a Blue Growth perspective. 

 

6.1 Specific conclusions 

Marine renewable energy potential: A global perspective for offshore wind and 
wave exploitation 

• The spatial analysis of the global potential of marine renewable wind and wave 
energy shows favorable zones for the expansion/development of these sectors 
in unexploited offshore areas (e.g. Argentina, Chile, Colombia, Mauritania, 
Morocco, Peru and Venezuela). 

• Among the identified potential zones, the United Kingdom, the United States, 
Sweden and Argentina were the countries with the highest estimated wind power 
production. 

• Brazil and New Zealand presented the highest extractable wave power. These 
countries also presented the highest potential for the combined production with 
wind energy in their respective exclusive economic zones (EEZ). 

• Structural survivability for wind and wave energy converters was the most limiting 
aspect for exploitation in offshore areas. Distance from urban areas and ports 
was also a challenge for energy transmission and operation and maintenance 
(O&M) activities.  

• The integration of resource availability, structural survivability, logistics activities, 
and energy transport aspects allowed a comprehensive holistic view of short-term 
development opportunities for these activities, although each of them could be 
used as an independent evaluation tool. 
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A global integrated analysis of open sea fish farming opportunities 

• The integrated global analysis for offshore aquaculture considering biological, 
structural and operational aspects showed priority areas for the development of 
the fish farming sector, coinciding with current operation areas and identifying 
high opportunities in unexploited areas. 

• Zones along the coasts of Brazil, Peru, Ecuador, China, Japan, Australia, 
Morocco, Mauritania and the Mediterranean Sea presented suitable conditions 
for the farming of European seabass, Gilthead seabream, Atlantic Bluefin tuna, 
Meagre and Greater amberjack. 

• Considering aspects regarding cage structure and O&M activities allowed a 
broader and more detailed view of the development perspectives of this sector in 
the offshore environment, showing how structural suitability is a limiting factor for 
the development of this activity. 

 

Co-location opportunities for renewable energies and aquaculture facilities in the 
Canary Archipelago 

• The regional scale assessment tool developed allowed mapping priority areas for 
the exploitation of wave, wind and aquaculture activities in the four islands of the 
Canary Archipelago, assisting MSP. The identification of spatial synergies 
between these activities aimed to encourage the co-location of uses, thus 
reducing potential conflicts and optimizing the use of marine space. 

• Opportunities were identified for the co-location of wind and wave energy with, 
mainly, aquaculture. Spatial synergies between wind energy and aquaculture 
were concentrated in the southeast portion of the studied islands, while 
opportunities for combining wind and wave energy were located mainly in the 
islands of Tenerife and Fuerteventura. 

• The methodology developed supports MSP in identifying efficient solutions for 
ocean use, assisting decision-makers in the exploitation of resources in a 
sustainable way. 

 



 
Chapter VI Conclusions and future research 

 

154 
 

Climate change effects on marine renewable energy resources and environmental 
conditions for offshore aquaculture in Europe 

• Long-term projections of climate change have allowed the analysis of 
displacement trends of the energy and aquaculture industries. In addition, 
opportunities and threats to the wind, wave and aquaculture sectors have been 
identified in European regional seas. 

• Climate projections using the very high baseline scenario (RCP, Representative 
Concentration Pathway 8.5) indicated wind and wave resource stability between 
the reference and projected climate. Therefore, climate change does not seem 
to compromise the availability of these energy resources, maintaining the same 
favorable areas and, thus, representing an opportunity for the expansion and 
implementation of the marine renewable energy sector. 

• For the aquaculture sector, an important change in environmental conditions was 
projected for the farming of fish species. Consequently, strategic planning should 
be considered to reduce unfavorable conditions to areas with activities currently 
in operation and maximize opportunities generated by climate change. 

• The delta change method allowed a holistic view of the availability of marine 
renewable energy resources and favorable environmental conditions for the 
farming of six marine fish species in the study area. 

 

6.2 Future research 

During the development of this thesis new research questions emerged, which were 
discussed in each study chapter, offering possible solutions. Based on these issues, the 
most relevant aspects of the thesis that require future research to contribute to the 
sustainable development of blue economies are mentioned in the following topics. 

• Regarding the global assessment of marine renewable energies and offshore 
aquaculture, regional analyses are fundamental to assess the real potential for 
the development of these industries, especially in countries that present favorable 
zones for these activities in their respective EEZ. 
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• Final energy production will depend on several factors, which were not 
considered in the overall assessment of Chapter II. Therefore, it is recommended 
that future analyses, mainly at a regional level, consider for wind energy the 
potential for corrective maintenance, transmission efficiency, interaction between 
offshore wind turbines and other factors that may influence final energy 
production. Regarding wave energy, the uncertainty of production is even 
greater, because this sector does not present a dominant and commercially 
viable technology for energy conversion. Therefore, a deeper analysis based on 
a specific wave energy converter (WEC) must be conducted to assess final 
energy production. 

• The temperature and salinity thresholds considered for fish species should be 
more accurate for local analyses. In fact, an empirical analysis through in situ 
experiments should be conducted to assess optimal thresholds for species 
growth in offshore aquaculture cages according to the environmental conditions 
of the area of interest. 

• The methodology developed to identify zones with spatial synergies should be 
improved with the participation of all stakeholders and involving all marine 
activities and uses in the region for an integrated analysis. Thus, the main 
restrictions, conflicts and synergies for marine activities and human uses in the 
Canary Islands will be appreciated in more detail. 

• Other emission scenarios (in addition to RCP 8.5) should be considered for 
possible comparisons with the results of this study and new perspectives on the 
effects of climate change in these marine sectors. This could be one of the 
intermediate scenarios, such as RCP 4.5, which presents more stable emissions 
throughout the 21st century. Moreover, it is highly recommended that other 
downscaling techniques (besides the delta change method) should be 
considered to compare the results and confirm the detected climate changes. 
This evaluation also requires the consideration of a mid-term scenario to 
contemplate the evolution of these changes from the current climate to the long-
term climate projection. 

• An assessment without considering species and specific energy conversion 
devices is required. In addition to the redistribution of favorable zones for these 
sectors, this would suggest for example new species that adapt to the projected 
climate and types of devices that adapt and can be used according to the 
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projected met-ocean conditions. In short, mitigation and adaptation strategies for 
areas affected by climate change should be the subject of study. 

• In general, the environmental, social and economic impacts for the short to long-
term development of these activities in the offshore environment must be better 
understood and analyzed in an integrated manner. Another essential factor is a 
review of national and local public policies focused on the energy and aquaculture 
sectors. This would allow to estimate the feasibility of implementing these 
activities in accordance with applicable laws and government incentives. 
Therefore, in order to propose effective planning and ensure the sustainable 
exploitation of the marine environment, a comprehensive approach should be 
applied, taking an ecosystem-based management approach and all MSP steps 
into account. 
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Annex 

Chapter III. A global integrated analysis of open sea fish farming opportunities 

 

Fig. A.1. Structural suitability areas for the high, substantial and moderate exposure 
scenarios. Numbers represent division by oceans: 1. South Pacific Ocean; 2. South 

Atlantic Ocean; 3. Indian Ocean; 4. North Pacific Ocean; 5. Black Sea; 6. 
Mediterranean Sea; 7. Caribbean Sea; 8. North Atlantic Ocean; 9. Arctic Ocean. 

 

Fig. A.2. Operational suitability areas for the high, substantial and moderate exposure 
scenarios. (Ocean code numbers are the same as Fig. A.1). 
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a) 

 

                                   a)                                                                 b)  

 
c)                                                                 d) 

 

Fig. A.3. a) Mean sea surface temperature in the study area. b) Percentage of time 
that the temperature exceeded the upper threshold for Atlantic salmon (16ºC) 

according to latitude and the 30% threshold considered in this study. c) Idem for 
Gilthead seabream, Atlantic Bluefin tuna, Meagre and Greater amberjack (26ºC). d) 

Idem for European seabass (27ºC). e) Idem for Cobia (31ºC). 
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a) 

 
b) 

 

Fig. A.4. a) Mean salinity in the study area. b) Percentage of time that the salinity 
exceeded the lower threshold for all fish species studied (30 PSU) according to latitude 

and the 30% threshold considered in this study. 
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a) 

 
b) 

 

Fig. A.5. a) Mean current velocities in the study area. b) Percentage of time that the 
currents exceeded the threshold for the high exposure scenario (1.5 m/s) according to 

latitude and the 30% threshold considered in this study. 
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a) 

 
b) 

 

Fig. A.6. a) 50-year return period significant wave height in the study area. b) 𝐻𝐻𝐻𝐻50 in 
meters (minimum and maximum values) according to latitude and the threshold 

considered in the high exposure scenario (5 m). 
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a) 

 
b) 

 

Fig. A.7. a) Mean significant wave height in the study area. b) Percentage of time that 
the 𝐻𝐻𝐻𝐻 exceeded the threshold for the high exposure scenario (3 m) according to 

latitude and the 30% threshold considered in this study. 
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Chapter V. Climate change effects on marine renewable energy resources and 
environmental conditions for offshore aquaculture in Europe 

                           a)                      b) 

 

Fig. A.8. Average available wind potential (power density) at 90 m high for the a) 
current and b) future scenarios. 

                            a)                      b) 

 

Fig. A.9. Average available energy flux for the a) current and b) future scenarios. 

                            a)                      b) 

 

Fig. A.10. Average sea surface temperature for the a) current and b) future scenarios. 
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                            a)                  b) 

 

Fig. A.11. Average sea surface salinity for the a) current and b) future scenarios. 
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