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2 Resumen

Resumen

Las energias marinas (undimotriz y mareomotriz) tienen una escasa integracion en HRES off-grid
a nivel mundial. Esta sentencia se fundamenta en una extensa y profunda revision bibliografica
donde se destaca que: i) el 86 % de las 168 investigaciones analizadas enfocan su atencion
en sistemas solares fotovoltaicos y, en segundo lugar, las turbinas eolicas tienen un 68 % de
participacion, ii) mas del 50 % de las investigaciones confian en generadores diesel como fuentes
de soporte energético a los recursos renovables, iii) en zonas tropicales no se encontro6 insercion
de tecnologias OTEC en HRES para comunidades costeras, iv) a medida que la latitud se
incrementa, el potencial energético de las olas y corriente mareal es extraordinario, sin embargo,
el enfoque de las soluciones energéticas off-grid esté centrado en el uso del recurso solar y edlico

y, v) solo el 9% de los HRES examinados incorpor6 un recurso marino renovable.

Alrededor de 700 millones de personas no poseen un servicio eléctrico continuo y confiable. La
mayoria pertenece al grupo rural, especialmente, poblaciones en zonas aisladas, olvidadas y
muy vulnerables. Aunque el servicio eléctrico en zonas urbanas es el resultado de complejos
y extensos sistemas centralizados de generacion, la solucién para pequenas poblaciones obliga
a dimensionar soluciones descentralizadas. En ese sentido, los HRES son una solucién muy
acertada y ampliamente estudiada en la literatura. Aunque la implementacion de HRES cobija
diversas latitudes, no hay coherencia entre los recursos con mayor potencial energético y los
recursos utilizados en su implementacién. Es decir, comunidades costeras con recursos marinos
de alto potencial energético, son abordadas con simulaciones o implementaciones del tipo
PV-Wind-Diesel-Battery (se mantiene la dependencia energética). Un argumento para esta
preferencia, es la madurez tecnologica de los paneles solares y turbinas edlicas, sin embargo,
en latitudes medias-altas los altos indices energéticos de las olas y corrientes mareales y los
altos factores de planta de los WEC, incrementa la produccion de energia eléctrica anual, que
reduce el LCOE en un HRES off-grid. Es asi como, una solucion WEC-BESS tipo attenuator
y overtopping, puede alimentar la carga (981 MWh/ano) de una comunidad en los fiordos
chilenos, con un exceso de energia que oscila entre 127 % al 1135 % y un LCOE entre 1.35 $/kWh
y 1.94 §/kWh (con LPSP variando del 0% al 5 %). Estos indicadores son mucho mejores que los
obtenidos en soluciones PV-BESS: surplus de energia entre 129 % y 234 % y LCOE entre 1.59
$/kWh y 2.4 $§/kWh. En areas con flujos de corriente mareal promedio de 1.5 m/s, la solucion
TT-BESS alcanz6é un LCOE entre 2.14$/kWh y 2.81 $/kWh, indicadores que le compiten a los
“tradicionales” sistemas PV-BESS y WT-BESS. Estas soluciones energéticas, dependiendo de la
fuente de informacion que caracterice el recurso renovable, pueden estar sobredimensionando (o
subdimensionando) la configuracién optimizada, realidad que se publico en el segundo articulo
de esta investigacion, donde simular y optimizar un PV-Wind-Diesel-BESS, produce un 40 % de

variabilidad en el tamano de la planta solar, utilizando tres fuentes de informacién diferentes.

Keywords — algoritmo de optimizacién, pobreza energética, LCOE y LPSP, comunidades remotas
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Abstract

Marine energies (wave and tidal) are poorly integrated in off-grid HRES worldwide. This
judgment is based on an extensive and exhaustive bibliographic review where it is highlighted
that: i) 86 % of the 168 studies analyzed focus their attention on solar photovoltaic systems and,
in second place, wind turbines have a 68 % share, ii) more than 50 % of the investigations rely
on diesel generators as sources of energy support for renewable resources, iii) in tropical zones,
no OTEC technology insertion was found in HRES for coastal communities, iv) As latitude
increases, the energy potential of waves and tidal currents is extraordinary, however, the focus
of off-grid energy solutions is centered on the use of solar and wind resources, and, v) Only 9%

of the HRES examined incorporated a renewable marine resource.

Around 700 million people do not have continuous and reliable electricity service. Most of them
belong to the rural group, especially populations in isolated, forgotten and very vulnerable areas.
Although electricity service in urban areas is the result of complex and extensive centralized
generation systems, the solution for small populations requires decentralized solutions. In this
sense, HRESs are a very successful solution and have been widely studied in the literature.
Although the implementation of HRESs covers various latitudes, there is no consistency between
the resources with the greatest energy potential and the resources used in its implementation.
That is, coastal communities with marine resources with high energy potential are addressed
with simulations or implementations of the type: PV-Wind-Diesel-Battery (energy dependence
remains). One argument for this preference is the technological maturity of solar panels and wind
turbines, however, in mid-high latitudes the high energy rates of waves and tidal currents and the
high capacity factors of WECs, increase the annual electrical energy production, which reduces
the LCOE in an off-grid HRES. A WEC-BESS solution with attenuator and overtopping
devices can supply the load (981 MWh /year) of a community in the Chilean fjords, with excess
energy ranging from 127 % to 1135% and an LCOE between 1.35 $/kWh and 1.94 $/kWh
(LPSP varying from 0% to 5%). These indicators are much better than those obtained in
PV-BESS solutions: energy surplus between 129 % and 234 % and LCOE between 1.59 §/kWh
and 2.4 $/kWh. In areas with an average tidal current of 1.5 m/s, the TT-BESS solution
achieved an LCOE between 2.14 $§/kWh and 2.81 $/kWh, indicators that compete with the
“traditional” PV-BESS and WT-BESS systems. These energy solutions, depending on the source
of information that characterizes the renewable resource, may be oversizing (or undersizing)
the optimized configuration, a reality that was published in the second article of this research,
where simulating and optimizing a PV-Wind-Diesel-BESS, produces a 40 % variability in the

size of the solar plant, using three different sources of information.

Keywords — optimization algorithm, energy poverty, LCOE and LPSP, remote communities



4 Capitulo 1. Introducciéon

Capitulo 1

Introduccion

La energia eléctrica es la base fundamental del desarrollo social, la educaciéon, salud y, por
consiguiente, calidad de vida. De acuerdo a cifras del Banco Mundial el 90.5 % de la poblacion
mundial (2020) tiene acceso a energia eléctrica, es decir, ~7.000 millones de personas [3]. Esta
estadistica puede desagregarse en dos componentes principales: poblaciéon urbana y poblacion
rural. La primera, y considerando su alta concentracion en un area especifica del territorio, accede
facilmente a energia eléctrica proporcionada por complejos y extensos sistemas de generacion
y distribucion. En ese sentido, el 97.3 % de la poblaciéon urbana tiene garantizado el acceso a
la energia eléctrica y disfruta sus beneficios. Sin embargo, la poblacién rural convive con una
situacion diferente: el 82.7% de este grupo de personas accede a electricidad, y el porcentaje
restante (~601 millones) carecen de esta energia. Las cifras son preocupantes y senalan que mas

de 700 millones de personas no acceden a electricidad en pleno siglo XXI.

Una de las caracteristicas de las comunidades rurales es su baja densidad poblacional y alta
diseminacion en el territorio [J]. Estas particularidades son un factor determinante en el
incremento de la pobreza multidimensional de comunidades remotas e insulares. Sin embargo,
extender sistemas energéticos tradicionales para suministrar energia eléctrica en zonas remotas,
es una soluciéon practicamente imposible, desde un punto de vista econémico y de factibilidad
[10]. En su lugar, los sistemas de generacion descentralizados, son una solucion real y funcional
para pequenos perfiles de consumo [ 1]. Este tipo de sistemas eléctricos, optimizan el proceso de
generacion a partir del fuentes renovables locales, lo que puede reducir la disparidad energética,

garantizar calidad de servicio y promover mejores ingresos a las comunidades [12].

1.1. Sistemas de generacién eléctrica off-grid

Sistemas de generacion distribuida son soluciones ampliamente utilizadas e investigadas para
atender la demanda energética en comunidades aisladas [13, 111, 15, 16, 17, 18] 19]. Estos sistemas

son instalados muy cerca al centro de consumo y estén integrados por fuentes de energia renovable,
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pequenos generadores diesel y sistemas de almacenamiento de energia. La implementacion de
generadores diesel obedece a su madurez tecnologica y bajo costo de instalacion [1]|. Sin embargo,
su uso trae consigo numerosas desventajas: i) alta dependencia energética de combustibles fosiles
importados, ii) emision de gases de efecto invernadero (GHG, por sus siglas en inglés) causantes
del acelerado cambio climéatico [20], iii) degradacion de la salud humana [21], iv) altos costos de
operacion sustentados en el transporte, logistica [22] y almacenamiento del diesel. Sumado a lo
anterior, la alta y desfavorable incertidumbre en el precio del petroleo, el bajo ingreso per capita
de las comunidades remotas [23] y la creciente preocupacion de los gobiernos por disminuir
los GHG, abren el camino a la incorporaciéon de nuevas sistemas energéticos, que priorizan
los recursos primarios con mayor potencial, y mejoran su respuesta, calidad y estabilidad con
la asociacién de diversos sistemas de almacenamiento. Centros de generacién sustentables y
descentralizados, deben descartar el uso de combustibles fosiles contaminantes, acelerando la

transicion e independencia energética.

Los sistemas hibridos de energia renovable (HRES, por sus siglas en inglés), como sistemas
de generacion distribuida, son soluciones principalmente off-grid que superan la variabilidad
de los recursos renovables, al involucrar varias fuentes de energia en su configuracion [24]. La
mayoria de los recursos renovables tienen una distribucion més “homogénea” en los territorios,
en comparacion con los combustibles fosiles, y pueden ser usados a cualquier latitud. Esta
disponibilidad agregada a la creciente diversificacion de las matrices energéticas, ha demostrado
un aumento en la participacion de la energia renovable en la producciéon de electricidad. Es asi
como la generacion de electricidad a partir de recursos renovables (excluyendo hidroelectricidad)
crecio de 79 TWh en 1985 a 3657 TWh en 2021, es decir, un incremento del 4630 %. Sin embargo,
la mayor atencion esta concentrada en la instalacion de plantas fotovoltaicas y granjas edlicas
(onshore y offshore), que en el ano 2021 alcanzo el 10.3 % de la electricidad producida a nivel
mundial, 0.3 % maés electricidad que la obtenida por energia nuclear [25]. Aunque las cifras
demuestran un crecimiento sostenido en la participacion de las energias renovables, es importante
resaltar que estas estadisticas describen las grandes centrales de generacion. Los pequenos HRES
off-grid que alimentan a pequenas comunidades insulares, escapan del radar de estas estadisticas,

lo que dificulta entender su dindmica, evoluciéon y tendencia.

Definir correctamente un HRES off-grid exige la evaluaciéon integral del recurso renovable local
y la caracterizacion del perfil de consumo. La ubicacion geografica de la comunidad, es una
variable relevante para entender la dindmica de los recursos renovables y su potencial. A medida
que se incrementa la latitud, el potencial energético de los recursos varia en magnitud. Por
lo tanto, el diseno de un HRES debe estar alineado a la riqueza energética del territorio, su

caracterizacion fisica y la sustentabilidad en el tiempo. Por ejemplo:

» Asentamientos costeros (todos aquellos ubicados en islas y regiones cercanas a costa)
tienen acceso a recursos renovables “tradicionales™ sol y viento. Sin embargo, en sus costas

la presencia de las olas es permanente, y como recurso renovable marino, posee mayor
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densidad energética que el sol y el viento. Ademés, los convertidores de energia undimotriz
(WEC, por sus siglas en inglés) pueden generar electricidad por mayor tiempo (hasta el
90 % del tiempo) comparado con el 20 %-30 % de los sistemas solares y edlicos [20]. A
mayor latitud (en ambos hemisferios), las olas contienen mas energia (por cada metro de
frente de ola) que en zonas tropicales [27]. Asimismo, las corrientes mareales, relacionadas
con el flujo y reflujo de las mareas, son un recurso renovable con alta predictibilidad
y, como sucede con las olas, sus altos indices energéticos estan presentes en zonas de
media-alta latitud. Sin embargo, la incorporacion de estos recursos del océano en HRES

off-grid es una tarea incipiente que requiere mayor investigacion y desarrollo [25].

= Comunidades aisladas que viven al interior del continente, tienen una mayor disponibilidad
de recursos biomaésicos, acceso a mayor cantidad de fuentes hidricas (con el propdsito de
utilizar hidroelectricidad a pequena escala - SHP), aplicaciones geotérmicas de baja y alta

entalpia, y por supuesto, el amplio y difundido uso de la radiacion solar y viento.

Como se menciond anteriormente, las estadisticas relacionadas a energia renovable tienen un
enfoque macro, y los HRES off-grid dada su condiciéon de baja potencia, no ingresan a los
balances energéticos mundiales. Esta situacion, exhorta a la biisqueda y analisis de HRES off-
grid, su actualidad, los mecanismos de simulacion y optimizacion, su estado de implementacion:
teodrico o instalado, y su integracién en comunidades remotas y aisladas. Sus caracteristicas y
preferencias de diseno pueden dar una idea de su evolucion y coherencia con el entorno. Dicho
esto, en la Seccién 3.1 se presenta el primer producto de esta investigacion doctoral, que cobija
una extensa y profunda revision literaria de mas de 250 investigaciones en HRES, con el objetivo
de visualizar los HRES off-grid a nivel mundial, sus principales arquitecturas, la forma en que
incorporan los recursos renovables a diferentes latitudes y cuéles son los principales desafios y

tendencias.

1.2. Caracterizacion de los recursos renovables

Todo sistema eléctrico se divide en dos elementos fundamentales: generaciéon y consumo. El
primero se encarga de transformar un recurso primario (renovable o no renovable) en energia
eléctrica. El segundo hace referencia a la demanda de electricidad del sector residencial, ptblico,
comercial, industrial o de transporte. Un sistema energético debe conservar un equilibrio entre
ambos elementos. Por lo tanto, caracterizar el recurso primario es fundamental para establecer
su potencial, comportamiento y tecnologia de transformaciéon. Sin embargo, la falta de datos
confiables y precisos sobre la disponibilidad y potencial de un recurso renovable, obstaculiza el
desarrollo de proyectos HRES, especialmente en los paises en via de desarrollo [29], donde se

presentan los mayores indices de pobreza energética rural.
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Diferentes metodologias se usan para caracterizar recursos renovables [30]:

v Mediciones en sitio. Corresponde a los métodos clésicos que utilizan resultados de
campanas de medicion en terreno. Torres meteorologicas, boyas, ADCPS (Acoustic Doppler
Current Profilers), vuelos con tecnologia Lidar o radares son algunos de los instrumentos
utilizados para caracterizar los recursos renovables. Este tipo de caracterizacion del recurso
tiene mayor relevancia cuando hay un fuerte interés por la explotaciéon comercial de un

lugar, ya que la disponibilidad de mediciones en entidades publicas es escasa.

Los datos obtenidos con mediciones en terreno son muy fiables y precisos en la
caracterizacion de las variables fisicas, lo que proporciona un menor riesgo de inversion en

los proyectos con energias renovables.

Sin embargo, y sumado a la carencia de mediciones que cubran amplias zonas o territorios,
son comunes los problemas de lagunas, duplicaciones de datos, pasos de tiempo repetidos
y errores en la medicion por falta de calibracion de los equipos. Estas discrepancias deben

ser filtradas para obtener un conjunto de datos continuo [31].

v' Mediciones con sensores remotos satelitales. Las velocidades del viento en la capa
limite inferior pueden medirse con el uso de satélites. De igual forma, datos de coberturas de
nubes obtenidos por satélites, en conjunto con modelos de transferencia radiativa basados
en estadistica, son ttiles para estimar la irradiacion solar en superficie. Sin embargo, las
resoluciones espacio-temporales del conjunto de datos de satélite estan limitados por la

capacidades tecnoldgicas de los sensores utilizados.

v' Modelos de prediccién numérica del tiempo. Este tipo de metodologia utiliza
representaciones matematicas de procesos atmosféricos para hacer predicciones de los
principales indicadores metereologicos. Entre las ventajas de usar esta metodologia se
encuentran: una alta correlaciéon de los campos de viento e irradiacion solar al interior de la
grilla modelada, simulaciones que cobijan el comportamiento de las variables metereoldgicas
durante largos periodos de tiempo. Por otro lado, entre las desventajas de este enfoque
estd la resolucion gruesa, los altos costos computacionales y la escasa representacion de

los procesos nubosos, que repercuten en la calidad de la modelizacion del recurso solar.

Evaluar el recurso marino, solar o e6lico en una poblacién aislada representa un desafio mayor
en la optimizacion de un HRES off-grid. La escasa disponibilidad de datos publicos y redes
de medicién en terreno, la alta resolucion de modelos computacionales que no cubren el
comportamiento de variables fisicas a microescala o simplemente, la carencia de resultados de
modelos del océano o climatolégicos en paises en via de desarrollo, suponen un esfuerzo mayor
en la investigacion de soluciones energéticas. Por lo tanto, ;qué consecuencias se evidencian en el
dimensionamiento de un HRES off-grid si se usan mediciones en sitio — cuando existen —, sobre

datos obtenidos por sensores remotos? En la mayoria de los casos, seleccionar una fuente de
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informacién, es cuestion de disponibilidad. Sin embargo, se presentan casos donde el investigador
tiene acceso a datos del recurso renovable resultado de diversas técnicas de caracterizacion, por

lo tanto, jcudl es el resultado si se simula y optimiza un HRES con tres fuentes de informacion?.

Explicado lo anterior, es logico pensar que utilizar diversas fuentes de informacién origina un
conjunto de soluciones en los HRES simulados y optimizados. A los ojos de investigadores
experimentados ese axioma se confirma, sin embargo, en nuestro mejor esfuerzo, no encontramos
informacion que cuantifique la diferencia en la optimizaciéon de HRES con diferentes fuentes
de informacion. En ese sentido, el segundo producto de esta investigacion doctoral reduce esa
brecha del conocimiento, al cuantificar el sobre- o sub-dimensionamiento en la optimizacién
de una arquitectura HRES off-grid. Para lograrlo, se us6 HOMER (Hybrid Optimization of
Multiple Energy Resources) Pro v3.14, uno de los software comerciales mas empleados en la
literatura para simular y optimizar HRES [32]. La propuesta es dimensionar un sistema hibrido
de energia renovable compuesto por: paneles solares, miniturbinas eélicas, generadores diesel de
soporte y baterfas Li-lon. Por el lado de la carga, se caracterizo el perfil de consumo de la isla Las
Huichas (caso de estudio), comunidad insular ubicada en los fiordos de Chile, con 840 habitantes
y dependiente de la importacion de combustibles fosiles para alimentar 2 generadores diesel.
Aunque esta investigacion propone HRES off-grid sustentables e independientes energéticamente
de recursos foréneos, se establecié como criterio de diseno un backup energético asociado a uno

de los 2 generadores instalados en la isla.

La solucion energética propuesta, se alimenta con tres fuentes de informacion, donde se ha
caracterizado, con series de datos de un ano, el recurso eélico y solar de la isla. Las fuentes
de informacion usadas son: Caso a) NASA Power Database que corresponde a un producto
climatologico, Caso b) resultados de un ano de datos de modelos atmosféricos y de radiacion
solar, y Caso ¢) campana en terreno para caracterizar los recursos en la isla Las Huichas
(45.15°S 73.52°0). En la Seccién 3.2 se describen con detalle los elementos del sistema energético
estudiado: generacion y consumo, ademés de exponer soélidas conclusiones en los resultados

obtenidos.

1.3. Emergias marinas en HRES off-grid

Mas del 70 % de la superficie terrestre esta cubierta de agua. Los océanos, ademas de proveer
alimento, transporte, recreacion, también concentran un recurso energético aprovechable que
oscila entre 45000 a 130000 TWh/ano [33]. Este potencial puede cubrir la demanda mundial
de electricidad que se ubica en 28466 TWh/yr (ano 2021). Sin embargo, y como se explica en
[1], la participacion de las energias marinas en soluciones HRES off-grid es escasa. La Tabla
1.3.1 detalla la participacion de los principales recursos renovables en HRES off-grid. Alli se
evidencia que la mayor atencion e investigacion esté asociada a soluciones solares y edlicas. No

obstante, a mayor latitud el recurso solar reduce su potencial debido a: i) una mayor nubosidad
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que impacta directamente la irradiacion que incide en la superficie terrestre y, ii) la variacion en
la cantidad de horas de sol efectivas por los cambios estacionales a lo largo del ano. Respecto al
viento, en latitudes medias-altas, se identifican altos potenciales edlicos en zonas costa afuera.
Este viento offshore tiene una mayor consistencia y fuerza que se ve reflejado en la generacion
de olas, lo que impacta positivamente el potencial undimotriz disponible para comunidades
costeras. Una situacion similar ocurre con las velocidades de la corriente mareal, que alcanzan

niveles extraordinarios en zonas de media-alta latitud como los fiordos [31].

De las 168 investigaciones analizadas en [!], inicamente el 9% contempla algtin tipo de energia
marina (un HRES en fase operacional, el resto en fase conceptual), todas ubicadas en el
hemisferio Norte. A su vez, mas del 50 % de los WEC tienen procedencia Europea, con una
fuerte tendencia hacia los point absorber. EE.UU en segunda posicion, demuestra un creciente
interés en dispositivos WEC, mientras paises como Chile (con un point absorber instalado) y
Nueva Zelanda estan rezagados en esta industria, a pesar de contar con excelentes condiciones
de oleaje [35]. En ese sentido, Chile es un pais bendecido con toda clase de recursos renovables.
Desde el desierto de Atacama hasta el estrecho de Magallanes, los recursos renovables registran
los mejores indices energéticos. Particularmente, las olas en la zona austral poseen uno de los
mayores potenciales energéticos del mundo (hasta 90 kW /m) [30] y existen flujos de corriente

mareal excepcionales que pueden exceder los 4 m/s [37].

Tabla 1.3.1: Investigaciones en HRES off-grid a nivel mundial, discriminadas por el tipo de
recurso primario utilizado y clasificadas en tres zonas climaticas: tropical, subtropical (+23°
<latitud < +36° y -23° >latitud > —36°) y temperada (+36° <latitud < +63° and -36° >latitud
> —63°). Los HRES que incluyen al menos un recurso marino pertenecen al hemisferio norte.
Adaptado de [1].

Latitud Olas Corriente OTEC Sol Viento Biomasa Pe(!uena Biogas Diesel Observaciones
Mareal Hidro
Tropical 2 2 0 67 45 3 9 4 51 El sol y el viento prevalecen;

OTEC no se utiliza en HRES
incluso cuando el gradiente de
temperatura del océano es 6ptimo.
Las olas y las mareas son poco
involucradas en HRES.

Subtropical 3 0 1 46 35 6 6 3 29 El sol y el viento son los recursos
mas estudiados e integrados en los
HRES. Las olas solo se evalian en
3 investigaciones.

Temperada 5 2 0 32 34 1 1 1 23 Zona climéatica con alto potencial
energético marino, sin embargo, el
sol y el viento se consolidan como
los recursos preferidos con mayor
atencion.

Alrededor de 2400 millones de personas estan asentadas en una franja de 100km desde la costa
[32]. Aunque el potencial energético del océano supera la demanda actual de electricidad, la
participacion de energias marinas en matrices energéticas a nivel mundial es de apenas el 0.015 %
[39]. La alta predictibilidad de la energia marina, el alto potencial energético y su operacion con

cero GHG, la convierten en aliada de la transiciéon energética, la mitigacion del cambio climatico
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y un recurso complementario en los sistemas solares y eélicos offshore.

Ahora bien, no solo hay poca integracion de recursos marinos en HRES off-grid, ademés, los
software comerciales més usados para simulacion y optimizaciéon de HRES: HOMER, RETScreen,
iHOGA, Energy Plan, TRNSYS, Hybrid2 [32], no poseen modulos especificos y detallados para
cada energia marina. Bajo estas circunstancias, algunas investigaciones |10, 11, 12, 13| intentan
emular el comportamiento de un dispositivo WEC o turbina marina con los médulos existentes
en HOMER, lo que indudablemente puede llevar a imprecisiones en los resultados. Todo lo

anterior, exhibe bases solidas para:

= Investigar e incorporar las energias marinas en soluciones HRES off-grid que sustenten el
perfil de carga de poblaciones remotas y cercanas a la costa. Hay un enorme potencial
energético en el océano, que utilizado de manera sustentable y responsable, puede reducir
la pobreza energética de las comunidades. En este sentido, Chile, y el hemisferio sur en
general, no escapa a la carencia de investigaciones que simulen y optimicen HRES con
energias marinas |!]. Por lo tanto, hay una oportunidad para que las matrices energéticas
primarias (grandes centros de generacion) como secundarias (sistemas pequenos y medianos
de generacion), integren los recursos renovables marinos, luego de iniciar y sostener la
evaluacion de los impactos en el uso de dispositivos WEC y de corriente mareal en los

territorios.

= La poca integracion de energias marinas en HRES va acompanada de una baja
disponibilidad de software comercial que modele su comportamiento en sistemas de
generacion. Por lo tanto, esta investigacion propone un algoritmo novedoso que, a través
de optimizacién lineal, dimensiona HRES off-grid con una funcién multiobjetivo. La
minimizacion del indicador LPSP (Loss of Power Supply Probability) y el indicador LCOE
(Levelized Cost Of Energy) conlleva a un conjunto de configuraciones con factibilidad

técnica y econdémica para satisfacer cargas off-grid en cualquier latitud.

» Hay una excesiva concentracion de investigaciones de HRES off-grid en el hemisferio Norte.
De ellas, muy pocas han estudiado los beneficios y oportunidades vinculados a los recursos
renovables marinos. Lamentablemente, paises con un potencial marino superior como Chile,
Nueva Zelanda, Republica de Mauricio |[35], incluso Sudéfrica, hasta donde sabemos, no
han dedicado suficientes esfuerzos en el estudio y transformacion de sus recursos marinos,
con un enfoque en soluciones descentralizadas HRES. Esta investigacion propone trabajar
en ese sentido, evaluando la energia undimotriz y mareomotriz en soluciones HRES off-grid

que incrementen la independencia energética de comunidades insulares/costeras.

La Seccion 3.3 describe con detalle la metodologia utilizada para disenar el algoritmo que
simula y optimiza sistemas hibridos de energia renovable, poniendo mayor atenciéon a la
incorporaciéon de recursos marinos, que en ciertas configuraciones de diseno, se convierten

en recursos complementarios a los HRES “tradicionales”. Ademas, el algoritmo es capaz de
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decidir, en el escenario de no cumplir los criterios iniciales, el momento adecuado para acoplar
un sistema de almacenamiento de energia (baterias Li-lon) en el HRES simulado. Los resultados
son prometedores y revelan que los dispositivos WEC pueden competir con sistemas solares,
donde dispositivos clasificados como overtopping y attenuator, poseen indices de LCOE muy

interesantes bajo diferentes condiciones de disenio (LPSP).
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Capitulo 2

Hipoétesis y objetivos de investigacion

2.1. Hipotesis

La integracion de la energia marina en los sistemas hibridos off-grid tradicionales:
PV /Wind/Diesel /Battery, aumenta la confiabilidad del suministro eléctrico a comunidades

remotas costeras en latitudes medias-altas.
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2.2. Objetivos

2.2.1. Objetivo General

Integrar el potencial de las energias marinas: undimotriz y mareomotriz, en el diseno de
sistemas hibridos de generacion eléctrica off-grid tradicional, para incrementar la confiabilidad

del suministro eléctrico en poblaciones costeras aisladas de la red en latitudes medias-altas.

2.2.2. Objetivos especificos
1. Detallar las caracteristicas técnicas y operativas de los HRES off-grid a nivel mundial.

2. Evaluar el impacto en el dimensionamiento de los HRES off-grid, debido al uso de diferentes

métodos para caracterizar los recursos renovables.

3. Caracterizar la demanda de energia eléctrica y potencial de las olas y corriente mareal en

una comunidad insular — caso de estudio.

4. Simular y optimizar un HRES con energias marinas y evaluar la factibilidad técnica y

econdmica en el caso de estudio.

A continuacién se describen las principales tareas que tributan al cumplimiento de los objetivos

especificos y evaluacion de la hipotesis planteada:

Detallar las caracteristicas técnicas y operativas de los HRES off-grid a nivel mundial

Una amplia y exhaustiva revision literaria es indispensable para establecer el estado del
arte de los HRES off-grid y su dinamica en diferentes latitudes. Los HRES son sistemas
que transforman energia primaria en electricidad, acoplados a sistemas de almacenamiento
de energia. La generacion descentralizada y el aprovechamiento de los recursos locales son
factores diferenciadores de estos sistemas energéticos. Sin embargo, ;Cuéal ha sido la evolucion
y penetracion de los HRES off-grid en las zonas remotas?, ; Cuéles son las arquitecturas mas
empleadas en los HRES off-grid?, ;Qué rol juegan las energias marinas en estos sistemas?
Aunque de manera preliminar se resena una baja integracion de energias marinas en HRES,

responder a las preguntas planteadas despejara el estado actual de las energias marinas en
HRES.

La informacion concerniente a los HRES off-grid se va a categorizar en tres (3) grandes grupos:

v/ Latitud: Se hace una diferenciacion entre tres zonas geograficas principales. La zona
tropical que comprende latitudes entre -23° y +23°, zona subtropical para estudios que se
realizaron entre 23° y 36° del hemisferio norte y sur y, por tltimo, la zona templada que

obedece a latitudes mayores a 36° en ambos hemisferios. La diferenciacion entre latitudes
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da una idea clara de los recursos renovables con mayor potencial, y como se integran esos

recursos en los HRES estudiados.

v' Poblaciéon y sector econdémico: Las comunidades rurales se caracterizan por su baja
densidad poblacional y poseer economias primarias: agricultura, pesca y mineria artesanal,
explotacion forestal, etc., actividades con baja demanda de energia eléctrica. Por lo
tanto, identificar el perfil de consumo de las comunidades es importante al momento de
configurar un HRES. Dicha caracterizacion proporciona datos relevantes en la eleccion del
recurso renovable mas apropiado, ademas de validar los periodos de mayor consumo y su

sincronizacion con la produccion de electricidad.

v' Almacenamiento de energia: Los HRES son sistemas energéticos que incluyen sistemas
de almacenamiento de energia. Los recursos renovables son altamente variables y su
comportamiento es dificil de predecir con anticipacion (a excepcion de la energia mareomotriz),
lo que puede ser contrarrestado con sistemas que acumulen energia para ser usada en

periodos de baja generacion o alto consumo energético.

Evaluar el impacto en el dimensionamiento de los HRES off-grid, debido al uso de

diferentes métodos para caracterizar los recursos renovables

Para caracterizar los recursos renovables los investigadores emplean alguna de las fuentes de
informacion disponible: registros a corto plazo y registros a largo plazo. Por lo general, los
registros a corto plazo estan asociados a equipos instalados por periodos de tiempo de un ano
(por ejemplo, torres meteorologicas). Estos registros implican una pequena cobertura espacio-
temporal, que puede ser compensada con mayor precisiéon en las mediciones. Por otro lado,
los registros a largo plazo estan vinculados a resultados de modelos numéricos de prediccion
o sensores de satélites. Las climatologias basadas en registros a largo plazo, al ser una media,
filtran los detalles de las variaciones climaticas interanuales e interdecadales. Por lo tanto, es

esencial seleccionar una fuente de informacién adecuada para caracterizar los recursos renovables.

En ese sentido, si se simula y optimiza un HRES con diferentes fuentes de informacion,
inequivocamente se obtendré un conjunto distinto de resultados. Sin embargo, jse han cuantificado
esos resultados que la experiencia y el sentido comin nos advierten? ;cual es el rango de
variabilidad de los indicadores técnicos y econémicos de cada “HRES optimizado™, o dicho
de otro modo, ;jcual es el porcentaje de sobredimensionamiento o subdimensionamiento en
los “HRES simulados y optimizados” Para responder estas preguntas, se utilizara uno de los
principales software comerciales de optimizacion de HRES: el Hybrid Optimization of Multiple
Energy Resources (HOMER) del National Renewable Energy Laboratory (NREL) version 3.14.
Con HOMER Pro se va a simular un HRES PV-Wind-Diesel-Battery: sistema compuesto por
paneles solares, turbinas eélicas, generador diesel y banco de baterias, y se estudiara el impacto

originado por el uso de tres fuentes diferentes de radiacion solar y velocidad del viento: NASA
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Power DataBase (caso a), resultados de modelos atmosféricos y de radiacion solar (caso b) vy,

campanas de prospeccion de recursos eolicos y solares en el caso de estudio (caso c).

Caracterizar la demanda de energia eléctrica y potencial de las olas y corriente

mareal en una comunidad insular — Caso de estudio

En consonancia con el objetivo general de esta investigacion, se va a emplear un caso de estudio
en los fiordos chilenos, zona de media-alta latitud con alto potencial energético asociado a
olas y corriente mareal, para integrar las energias marinas en HRES off-grid y determinar su
factibilidad técnica y econémica. Como caso de estudio se eligié La Isla Las Huichas (45.15°S
73.52°0), ubicada en el noreste del Archipiélago de los Chonos, Region de Aysén, donde vive
una pequena comunidad que es dependiente de combustibles fordneos para atender su demanda

de electricidad.

Todo sistema eléctrico tiene dos elementos fundamentales para lograr el equilibrio: generacion
y consumo (carga). Obtener registros precisos de la carga y una acertada caracterizacion de
los recursos renovables, es tarea fundamental para una correcta optimizacion del HRES. Por lo
tanto, es necesario contar con un perfil de carga con patrones horarios y anuales de la comunidad
insular. En esta investigacion se han programado viajes a la region de Aysén, con el firme
objetivo de obtener registros historicos de la carga, donde se pueda observar la variacion de

consumo por temporada climatica.

Utilizando técnicas similares a las ya definidas, se recopilaran los datos asociados al consumo
de diesel, eficiencia del grupo electrogeno, indicador SAIDI para establecer calidad del servicio
eléctrico en la comunidad. Adicionalmente, se tiene que caracterizar cada recurso renovable
disponible: olas, corriente mareal, sol y viento, los cuales serdn modelados y simulados en un

algoritmo novedoso, disenado especificamente para esta investigacion.

Toda la descripcion fisica detras de los recursos renovables, se realizaré con la evaluacion de
textos cientificos, bases de datos de centros de investigacion, bases de datos con informacion

climatolégica y oceanografica, ademéas de entrevistas con expertos.

Simular y optimizar un HRES con energias marinas y evaluar la factibilidad técnica

y econémica en el caso de estudio

En esta investigacion se desarrollaré un algoritmo de optimizacion lineal para simular y optimizar
HRES off-grid. Los principales médulos que componen el algoritmo son: i) médulo olas
encargado de estudiar la produccion de electricidad a partir de 3 WEC de diferente tecnologia,
modulo corriente mareal donde se evaltia una turbina marina y se crea una serie anual
con la producciéon de electricidad, moédulo solar responsable de informar la radiacion global
horizontal en superficie inclinada (para 7 grados de inclinacion, ) y su posterior aporte en

energia eléctrica y, iv) modulo viento donde se estudia el comportamiento de una miniturbina
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eblica y su produccion de energia. Estos cuatros moédulos alimentaran un moédulo central de
optimizacion, que se encarga de encontrar la solucion minima a dos funciones objetivo: LPSP y

LCOE.

Basandonos en miiltiples combinaciones de HRES: WEC-BESS, TT-BESS, PV-BESS, WT-
BESS, el algoritmo optimizara la mejor configuraciéon que responda a los criterios de diseno de
LPSP y menor LCOE. De otro lado, el algoritmo tendré la capacidad de simular el HRES sin
sistema de almacenamiento. En caso de no encontrar soluciones viables, incorporard un sistema
de almacenamiento basado en baterias Li-Ion, que mejore el flujo de energia desde el HRES
hacia la carga. Otros indicadores que se informaran son: surplus de energia anual, Costo Actual
Neto (NPC, por sus siglas en inglés), horas de autonomia, energia generada a partir de cada

fuente, entre otros.

El concepto de confiabilidad de un sistema eléctrico se puede definir como la continuidad del
servicio eléctrico cumpliendo con indicadores de calidad y seguridad. Es decir, contar con la
generacion suficiente para poder atender la demanda de energia eléctrica de los clientes finales.
En ese entender, los sistemas hibridos simulados deben ofrecer un servicio eléctrico continuo,
que atienda la totalidad de la demanda (LPSP = 0) y que sea continuo en el tiempo. Para ello,
el indicador técnico LPSP es fundamental en la evaluacion de la confiabilidad, ya que explica la
capacidad del HRES para atender el 100 % de la carga cuando se requiera, especialmente en

periodos de maxima demanda de energia.
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Abstract

The objective of this review is to present the characteristics and trends in hybrid renewable
energy systems for remote off-grid communities. Traditionally, remote off-grid communities have
used diesel oil-based system to generate electricity. Increased technological options and lower
costs have resulted in the adoption of hybrid renewable energy-based systems. The evaluated 168
studies from the period 2002-2019 considered energy developments in Asia, northern Europe,
Africa and South America, with the great majority in the northern hemisphere (n = 152, 90.5 %).
Many of the studied systems were located in tropical (44.1 %) and subtropical areas (31.0 %).
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Our review shows that most of the studied approaches combined photovoltaic (PV) and wind
energy, and that diesel generators are the preferred backup system (61.3 %), while batteries
are the preferred method of energy storage (80.4 %). Communities far from coasts have more
options for renewable energy sources, such as biogas. Although half the studies were related
to communities with access to marine-based renewable energy resources, their use was only
referred to in fifteen studies. In terms of trends, the studies show mature development of PV
and wind-power technology for off-grid hybrid systems independent of the latitude, which is
preferred for being proven and accessible methods. The preferred storage method is batteries,
and diesel is the preferred backup system given the low efficiency of PV and the intermittent

character of wind power.

Introduction

The development of communities is closely related to uninterrupted access to electrical energy.
The isolation of communities in remote rural areas hinders the provision of electrical energy by
traditional electrical power generation and transmission methods. The World Bank reported
in 2018 that around 724 million people did not have regular and reliable supply of electrical
energy, with 84.2% of these people living in rural areas isolated from power grids, and the
remaining 15.8 % living in urban areas [¢]. Electrical energy is a fundamental pillar of economic
and social development, because of which it is common that the highest indices of poverty
and the lowest levels of technological development are found in rural communities [11]. The
problem is more acute with remote communities and communities on islands. One of the
characteristics of rural communities is low population density. The families that make up these
populations are widely scattered, making it difficult to meet energy demands and making electrical
transmission networks expensive. Complex geographic conditions and low energy demand make
providing electrical energy by conventional methods impractical (that is, extension of electrical
transmission networks and substations), especially in developing countries, where electricity is
vital for economic participation and the social welfare of rural communities. Areas that do not
have electricity generally also lack essential infrastructure like schools, medical centers, means of
communication, access to potable water and others, which is reflected the fact that the human
development indices of electrified communities are higher than those of communities without

electricity [17].

A widely used method for generating electricity for remote communities is distributed generation
systems, characterized by the use of electric generators that produce electricity by burning fossil
fuels, in particular diesel |15, 16, 17, 48, 19]. Diesel generators are relatively inexpensive, the
technology is wide-spread and the construction time for an electrical station is comparatively
short. Remote communities are often not easily accessible, so that system maintenance can be
deficient. Because fuel and replacement parts must be obtained from urban centers, together with

continuous fluctuations in fuel prices, this approach is not advisable for poor rural communities
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[50]. The use of diesel plants in remote areas depends on the presence of roadways to deliver the
fuel, with high transport costs for remote communities. The remoteness of communities also
negatively affect the required and frequent maintenance. Despite all the disadvantages, diesel is
still the main resource for generating energy for isolated communities [51]. Diesel is associated
with other negative effects like: (i) contributing to concentrations of greenhouse gases [20], (ii)
reducing air quality [52], (iii) deteriorating human health [21], (iv) high transport [22] and
storage costs, (v) volatility in international prices [73], (vi) the need for periodic maintenance
[51] by qualified staff, (vii) fire hazard during transportation and storage [51], and (viii) it is a

limited primary resource |55] that is not renewable on a human time scale.

Off-grid hybrid renewable energy systems (HRES-OFF) have been proposed to mitigate the
negative aspects of using diesel to generate electricity (|70, 57, 58]). These systems involve
different renewable resources to generate electricity, like solar, wind, hydro, geothermal, biomass,
biofuel, wave, tidal, and fuel cell energy, among others, as well as energy storage systems like
batteries, pumped hydro storage (PHS), hydrogen, flywheel and others. They can also involve
small electrical generators. Solar and wind power are the most often used renewable energy
sources worldwide in HRES-OFF. The main studied and implemented HRES-OFF configurations
are photovoltaic (PV)-Wind-Diesel-Battery, PV-Wind-Battery and PV-Diesel-Battery.

Batteries are the main storage method used in HRES-OFF systems, followed by hydrogen and
pumped hydro storage systems, which have limited application owing to the topography in many
isolated areas. However, the level of solar radiation decreases at latitudes nearer to the poles,
while offshore wind power is greater in middle and high latitudes [59]. Related to stronger and
more consistent winds is the generation of waves along coasts, which can be used as an energy
source by remote coastal communities. Likewise, tidal changes are a common phenomenon to
all the marine coasts of the world, and that reach extraordinary levels in certain places in the

middle and high latitudes [00], making the tides an alternative source of renewable energy.

Investing in a single technology generally results in oversizing systems, which increases initial
costs. A hybrid system can overcome the intermittent nature of renewable energy sources and
the problem of oversizing and improve the reliability of energy supply. However, hybrid systems
have received limited attention because of their greater complexity and the scarcity of works
that have considered the question of reliable supply of electricity to rural areas [01]. We expect
this study will contribute to decision-making regarding the use and configuration of HRES-OFF
systems in remote communities as the use of renewable energy becomes more economically
viable due to the increased cost of fossil fuels and lower costs of equipment to make use of

renewable energy [2].

This article is structured as follows: Section 2 presents the criteria used in this review of the
state-of-the-art in implementing or simulating off-grid hybrid systems in remote communities.

Section 3 summarizes the results found in the reviewed studies in terms of the methodologies
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used (Section 3.1), geographic location (Section 3.2), the latitudes of the studied areas (Section
3.3), the population where HRES-OFF are established (Section 3.4), the type of energy used
(Section 3.5), and trends in these factors (Section 3.6). Section 4 discusses the main findings,

and finally the conclusions are presented in Section 5.

Methods

We reviewed around 250 articles that had a combination of keywords “remote areas”, “hybrid-
power systems”, “hybrid renewable energy systems”, and “off-grid power systems”. We excluded
articles that described on-grid systems and off-grid systems in urban areas given that our interest
is off-grid power systems in remote communities. We also excluded studies that only quantified
the availability or variability of renewable energy [37, 63, 61, (65| This selection led us to study
in detail a total of 168 articles investigating HRES-OFF in remote communities isolated from
electricity grids. The articles were classified according to the variables: geographic location,
HRES-OFF configuration, electricity demand, number of inhabitants, and main economic
activity. The geographic location includes several components, namely: i) hemisphere, ii) latitude
according to the classification of three main climatic zones: tropical (latitudes between +23° and
—23°), subtropical ((+23° < Latitude < 4+36° and —23° > Latitude > —36°) and temperate
(+36° < Latitude < +63° and —36° > Latitude > —63°), iii) continent and country. Categorizing
the geographic locations of target communities establishes an evaluation criteria in terms of
the potential of local energy resources, that is to say, coastal communities (which can be island
communities and communities near coasts) have greater access to marine-based solar and
offshore wind resources, while communities in continental interiors have more access to biomass,

small-scale hydro, geothermal and other energy resources.

The renewable energy sources, storage strategy and combination with backup electric generating
systems of all the HRES-OFF were identified, as well as the number of inhabitants and
economic activities, these being variables that indicate the behavior and energy profile of isolated
communities. Therefore, daily energy requirements vary according to economic characteristics

and the potential of the surrounding territory.

Results

HRES-OFF have been implemented and evaluated around the world to meet the need to generate
electricity in areas isolated from conventional electrical networks, (Figure 3.3.10). The evaluated
HRES-OFF studies were concentrated in the northern hemisphere (90 %), with only 10 % of the
studies dealing with HRES-OFF applications in the southern hemisphere.
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Figura 3.1.1: Geographic locations of the investigations that evaluated HRES-OFF in remote
communities.

Methodologies Used

The investigations into HRES-OFF did not have a common systematic methodology to
characterize the power generation system and the relevant communities. Consequently, it
was not possible in all cases to determine the technical and socioeconomic variables established

for this review.

Regardless of the state of development of a renewable energy project, off-grid or on-grid, it is
essential that researchers employ software tools or analytical methodologies to determine the
technical and economic feasibility of the proposed system. According to the classification in
[66], RETSCreen and HOMER are widely used tools in renewable energy systems, including
hybrid systems. RETScreen includes all aspects related to heating and electricity. The tool
HoRES models all aspects of the heating sector, as well as transport technology related to the
use of biofuels as vehicle fuel. Consequently, each tool responds to a particular objective. In

HRES-OFF studies, a different frequency of use was observed.

Table 3.1.1 presents the main computer programs used in the HRES-OFF studies or in the
absence of computer programs, the methodologies used. A marked preference can be noted for
the HOMER program [67], which was developed by the National Renewable Energy Laboratory
in the USA. HOMER includes wind turbines, PV arrays, biomass, microturbines, run-of-river
hydropower, fuel cells, and internal combustion engine generators as energy sources, and batteries,

flywheels and hydrogen as storage strategies. It does not include wave, tidal, OTEC, salinity
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gradient and geothermal as primary sources of energy. Twelve studies did not indicate the
software/methodology used to analyze the hybrid system. In some investigations, the authors
used two analytical methods. For example, in [08], the authors investigated an optimal HRES-
OFF system based on PV arrays and wind turbines, which precisely and adequately resolved the
technical and economic feasibility of employing a hybrid distributed power generation system in
a community in northeastern Nigeria. To do that, the researchers used RETScreen to analyze the
feasibility and HOMER to optimize the HRES-OFF system. Finally, 35 studies used algorithms
and mathematical models designed by the authors, using different informatic tools like C++,
THESIS, Excel Spreadsheet, Engineering Equation Solver (EES) and others.

Tabla 3.1.1: Methodology or software used in HRES-OFF analyses.

Software/Methodology # Articles
HOMER 90

Not indicate 12
MATLAB

GSA/NGSA

Genetic Algorithm

HOMER & Matlab

TRNSYS

HOMER & RETScreens

HOMER & HYBRIDS

HOMER & Digsilent

HOMER & Grasshopper-Cuckoo-TLBO
HOMER & PSO-CPSO

H.RES

HOGA

RETScreen

WindPro

Others

(=)
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ot
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Results by Geographic Location

A total of 152 studies focused on communities in the northern hemisphere. Table 3.1.2 shows the
main variables of the representative investigations. There were only 16 studies for the southern
hemisphere, the details of which are shown in Table 3.1.3. The highest number of HRES-OFF
studies were in Asia, followed by Europe in second place, Africa close behind, the Americas
in fourth place with nine studies, and finally Oceania (Figure 3.1.2). The Asian country with
the largest number of HRES-OFF-related studies was India, with 21 studies, which may reflect
the introduction of an electrification policy in 2003, as well as the need to reduce the use of
fossil fuels. India intends to increase the share of non-fossil fuels in generating electricity from
15% (2016) to 57 % (2027) [09]. Bangladesh, Greece, Malaysia, Iran and China, with 13, 12,
12, 10 and 9 studies, respectively, complete the list of countries with the highest number of
HRES-OFF-related studies. Of these, the only developed country is Greece, according to the
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classification of the United Nations |70]. The others are in transition toward development, that
is, they have made a transition from an agricultural to a more industrial economy. Oceania had

the lowest number of publications on HRES-OFF, with four for Australia and one each for Fiji

and Tonga.
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Figura 3.1.2: Classification of the investigations by hemisphere and continent.

Given their geographic situation, island countries, islands, and coastal areas (communities
located less than a kilometer from a coast) have more access to marine-based energy resources
(wave, tidal, OTEC, salinity gradient), offshore wind energy (with more plant factors than
with onshore/inland wind power systems), which can be used as a renewable resource in the
definition of HRES-OFF. Communities located in continental interiors have a wider range of
available renewable energy sources, such as biomass (associated with residues from forests,
harvests, wastewater and solid waste), biogas, small-scale hydro generators, solar, wind and
others. Figure 3.1.3 shows that 54 % of the studies, excluding marine-related studies that
compared the performance of PV—diesel-battery systems in ports or on ships [21], deal with
communities surrounded by or near the sea, that is, more than half deal with communities that

have access to marine-based energy resources.



24 3.1. Tendencias y caracteristicas de los HRES off-grid

60

50

40

30

27

20

10

continenta| I S
o
=
w
Coastal I ~
w
wn
=

Continental |G 5
N
Coastal [l w

2 3 3
1 1 1 1 1
— - _ — — — — —
e 2 2 o e 2 I 2 8 2 2 2 2 2 2
@ © K} IS @ © S © S S © S © S ©
S < z e} S 2 c 2 c c 2 c 2 e =@
© © E= E= E= E= E=
c c c C C
] ] ] ] ]
Africa Asia Europe North America South Africa Asia Oceania South America
America
North South

Figura 3.1.3: Geographic classification of the evaluated investigations.

Results by Latitude

One of the advantages of renewable or unconventional energy resources over fossil fuels (coal,
petroleum, gas) is their availability and wide distribution globally. However, the energy potential
of a renewable resource varies according to atmospheric and geographic conditions, the time
of day, and even astronomical forces, such as the tide. There is less solar radiation closer to
the poles, and offshore wind power increases in middle and high latitudes. Wave generation all
along the coast is associated with stronger and more consistent winds. Likewise, the tides are a
physical phenomenon common to all the coasts of the world and reach extraordinary levels in

certain places in the middle and high latitudes.

Some 44.1% of the studies were focused on tropical areas, where solar rays are almost
perpendicular. The second highest number of HRES-OFF studies by latitude, with 30.95 % of
the studies, was the subtropics. There were fewer studies that dealt with HRES-OFF in the
middle and high latitudes (Figure 3.1.4). Therefore, a staggered evaluation was made in each
of the climatic zones defined above, making a brief description of some of the studies carried
out and a classification of the types of specific configurations (relative to HRES-OFF), type of

primary energy source, and storage strategy.
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m Tropical zone ® Subtropical zone = Temperate zone

Figura 3.1.4: Number of HRES-OFF investigations categorized by latitude.

Tropical Areas

Ranaboldo et al. (2015) [13] proposed an off-grid electrification project in Nicaragua that would
combine solar and wind energy in two power generation strategies, small micro-grids that use
the two renewable energy resources, and independent power generation points according to the
analysis of demand and the energy potential of the resources at the micro-scale. Ismail et al.
(2013a) [! ] conducted a technical-economic analysis of an optimal PV-diesel-battery system on
a Malaysian island. The main objective of this study was to select the components that make
up the hybrid system to minimize the total cost of the system, ensuring the power supply at
the required load. To do this, the authors made an energy balance in an 8750-hour time series,
and with the application of a genetic algorithm, they established an adequate fit between the
energy generated and the load profile at the site of interest. Blum et al. (2013) [15] analyzed
a conventional autonomous system (diesel-based electrical generation), and renewable energy
options, PV-battery, micro-hydro and hybrid PV-diesel-battery systems to meet the energy
demand of an Indonesian community. The parameters for evaluation defined by the authors were
the levelized cost of energy generation (LCOE) and the costs and potentials of COy emission
abatement. The results showed that micro-hydro electrical generation has the lowest cost of any
of the energy technologies, reaching values between 0.14 and 0.16 €/kWh. Hybrid systems that
combine diesel and PV are more economical than PV-battery system if diesel price subsidies

are integrated into the analysis and/or the community’s location is not remote.
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A study of a system for a remote island in Hong Kong examined the economic performance of
two possible energy storage systems, batteries and pumped hydro storage in a reservoir, using
two renewable energy sources, solar and wind (Ma et al. 2014) [71]. The results indicate that the
life cycle cost is higher with conventional batteries in an off-grid PV-battery system than with
advanced deep cycle batteries, noting that the latter system is more appropriate for renewable
resource-based power generation systems. In addition, a PV-pumped hydro storage system
combined with a bank of batteries would be only 55 % of the cost of the PV-battery system
(deep cycle), making the combination PV-pumped hydro storage-battery much more competitive
than the option that only considers batteries. Ani (2016) [19] described a PV—battery system
to meet the energy demand of a residential area in Nigeria. The author simulated the system
to determine the loss in power generation and compared this to a diesel-battery system in

economic and environmental terms.

Kumar et al. (2014) [107] studied the technical and economic feasibility of establishing hybrid
PV-—diesel-battery systems in different climatic zones of Tamil Nadu State in India. They
found that the arid zone in Kanyakumari was the optimal climatic zone to establish hybrid
PV-diesel-battery systems, taking into consideration factors like the renewable energy fraction
(RF), contaminating gas emissions (tons/year), diesel consumption (liters/year) and net present
cost (NPC). Adaramola et al. (2014) [56] conducted an economic analysis of an off-grid hybrid
PV—wind—diesel-battery system in rural areas of southern Ghana. Using the software Hybrid
Optimization of Multiple Energy Resources (HOMER), the authors determined that the
hybrid PV-wind—diesel system (with or without batteries) is the best option economically.
The contribution of RF ranged from 47 % (PV-wind-diesel system, the most viable) to 17 %
(PV—diesel system, the least viable). The COE of the PV-wind-diesel system was $0.276/kWh,
and of PV—wind—diesel-battery system, it was $0.281/kWh.

Table 3.1.4 shows the different HRES-OFF configurations according to latitudes between the
Tropics of Cancer and Capricorn (that is, —23° < latitude < +23°). There is a marked tendency
to use solar energy (alone or with wind energy) as the main form of renewable energy in
simulated or implemented HRES-OFF. The battery is the main energy storage strategy to
meet energy demands at times when the supply of energy from renewable sources is insufficient.
Likewise, there is a preference for PV—wind—diesel-battery systems (16 investigations), followed
by PV—diesel-battery (9 investigations) and PV—wind-battery systems (7 investigations), as the
main power generation strategies for remote areas. Finally, few studies considered marine-based
energy sources as renewable HRES-OFF sources. Two studies evaluated wave energy |53, |
and three considered tidal energy |11, 7%, |. One study analyzed the flywheel as an energy
storage system in combination with batteries, taking advantage of the high energy density that
this system provides and the high depth of discharge, which are favorable characteristics in the

transition between renewable energy sources and the storage system.
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Subtropical Zone

Table 3.1.5 shows the HRES-OFF configurations of the 52 studies we found that evaluated
different hybrid systems in tropical zones, that is, between the latitudes +23° and —23°: +23° <
Latitude < +36° and —23° > Latitude > —36°. As in the tropical zone, PV and wind systems
are the main renewable resource in HRES-OFF, accounting for 88.5 % and 67.3 %, respectively.
Biomass energy appears to be more important in this zone, with six studies, which is twice
the number for the tropical zone. There were no studies that considered tidal energy as a
renewable HRES-OFF resource. Three studies considered waves as a potential energy source
[145, , |. A study in the subtropical zone applied exergy analysis to an ocean thermal
energy conversion system (OTEC) to determine the optimal evaporation and condensation
temperatures of different working fluids [ 15]. Three Japanese islands isolated from the electrical
grid were considered in an investigation to define the optimal configuration of a HRES-OFF
PV-Wind-Diesel-Battery system, using hourly data on solar radiation and wind speed over a
year (Senjyu et al. 2007) [17]. A genetic algorithm was used in this study to determine the cost
of the hybrid system.

Rehman et al. (2012) [16] optimized a hybrid PV-Wind-Diesel system, thus reducing fuel
consumption by a conventional autonomous system, without affecting the energy required in a
remote community in Saudi Arabia. HOMER obtained an optimal configuration to produce
electrical energy, with 26 % from wind, 9% from solar and the remainder from five diesel
generators. Offshore wave and wind resources on the Canary Island of Fuerteventura were
evaluated using eleven measurement sites, as well as the optimal areas for installing wave /wind
farms, taking into account wave height, energy period and predominant wave direction around

the island, bathymetry, environmental areas and the distance to ports (Veigas et al. 2014) [115].

Dekker et al. (2012) |1 7] determined that the most technically and economically feasible approach
to providing electricity to an off-grid system in six distinct climatic areas in South Africa. The
authors determined that the optimal area in South Africa for a hybrid PV-Diesel-Battery system
is the subtropical coastal region. The results indicate that the proposed system not only functions
better than conventional autonomous system in terms of costs based on six simulations, but
also had better results in categories of electricity, fuel consumption and emissions released to
the atmosphere. A study that evaluated the feasibility of installing a hybrid PV-Diesel-Battery
system in southern Algeria found that transforming the current autonomous conventional
system to a hybrid system would represent a savings of 54,100 liters of fuel per year, which
would represent a 90.4 % reduction in fuel consumption (Khelif et al. 2012) [119]. Ismail et al.
(2013b)[150] investigated the feasibility of using microturbines as a backup to a PV-Battery
system. The optimal size of the hybrid system was determined with the aid of an algorithm
(mathematical model of the HRES-OFF components), with a minimum energy cost based
on the optimal angle of inclination and azimuth angle for the solar panels. A comparison of

microturbines and conventional diesel-based generators as backup systems showed that
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microturbines have a lower energy cost. A study in Iran determined the feasibility of a hybrid
PV-Wind-Diesel-Battery system for an area with a significant energy demand in Shiraz (9.9
MWh/d) (Baneshi et al. 2016) [151]. With the aid of HOMER software, the optimal system

was configured and analyzed for two scenarios, one off-grid, and the other on-grid.

Table 3.1.5 shows that batteries are the main storage strategy, appearing in 80.77 % of the
studies overall, and 86.49 % of studies dealing with tropical areas. Pumped hydro storage and
hydrogen systems are less common in subtropical areas. [130] proposed ocean renewable energy
storage (ORES) for offshore and onshore wind systems, having the advantage that such systems

can be installed at great depths (up to 800m) and serve as anchors for offshore wind generators.
Temperate Areas

Table 3.1.6 shows the configurations used for HRES-OFF in middle and high latitudes between
+36° < Latitude < +63° and —36° > Latitude > —63°. Solar and wind energy are the most
widely used renewable resources. Wind energy was assessed in 80.9 % of 42 studies and solar
energy was assessed in 76.2 %. Biomass, biogas and small hydro were each assessed in a single
study. Marine-based energy sources received more attention in temperate zones than in the other
climatic zones, accounting for 16.7 % of studies. Tidal energy was assessed in two studies [ 131, 187]
and wave energy in five [13, , , 188, 189]. Batteries continue to be the most widely used
technique for energy storage in HRES-OFF, representing 69.1 % of studied systems. Hydrogen
and pumped hydro storage are more common at middle and higher latitudes, representing

respectively 16.7 % and 14.3 % of the studied systems.

A study on Lesbos Island in Greece used HOMER software to optimize an off-grid hybrid Wind-
Diesel system without the integration of a storage system, resulting in a high COE associated
with an operating reserve of 50 % of wind power generation (Giannoulis et al. 2011) [16]. The
technical feasibility of wave-based electrical generation on St. George Island on the Bering Sea
coast of Alaska was evaluated. The island was obtaining electrical energy from a generator, and
the authors sought to lay the foundation for specific design and control elements essential in
Wave-Diesel hybridization of small remote power grids. The assessment of the island’s wave
potential yielded an average of 28 kW /m, which could meet 9% of the island’s energy demand
(Beatty et al. 2010) [126].

An assessment was made of an initiative for an isolated community on the small Greek
island of Agathonisi to have autonomous electrical energy and potable water based on local
non-conventional renewable resources. The proposed hybrid PV-Wind-Biogas-Battery system,
optimized by HOMER, could meet electrical, heating and potable water demands through a
reverse osmosis desalination plant, with a five-day autonomous period. Wind energy provided the
major contribution at 50 %, followed by solar and biogas energy at 30 % and 20 %, respectively
(Kaldellis et al. 2012) [18]. Yilmaz et al. (2017) [55] made a technical and economic analysis of a
hybrid PV-Diesel-Battery system to identify the system’s optimal size. Using HOMER, the



33

3.1. Tendencias y caracteristicas de los HRES off-grid

"£31O1I109[0 91098 0) PISN JOU SeM )] "TIAYSAS

Tomod 9yj Ul Po[[eIsUl sem Jue} 08vI0)s JBAY Y 4 ‘S[[o0 [on pue o1pAy podund ‘oymAy ‘A1033eq MO ‘A1033eq G-BN ‘A1033Rq PIOY-PEOT SE [ONS S90IA0p 95RI0)S JUSIOPIP PAIPNYS JOYINE AT, . ‘UOJODUU0D

PLIS U3 ey o[33ed AIEp [[BWS ® POIPNYS IOYINE OY ], , {(SSO NOYIIM) AI1933Rq [€OPI UB POISPISU0D I0Ujne oy, ; {(SHV))) o5eI0}g AS10uy iy pesseadwo)) SWe)sAs OIPAY-OIIN Pue -UIJy SopNU] .

o1zl 2 2 rL
v sl s ’
ﬁ ﬁ 2 ’ L
/, / !
¢ [602] 2 2 2 2 2 2
[802 ‘L0¢] N 2 N M 2
Nﬁ_ : VA A
2 2
[cl r , 2 L
[651] A 2 ’ ’
] x / % rA
[rer] N A 2 2
__ __ ¥ i M
2 2 2
[r02] » 2 ’ s
[c02] ’ L
[207] 2 2 2 M 2 2
[0z 2] 2 2 M
— $— ¢ ¢ _F _ \, \r \,
[eot ¢ H. | / 4 rA
— ¢ 4 4 _ \, \r \,
[57] N 2 2 2
[97] N N
‘Y SAVO H o1 Mwmmwwwa g A12)yeg [9SOI(q [9PYMAL] %m [ePLI 9ARM m.www% seSorg ssewolg PpuWIM  Ad

(,£9— < opninger] < 9e— A €9+ > epniner] > 9e+) seore ojeloduwio) Ul SWOISAS PLIGAT PLIS-JJO pajen[ear :9°T'€ B[qRL



34 3.1. Tendencias y caracteristicas de los HRES off-grid

authors determined that 84.6 % of total energy could be generated by solar panels and that the

hybrid system could reduce carbon emissions by 44 tons per year.

A study in Russia that proposed the design of a multi-purpose hybrid PV-Diesel-Battery system
(Bortolini et al. 2015) [15] identified the average power output of a PV plant, the capacity of the
storage system (battery) and the optimal technical configuration to reduce the levelized cost of
electricity (LCOE) and the carbon footprint of energy (CFOE). The results showed that the best
environmental scenario is a PV plant with an average power output of 95 kW,,, and a storage
capacity of 200 kWh (8 Ah), resulting in a CFOE of 0.374 kg COseq/kWh (50 % savings). A
study by Gan et al. (2015) [19] developed a tool to optimize a hybrid PV-Wind-Diesel-Battery
system, with the objective of helping investors to decide between batteries and diesel generators
given the availability of local renewable resources and the demand for energy. The results show
that a PV-Wind-Diesel system has a lower COE (0.677 £/kWh). In contrast, the PV-Diesel
system has a COE of 1.55 £/kWh, more than double that of the Wind-Diesel (COE = 0.724
£/kWh) and PV-Wind-Diesel systems for total autonomy. The comparison of a Wind-Diesel
and PV-Wind-Diesel system shows that twenty additional solar panels would result in a 33 %

reduction in storage capacity.

Results by Population

Some 15.5 % of the evaluated studies indicate that the main economic activity of the community
is primary: farming, fishing, mining, logging etc. Tourism is the main activity of 11.3% of
communities, while 64.3 % of the studies did not indicate predominant economic activity of the
relevant communities. The remaining percentages are specific cases that include research centers,

a base transceiver station (BTS), small scale industries, among others.

Some 76 of the evaluated investigations provided complete population and daily energy use data
(Figure 3.1.5). Seven investigations analyzed HRES-OFF in communities with more than 20,000
inhabitants, six of these on islands and one continental. The study with the largest number
of inhabitants was on the island of Sandwip in Bangladesh (Figure 3.1.5), although this study
did not represent the highest daily demand for electrical energy with 93,000 kWh/d [11]. The
study that represented the highest level of energy consumption was that of [¢1], in which the
authors considered five energy demand scenarios for Cozumel Island, Mexico in 2018, 2020, 2024,
2035 and 2050. Cozumel Island is the target for developing sustainable tourism to improve the

quality of life of the island’s inhabitants. One of the strategies in this process is developing a
PV-Wind-Diesel system.
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Figura 3.1.5: Daily energy use versus the number of inhabitants. The result of 76 studies with
information available.

Of the 76 investigations, 46.1 % involved providing electricity to isolated communities with
no more than 200 inhabitants (Figure 3.1.5), while 7.9 % involved communities with 200 to
500 inhabitants, 11.84 % dealt with communities with populations between 500 and 1000
inhabitants. The percentages were 18.4 %, 2.6 %, 5.3 % and 7.9 % respectively for communities
with populations of 1000-5000, 5000—10,000, 10,000-50,000 and over 50,000.

Results by Type of Energy Storage

HRES-OFF energy storage strategies ensure an ongoing supply of electrical energy at times
when energy production by renewable sources is low or highly intermittent. Diesel generators
remain the preferred HRES-OFF backup strategy, and were employed 103 of the 168 studied
cases. The principle of a battery-based backup system is simple, the excess energy generated by
renewable energy sources is stored in the battery, using load regulators to appropriate charge
and discharge levels. The strategy was different in some investigations [15, (1, |, with a
backup system (diesel generator) to supply the required level of energy and, in turn, charge the
batteries of the hybrid system. In the latter case, the renewable energy source does not supply

power to the batteries.

The most widely used type of battery in the evaluated HRES-OFF is lead-acid owing to it
technological maturity, easy acquisition, low cost and wide use in different applications worldwide.

Some 80.4 % of the publications analyzed in this paper involved the use of batteries, either
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alone or in combination with another energy storage method (Figure 3.1.6). In second place
were HRES-OFF without any type of energy storage, that is, in these cases renewable energy
sources are the only means used to meet electric power demand. The lack of a storage system
can result in oversizing the electrical generating system or more use of diesel generators to meet
energy demands in the context of limited availability of appropriate renewable resources. Thirdly
is hydrogen fuel cells using an electrolyzer, followed by solid oxide fuel cells (SOFC), which
provides electrical energy from stored hydrogen when the energy demand is greater than the
supply from renewable sources. Some 7.7 % of the studies considered pumped hydro storage,
which takes advantage of favorable topography. Only a few investigations, around 2 %, dealt
with HRES-OFF that used flywheels [112, 209], ORES [180] or CAES [9] as the main energy

storage methods.
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Figura 3.1.6: Main energy storage technologies used in HRES-OFF worldwide.
Trends

Based on the 168 selected articles from among a total of approximately 250 articles for the
period 2002-2019, the trend worldwide in HRES-OFF for remote communities is toward using
solar and wind energy (Figure 3.1.7). Although one of the objectives of establishing local energy
generation systems is to reduce dependence on fossil fuels, thermal units are still used as backup
systems owing to the recognized intermittent character of renewable resources and the low
plant factors associated with renewable energy conversion technologies. As noted above, the
technological maturity, broad commercialization and availability of the resource are the main
advantages of the sun and wind over other renewable resources. Although hydroelectricity is

widely known and used, its use is problematic in island and coastal areas because of the low
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availability of water, which in some places is even inadequate to meet requirements for human
consumption. The use of marine energy sources in HRES-OFF is weak owing to economic,
technological and developmental aspects noted above. There is little use of marine-based energy
sources due to economic, technological and developmental factors already mentioned. However,
since 2013, there has been more interest in marine-based energy resources for communities with

low energy demand.
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Figura 3.1.7: Trends in HRES-OFF evolution. The vertical axis represents the number of
articles published annually. Note that if an article describes more than one technology, it is
counted more than once.

The battery is categorically the most widely used storage system used in HRES-OFF (Figure
3.1.8). The number of studies in which batteries formed part of hybrid systems began to decrease
in 2016. There is growing interest in using hydrogen as a more dynamic option HRES-OFF. Since
2010, at least one study has presented water pumping storage systems (PHS) as an alternative
in areas with topography conducive to storing water at high altitudes. There is more interest
among coastal and island communities in pumped hydro energy storage using seawater, the
lower reservoir is the sea and only favorable topography is needed for storage at high altitudes.
It is evident that storage systems in marine environments require more research and are in a

very early stage of development.

The trend in recent years (2017-2019) is also in the number of the articles found suitable for
review (Figure 3.1.9). The change in the number of articles published in recent years could

reflect a change in interest in off-grid systems rather than in renewable energy sources.
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Discussion

Unlike fossil fuels, most renewable resources are more equitably distributed and be used widely
in different latitude. Energy production by renewable resources (hydro, solar, wind, geothermal,
biomass and marine energy) increased globally from 93,776 TWh in 1965 to 667,349 Twh in
2018, which represents an increase of 712 % |21 1]. The International Energy Agency (IEA) stated
that renewable resources, including hydroelectricity, accounted for 25.3 % of global electrical

generation matrix in 2017 [212].

Correctly defining an HRES-OFF requires a precise evaluation of local renewable resources
and characterization of the energy demand profile. Given this, appreciating the geographic
location of subject communities of HRES-OFF studies is an important step in understanding
the potential of renewable resources. Communities located on island or within a kilometer of
a coast have access to marine energy resources like wave, tidal, salinity gradient and OTEC.
These communities lack year-round access to water hydro energy resources and have limited
access to biomass and geothermal energy, but do have access to strong offshore winds and
ever-present sunlight. In contrast, isolated inland communities have more access to biomass
and water resources appropriate for small-scale hydro power, high and low enthalpy geothermal

energy source, and certainly, ample and widespread use of solar radiation and wind.

Differences in latitude are associated with greater or lesser potential of renewable resources.
Solar rays are almost perpendicular in the tropical zone, which allows a greater availability of
direct and diffuse radiation on the earth’s surface. At higher latitudes, solar radiation passes
through a more air mass (AM), which decreases the amount of useful solar radiation. Wind
energy is employed almost everywhere in the world on both land and on the high seas. However,
the use of this resource is not distributed uniformly. Its use is erratic and not very predictable,
and the best wind regimes are not always located close to energy consuming centers [213]. The
potential of wave energy is greater at middle and high latitudes, that is, in subtropical and
temperate zones. According to |21, densities of annual potential greater than 50 kW /m are
found in coastal areas or inner seas in Australia, the United States, Chile, New Zealand, Canada,
and South Africa, which is 44 % of available theoretical potential, as estimated in the same
study. However, the 2.1 TW of theoretical potential in waves is far from being drawn upon
because of: i) the lack of technological convergence in the design of wave energy converters
(WEC), ii) gaps in environmental legislation, iii) limited private investment, and iv) the lack of
coastal infrastructure with connections to submarine cables [215]. Likewise, tidal and offshore
wind energy face barriers similar to those faced by wave energy, with the difference that the
technology of energy extraction is a stage of mature development and has been sufficiently tested.
According to [210], tidal energy is used around the world, while the energy potential of OTEC
is largely exploited in tropical areas where the temperature difference the ocean surface and

depths of more than 1000 m are on the order of 20 degrees. Extraordinary levels of difference
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between low and high tide are found in middle and high latitudes, with difference of 7.5 to 13
m in Canada, Russia, Australia and the United States, and of 6 to 7 m in Argentina, Great

Britain, Mexico and India, the latter two located in tropical areas [217].

Geothermal energy has an uneven distribution globally, and its presence is often at depths
too great for practical use|2!8]. Exploratory drilling and test wells are too expensive to allow
for identifying geothermal potential in a given area|219]. As well, the high costs and highly
qualified staff required in the operational of geothermal plants make this option unfeasible
for remote communities that have low energy demands and low population density. These
difficulties in implementing and operating HRES-OFF are clearly related to the lack of studies
that consider geothermal energy as a viable renewable resource in off-grid energy systems.
Biomass is represented by a wide range of fuels. The concept of biomass includes solids, liquid
fuels, and several gases. There are drawbacks to biomass energy in terms of availability and
sustainable renewal of the resource for island and coastal communities, as well as concern
about the use of potential food crops as sources of biomass energy and resulting air pollution,
depending on the technology used in energy conversion [220]|. Consequently, there has been
limited integration of biomass into HRES-OFF', and has been represented mainly by the use of
livestock manure, which through anaerobic conversion technique provides methane for use in

electric generators or food preparation (Figure 3.1.10).
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Technical and Economic Aspects of Conversion Technology

According to [221], the main factors that have helped lower solar panel costs and increase their
commercial use are lower primary material costs, a substantial increase in the production of
solar panels in China, technological innovations and increased investment at the industrial
level. Similarly, wind turbines are occupying an increasing role in the energy matrices of several
countries, encouraged mainly by economies of scale, learning curves, higher plant factors that
reduce the levelized cost of energy (LCOE) and an increase in supply with the emergence of

wind turbine factories in China [213].

Run-of-the-river systems with a capacity of 10 MW are considered small-scale hydro power
(SHP). According to [222], the main benefits of SHP are high efficiency, proven and reliable
technology, long-term usefulness and appropriateness to the electrification needs of rural areas.
Certain political, economic and social conditions are required to establish SHP, such as financing
loans to developers and landowners, training of local personnel in the different stages of operation
and maintenance and transfer of technologies to local developers [223]. Likewise, this same
study concluded that the economic success of SHP systems depends on the load factor and the
associated load, that is, the demand for electrical energy must be associated with commercial
and industrial activities, not just domestic demand. In this sense, and highlighting that the
economic activities of the studies referenced in this review are associated with agriculture,
fishing, farming and tourism (where there is no special electrical energy requirement), SHP
solutions are not an economically viable option, since they would be working with load factors

of around 10 %, which would extend the period of return on investment.

Generating electrical energy from marine sources is in the early stages of development, with the
exception of tidal barrage. Wave energy presents several difficulties in its use and integration
in energy matrices. Some of these difficulties are: i) a wide range of designs and prototypes
that have not lead to technological convergence, ii) the evaluation of coastal systems based
on the establishment of wind farms[22], iii) anchoring systems for offshore installations, iii)
extreme climatic events that threaten the integrity of WEC, and iv) the need for more research
into environmental impacts and biofouling. Tidal energy has a promising future reflected in
electrical generation systems established in countries like France, Canada, the United States,
South Korea, China, and Russia. These systems employ tidal barrage technology, which has been
used for several years to deliver electrical energy to national transmission networks. Turbines
for tidal currents and waves are still in their infancy [225]. Among the main limitations of this
technology is difficulties in installing systems and transmitting the electricity that is generated,
environmental impacts, biofouling and maintenance requirements [220]. Microturbines best fit
the distribution power generation approach. According to [227], microturbines offer several
advantages, including lower initial investment (CAPEX), lower operating costs (OPEX) and less

impact on the environment. In contrast, generating electrical energy by OTEC technologies and
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salinity requires more investigation and prototype tests [225] to ensure participation in future
power generation systems. Government policies to increase the use of renewable energy source
in energy matrices should promote the development of marine energy, which has a significantly

higher energy potential than current world energy demand.

Population and Economic Activities

Most of the reviewed studies did not make reference to the main economic activity of the
relevant community. An analysis by country identified that 24.4 % of the studies deal with
developed countries as represented by member countries of European Community (including
Great Britain), Japan, the United States, Canada, Australia, Russia and South Korea (Figure
3.1.3). In contrast to developed countries, where the basic energy needs of the population tend
to have been met, there are still gaps in access to energy among the poorest and most isolated
groups in developing countries. According to [229], access to energy has positive effects on health
care, education, incomes, and development. Nevertheless, the low demand for energy in remote
communities implies a high cost to electricity, making access to energy for the poorest families
more difficult [230]. In this regard, the poorest families commonly use biomass and kerosene for
cooking and lighting. The use of kerosene and paraffin involves the emission of contaminating
gases that are dangerous to human health. According to [171], the gases emitted by kerosene
can cause cancer and tuberculosis in women and children. Thus, alternatives to biomass (when
it is not sustainable), liquid and solid fuels like paraffin and kerosene, can improve the quality

of life of families.

Key Findings

There is a lack of research on the integration of marine energies as active resources of HRES-OFF
in insular/coastal communities. The OTEC theory was conceptualized in the 19th century,
however, its implementation in HRES-OFF is evidenced in only one article ([!15]). Focusing
research efforts on better working fluids and heat exchangers can increase the overall efficiency of
the OTEC process. On the other hand, there is much to explore and investigate in the simulation
of WEC, tidal turbines and salinity gradient as active renewable resources of HRES-OFF. Only
15 articles studied wave and tidal energy in HRES-OFF (Figure 3.1.10), a very low integration
index considering that almost half of the 168 articles focus on island communities, which can

take advantage of this type of energy.

61 % of HRES-OFF investigations still propose genset as backup systems. The use of fossil
fuels has adverse effects on human health and the environment, in addition to maximizing the
energy dependence of isolated and island communities. Therefore, research efforts in sustainable
energy solutions, based on local renewable resources, should be increased. The investigations
[103, 124, 126, , 203] deepen the diversification of energy mix towards 100 % energy autonomy

communities. However, the use of fossil fuels is exacerbated if only HRES-OFF research from the
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Southern Hemisphere is analyzed (Table 3.1.3). In this hemisphere, 81 % include genset in their
case studies. Added to this is that remote and island communities in the Southern Hemisphere

are poorly studied (Figure 3.3.10).

Conclusions

The development of communities is closely related to ongoing access to electrical energy. Electrical
energy is a fundamental pillar of the economic and social development of communities, because
of which it is common to find the highest indices of poverty and the low levels of technological
development in rural communities. The geographic dispersion of communities in remote and
rural areas hinders the provision of electrical energy through conventional electrical generation
and transmission techniques owing to the high cost of extending electric transmission grids.
Electricity is a vital tool for the economic participation and social wellbeing of rural communities.
Areas without electricity have limitations in essential infrastructure, like schools, medical centers,
communication and access to potable water. Fossil fuel-based electrical generation is commonly
used in these cases, particularly diesel-based systems, given that this is relatively inexpensive,
the technology is widespread and the time required to construct an electrical central is relatively
short. However, remote communities often do not have easy access to fossil fuels, and owing to
their isolation, the system may lack maintenance, which can result in harmful effects for human

health and the environment.

Our review was focused on 168 articles published between 2002 and 2019 on the use of off-grid
hybrid electrical generation systems as a response to the need to decrease consumption of
and dependence on fossil fuels through the integration of different nonconventional renewable
resources. HOMER was used in the majority of studies as a methodological tool to analyze
cases. The subjects of the analyzed studies were concentrated geographically in the northern
hemisphere, mainly in Asia. The majority of the studies dealt with HRES-OFF in tropical
or subtropical zones. Photovoltaic arrays and wind turbines, alone or together were the main
renewable resources used in HRES-OFF (Tables 3.1.4-3.1.6), associated fundamentally with
their technical, operational and economic advantages. These systems use batteries as the main
method to store energy, while diesel systems are the preferred option as the preferred backup
system in the context of intermittent supply of renewable energy. At higher latitudes, HRES-OFF
can make better use of other sources of renewable energy like wind energy for non-coastal areas
and wave and tidal energy in coastal areas. However, our review found a small number of studies

that included marine-based renewable resources as an energy source for coastal communities.
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Abstract

This research evaluates the impact of information sources on the feasibility of a Hybrid Renewable
Energy System (HRES). Due to their isolation and low population density, island communities
satisfy their demand for electricity through thermoelectric plants. Diesel is the main fossil
fuel used. This fuel must be imported, which translates into high logistics and operating costs.
HRES are a feasible solution, integrating renewable resources, thermoelectric plants, and energy
storage systems. The proper characterization of the variability of a renewable resource is decisive
in the feasibility of an HRES. We used three sources of information on solar radiation and
wind speed: the NASA Power Database (Case a), results of atmospheric and solar radiation
models (Case b) and prospecting campaigns for wind and solar resources (Case c¢). The main
findings point to an undersizing in the three best solutions: PV-Diesel, PV-Diesel-Battery and
PV-Wind-Diesel-Battery with data from Case a, compared to measurements on site (Case c). On
the other hand, a clear oversizing of the main architectures obtained with HOMER is evidenced,
when using information sources from Case b compared with data from Case c. Therefore, the
feasibility of an HRES begins with the selection of the information source of local renewable

resources.
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Introduction

The sun and the wind share the common features of being available and widely distributed
sources of renewable energy for the continents and island territories. They are natural resources
that can be used as primary sources in energy transformation processes. Independently, solar

irradiation and wind speed are physical phenomena that have a variability inherent to their

nature, explained by: i) stochastic behavior at different time scales [231], ii) cloudiness, particulate
matter, air temperature [232| and natural or artificial obstacles, iii) the orography that produces
a high spatio-temporal variability in magnitude and wind flow [233]. Hence, using solar and wind

resources independently may present great difficulties in terms of oversizing of the distributed
generation system [231], inability to meet energy demands and high installation costs. In order
to counteract these drawbacks, several authors have investigated HRES in conjunction with

energy storage systems to meet the energy demands of remote communities in mid-high latitudes
[ ) ) ) ] *

Variations in the estimation of solar radiation can be a decisive factor in the feasibility of an
HRES project [239]. These variations can also affect the capacity factor of a wind project.
Two different sources of information on renewable resources are available: both short-term and
long-term records. Usually, short-term records are associated with equipment installed for periods
of time of one year (e.g., meteorological towers). Short-term records imply a small space-time
coverage; this can be compensated for more accurately in the measurements. Long-term records
are linked to results from numerical wind prediction models or satellite sensors. Therefore,

selecting an adequate source of information to characterize renewable resources is essential.

Simulating and optimizing HRES with different sources of information, unequivocally allows to
deduce that there will be a set of different results, a quick conclusion supported by experience or
common sense. However, have those results that experience and common sense warns us about
been quantified? What is the range of variability in the technical and economic indicators of
each “optimized HRES”?, or in other words, what is the percentage of oversizing or undersizing
in the “simulated and optimized HRES”? Answering this question is the main objective of this

research.

Studies in other areas of knowledge have focused on analyzing and quantifying the impact of
the different sources of information that feed a model. Although the importance of the wind
product used to feed a wave model is well known, the quantification of the main wind and
wave products ERA-Interim vs CFSR was only recently carried out by [210], highlighting a
better interannual consistency of ERA-Interim, a product that nevertheless underestimates the
extreme wind values. In the oceanographic field, [211] studied the effect of different boundary
conditions and initial conditions on the circulation patterns of the Humboldt current system,
finding important differences depending on the temporal variability of the oceanic boundary

conditions.
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To the best of our knowledge, there is no detailed quantification to explain the technical and
economic variation of HRES simulated and optimized, using different sources of information, such
as: NASA Power Database, results of atmospheric and solar radiation models and measurements
on site. Additionally, and as described in Section 2, there is a notable lack of studies that analyze
sustainable energy systems in the southern hemisphere, especially in small island and remote

communities that are energy-dependent on the mainland.

Thus, this research also aims to contribute to the solution of the energy challenges in island
communities by analyzing the impacts of three different sources of solar radiation and wind

speed data in the optimization of HRES.

Island communities around the world depend on fossil fuels to meet their electrical energy needs.
They are energy-dependent on the mainland and have great limitations in the available space.
In addition, their isolation and low population density make it impossible or too expensive to
expand traditional electrical networks [I| or use submarine cables. Therefore, using microgrids
or distributed generation systems are viable options for the generation of electricity in isolated
and island communities [212]. The main energy resource used on islands is diesel fuel that
powers internal combustion generators (gensets) in order to produce electrical energy. It is
their technological maturity, reliability and low installation cost that made the genset a good
alternative for small towns and island communities [24]. However, the use of diesel brings along
certain disadvantages: high energy costs [21], air pollution [215], an impact on human health
[246], high logistics costs and diesel power system operation. In addition to these disadvantages,
there is also the growing concern about climate change and the measures being implemented
worldwide to consolidate an energy transition. One strategy being implemented is the use HRES
that integrate renewable primary resources, gensets and energy storage systems. According to
[247] there are 1785 islands worldwide with a population between 1000 and 100,000 inhabitants.
A general insular population of 20 million people is estimated. Island communities located
at latitudes greater than +40° and lower than -40° have various challenges to face regarding
their energy issues: i) complex and expensive logistics associated with importing fossil fuels for
isolated thermoelectric systems, which in turn means energy-dependence, ii) the low penetration
of HRES in isolated communities (including islands) which take advantage of local renewable
resources, iii) the lack of studies that assess the technical and economic viability of HRES in
island communities located in mid-high latitudes. Therefore, in order to analyze the effects on
the feasibility of an HRES from different sources of information, an application has been made

to a real case in Las Huichas Island (45° S), located in the XI Region of Chile.

Different methodologies for sizing and optimizing an HRES are described in the literature.
The technical and economic feasibility of an HRES is a complex task that must consider,
among other aspects: the stochastic behavior of natural resources, the minimization of the
use of fossil fuels and its consequences, reducing the LCOE, determining an attractive Initial

Capital and synchronize power generation, load and energy storage systems. To solve the above,
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some researchers develop multi-objective optimization algorithms applied to specific study cases
[245, , |. However, and according to [ 1], there is a clear preference for the use of commercial
software tools to simulate and optimize an HRES. The main software tool used is the Hybrid
Optimization of Multiple Energy Resources (HOMER), developed by the National Renewable
Energy Laboratory. This software uses hourly data from natural resources and optimizes the
HRES based on Net Present Cost (NPC). On the other hand, RETScreen is a tool developed in
Microsoft Excel, characterized by evaluating the reduction of greenhouse gases and specifying
the life-cycle costs of the system. Another software tool is iIHOGA, which is characterized by its
low computational requirement and integrates mono or multi-objective optimization. HY BRID2
developed by Renewable Energy Research Laboratory is recommended to improve optimizations
previously done with HOMER [250]. TRNSYS developed in Fortran allows to simulate transient
system behaviors [251] for thermal and electrical systems. In this research, the well-known

HOMER Pro tool will be used to simulate, optimize and discuss some sensitivity analysis.

The structure of this paper is as follows: Section 2 compiles a review of the scientific literature
focused on HRES for island communities in mid-high latitudes. Section 3, made up of 6
subsections, explains the demographic, economic and energy characteristics of the insular
community of Las Huichas island. Besides, it describes the software used in the simulation
of HRES, relevant aspects of the information sources used in the island’s renewable resource
and technical and economic data of the main components of the proposed HRES. Section 4
summarizes the results found in the optimization and sensitivity analysis. Section 5 contains

the discussion of the main findings. Finally, Section 6 presents conclusions and future work.

HRES in mid-high latitudes for island communities - A literature review

There is some research, mainly in the Northern Hemisphere, of simulated /installed HRES in
island communities that are located at latitudes greater than +40° and lower than -40°. Figure
3.2.1 represents the geographic location of studies carried out in island communities and mid-high
latitudes. 22 studies were identified in this literature review. 81.8 % evaluated wind turbines in
the proposed HRES. 59.1 % integrated solar panels and 27.3 % analyzed some type of marine
energy in the HRES architecture. More than half of the studies rely on thermoelectric plants
for backup (Table 3.2.1). Additionally, the characterization of renewable resources is done with
different sources. The criteria for selecting a specific information source is due to the availability

of data in the study area or financing for the installation and maintenance of sensors.
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Figura 3.2.1: Geographical location of the HRES evaluated in mid-high latitudes (red circles).
The blue circle corresponds to the geographical location of the Las Huichas island, Region de
Aysén, Chile.

Out of these 22 studies, 10 characterized renewable resources with on-site measurements
[185, ) ) , , , , , 256, 257]. However, some researchers use a specific
information source for each renewable resource. On Eigg island, (56°54’ N) Scotland, the authors
analyzed the off-grid PV-Wind-Diesel-Small Hydro-Battery HRES installed on the island and
used HOMER to identify opportunities for improving it [204]. Wind speed data is obtained
from on-site measurements. However, solar radiation is characterized using satellite data. The
French island of Ouessant (48°27°19” N) was evaluated in [151] with the purpose of measuring
and optimizing a Wind-Tidal-Diesel-PHS hybrid system that minimizes polluting gas emissions
on the island. The behavior of the wind was studied from observations at the site of interest.
Regarding tidal information, the source used is not mentioned. On Flinders island (40°0" S),
Australia, researchers proposed a novel optimization method for measuring the energy storage
and management system of the PV-Wind-Tidal-Diesel-Battery HRES [255]. Wind regime and
solar radiation were obtained from The Australian Government Bureau of Meteorology. The
tidal data correspond to the results of numerical models of the ocean. Researchers in [259]
studied a PV-Wind-Diesel-Battery system for Gokceada island (40°9’39” N), the largest island in
Turkey. On-site measurements were used to characterize the wind in the area. Satellite data were
used as a source of information to characterize solar radiation. In [260] the authors investigated
a PV-Wind-Diesel-Boiler-Batteries HRES to integrate renewable energies into the electrical

generation system of the Brazilian Antarctic Station (62° 5°S). Two different sources of
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information were used: on-site measurements to obtain the wind regime and solar radiation
satellite data to characterize the incident solar radiation. In Bishopton (55°54’30” N) a small
town located in the north east of Renfrewshire, Scotland, a study was performed that seeks
to develop a computer tool to size off-grid HRES [19]. On-site measurements were used to

determine wind behavior. The article does not indicate the source of solar radiation.

Some studies do not characterize renewable resources with on-site measurements. In [136] the
authors simulated a Wave-Diesel hybrid system on St. George Island (56°35’ N). The estimation
of the wave resource is associated with data obtained from results of the US NOAA’s numerical
wave forecast model. Another study evaluated a hybrid system made up of wind, PV, gensets
and batteries to meet the energy demand of offshore oil platforms in the Arctic (69°57°0” N -
71°30°0” N) |263]. In this study, solar radiation was obtained from the USA NREL. However,
the source associated with the wind speed regime is not specified in the article. An investigation
carried out on the island of Corsica (42° 9’N), defined two main objectives: i) defining an
optimal HRES composed of PV-Wind that guarantees energy autonomy and, ii) analyzing the
performance and optimal size of some architectures in different parts of the island [261]. To
meet the objectives, the researchers calculated the incident solar radiation from mathematical
models. The method for characterizing the wind is not indicated in the investigation. In Canada,
specifically on Ramea island (47°31'10.29” N), the authors evaluated the Wind-Diesel system
commissioned on the island and simulated a new system that includes a hydrogen module [262].
The source of information used to characterize the wind is not mentioned. On the island of
Mykines (62°6’15” N) a study was carried out that aimed at comparing energy cost, convenience
and environmental impacts of a Wind-Hydrogen system and a diesel-based generation system
[205]. The estimation of the wind in the area is done with reanalysis data. Reanalysis is the
combination of meteorological models and measurements of stations installed on the surface in

order to determine the behavior of physical variables in the atmosphere and oceans.

Research Methodology

Primary Resource Data

Obtaining time series of horizontal global radiation and wind speed is not a trivial task. Some
tools used to record data on wind speed and solar radiation are: buoys, meteorological stations,
satellite sensors and numerical models. Some factors that influence the selection of one source
of information over another are: i) the availability of spatio-temporal data in a place, ii) the
financing for the installation of sensors (including O&M) or, iii) the correct use of climate
numerical prediction models. However, each source has uncertainties that introduce variations
in the characterization of the renewable resource, which may have effects on the economic [239]

and technical evaluation of an HRES project.

Meteorological data are fundamental inputs to understand the dynamics and potential of
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renewable resources and their impact on HRES. Some authors use meteorological data from
research programs and sensors installed on NASA satellites to determine the availability and
variability of a renewable resource at a site of interest |20, , |. Another strategy available
is the use of numerical models of meteorological prediction in order to establish the dynamics
of a renewable resource in particular, e.g., results from the Weather Research and Forecasting
(WRF) Model which make it possible to identify the wind resource potential in a geographic
region [207]. However, there is research that establishes prospecting campaigns for renewable
resources such as the sun and wind, and based on time series of measurements (usually one
year), they analyze and simulate the performance of a particular HRES [251, |. Although
estimates of surface solar irradiation from satellites is a widely used and well-developed method,
its precision is lower than that obtained with equipment installed on the surface; in turn, the
reanalysis, as a procedure to estimate the solar irradiation on the surface, has been described in
several studies as overestimated, in addition to presenting biases when increasing the latitude of
the territory under investigation [209]. The uncertainty associated with surface-installed sensors

is due to little or inadequate maintenance of the sensors and the quality of the installed sensor
[239].

Some characteristics of different sources of sun and wind information have been mentioned.
Variations in the characterization of the renewable resource have direct implications on the
technical and economic feasibility of an HRES. Therefore, a case study in the Chilean fjords has
been selected to identify the technical and economic variations of a PV-Wind-Diesel-Battery
HRES with the use of three (3) sources of information: i) the NASA Prediction Of Worldwide
Energy Resources Database, ii) results of atmospheric and solar radiation models from the
Chilean Ministry of Energy and iii) on-site measurements of solar and wind resources. The
simulation and optimization of the proposed HRES is carried out with HOMER Pro software

version 3.14.

Study area

Las Huichas island is an insular territory located in the northeastern part of the Chonos
Archipelago, Aysén Region, Chile. It is located in between latitudes -45.1389 and -45.1659 and
between longitudes -73.502 and -73.536 (Figure 3.2.2). There are three inhabited locations on
the island: Puerto Aguirre (64 % of the population), Estero Copa and Caleta Andrade, with a
total population of 840 inhabitants (according to the 2017 census). The main economic activity
is artisanal fishing and the extraction of benthic resources. The electrical energy demand is
met by a diesel-based thermoelectric plant which operates 24 hours a day. This power plant
is installed in Caleta Andrade, and consists of two generator sets: one is a 288 kW Cummins
and the other a 200 kW Caterpillar. The thermoelectric plant has a storage tank for 54,000
liters of diesel. Being an island community, there are only two means of access to and from the

continent: i) maritime access used to supply food and essentials, including diesel and, ii) aerial
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access for private flights.
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Figura 3.2.2: Location of Las Huichas island, Region de Aysén, Chile.

In 2018, the thermoelectric plant generated 981.8 MWh of electrical energy, according to
the information provided by Edelaysen, the utility company in charge of generating and
distributing electrical energy on the island (pers. comm.). Figure 3.3.11a shows the electrical
energy consumption data of the island community. Peak energy consumption in the island
community is located in the time slot between 19:00 and 20:00 (Figure 3.3.11b). The rates
per kWh are higher than those established for communities on the mainland, due to the diesel
import, transportation to the island and the low population density [270]. For example, the
average value of a kWh on the island in 2018 was 0.271 $/kWh (1 USD = 809 Chilean pesos
[271]), according to the reports provided by Edelaysen. On the other hand, the average value in
a major Chilean city around Santiago, the capital, was 0.132 $/kWh [272], 51.3 % lower than
the rate paid on the island. Finally, Figure 3.2.4 shows the historical price of a liter of diesel in
the Aysén region. This figure results in an average value of 0.74 USD for each liter of diesel in

the last eight years, a number that was used in the optimization process in HOMER Pro.
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Figura 3.2.3: Power generated by the thermoelectric plant on Las Huichas island in 2018: a)
hourly data series for a complete year of measurement (blue line) and data series with weekly
median (red line), b) graphical representation of the median and quartiles of the hourly data for
a complete year of measurement (outliers are represented by diamonds).

Data related to the load

In order to size and optimize the HRES of the island community, it is essential to have a load
profile associated with the consumption of electricity on the island. Edelaysen is the company in
charge of generating and distributing electricity to the three towns on the island. This company
provided us with the electricity generation reports for 2018 with measurements every fifteen
minutes, a time series that was later adjusted to hourly data. Average annual hourly and daily
annual energy consumption is 112.07 kWh and 2689.77 kWh /day, respectively. Peak power in
the evaluated year was 192.25 kW. During 2018 the island’s thermoelectric plant had a System
Awverage Interruption Duration Index (SAIDI) of 15,16 hours. In order to meet the energy
demand on the island, 292,111 liters of diesel were imported in 2018. The approximate cost per
import of diesel was $ 225,430.

Simulation and optimization software

Hybrid Optimization of Multiple Energy Resources (HOMER) from the National Renewable
Energy Laboratory (NREL) version 3.14, was used to simulate eight variants of a hybrid system
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made up of: PV panels, wind turbines, gensets and Li-lon batteries (Figure 3.2.5). HOMER
uses wind speed hourly data (m/s), solar irradiation (kWh/m?), ambient temperature (°C)
and load profiles to simulate and optimize an on-grid and/or off-grid electricity generation
system. Additionally, the size and price of each HRES component must be entered in HOMER,
considering, among other aspects: initial capital, costs associated with O&M, replacement cost,
lifetime, fuel, number of pieces of equipment and power of each device. With this information,

HOMER is able to simulate and define the most economical and technically feasible HRES.
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Figura 3.2.4: Historical price of diesel in the Aysén Region, Chile. The maximum, minimum
and average value equals to 0.90, 0.52 and 0.74 $/1, respectively. Data from [/].
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Figura 3.2.5: Schematic diagram of the hybrid PV-Wind-Diesel-Battery system simulated.

The levelized cost of energy (LCOE) is defined as the average between the total annualized cost
of the HRES and the total annual energy served. On the other hand, the net present cost (NPC)
indicates the current value of all costs associated with: installation, operation, maintenance and

replacement, minus the current value of all income during the entire useful life of the HRES
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[273]. These two economic variables are fundamental in HOMER to evaluate the economic
feasibility of different HRES configurations. The mathematical development to calculate these

economic variables is described in [259].

Data source for wind speed, solar irradiation and ambient temperature

Our research brings together three different sources of information to obtain the data related to
wind speed and solar irradiation on the island, and in this way identify the variations in the

sizing of the proposed HRES. The data sources used are:
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Figura 3.2.6: Average wind speed on Las Huichas island from different data sources: i) data
from the NASA Power Database (blue bars), corresponding to a monthly average wind speed at
50 m above the surface of earth over a 30-year period (Jan 1984 - Dec 2013), for an Annual
Average of 4.7 m/s £+ 1.72, ii) data from the Wind Explorer of the Ministerio de Energia de
Chile (orange bars), with an Annual Average of 4.3 m/s + 2.4 and, iii) data associated with
wind resource prospecting campaigns (green bars), with an Annual Average of 6.4 m/s + 4.5.

* Source 1. Data from the NASA Prediction of Worldwide Energy Resources (NASA Power)
Database [271], information source linked in HOMER to download wind speed data (blue
bars in Figure 3.2.6), horizontal global irradiation (blue bars in Figure 3.2.7) and air
temperature (blue bars in Figure 3.2.8). The data that HOMER downloads from the
NASA Power Database correspond to monthly averages of wind speeds at 50 m above the
surface of earth and from a period of 30 years (January 1984 - December 2013), monthly
averages of global horizontal irradiation during a 22-year period (July 1983 - June 2005)
and monthly averages of air temperature over a 30-year period (January 1984 - December
2013). The annual average of the wind speed time series and its standard deviation are

4.7 m/s and 1.72 m/s, respectively. In the case of solar irradiation the values are 2.83
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kWh/m?/day and 2.02 kWh/m?/day and at an ambient temperature of 8.59°C and 3.27°C,

respectively.

Source 2. The Wind Energy Explorer (Explorador Eélico) of the Ministerio de Energia
de Chile (Chilean Ministry of Energy) provides hourly results of the wind speed from
the year 2015 (orange bars in Figure 3.2.6) from numerical modeling, using Weather
and Research and Forecasting (WRF), at 20 meters above ground level [275]; the Solar
Energy Explorer (Explorador Solar), also from the Ministerio de Energia de Chile, yields
results associated with horizontal global irradiation (orange bars in Figure 3.2.7) and air
temperature (orange bars in Figure 3.2.8), from solar radiation models [270, 277] made for
the year 2015. In this case, the annual average of the time series associated with the wind
speed and its standard deviation is 4.29 m/s and 2.4 m/s. Likewise, for solar irradiation
the data are 3.17 kWh/m?/day and 0.21 kWh/m?/day and at an ambient temperature of
10.49°C and 3.5°C, respectively.

Source 3. Measurements made on-site (Las Huichas island) from a wind and solar resource
prospecting campaign (green bars in Figure 3.2.6 and Figure 3.2.7, respectively), carried
out between August 22, 2005 and September 08, 2006, in which parameters were obtained
for wind speed (20 m and 10 m above ground level), wind direction at 20 m above ground
level and horizontal global solar irradiation at 3 m above ground level [27%]. The annual
average and standard deviation of the wind speed and solar irradiance time series are 6.4
m/s, 4.5 m/s and 3.13 kWh/m?/day and 2.55 kWh/m?/day, respectively.

In Source 3 the wind speed data was selected at a height of 20 meters, because the chosen

wind turbine has a height of 18 meters from the ground to the nacelle. The time series from the

prospecting campaign are made up of measurements made with 10-minute time steps. Both

series, wind speed and horizontal global irradiation, contain 50,789 measurement data, that

is, there is a lack of 1,771 records to complete the 52,560 measurements that correspond to a

year of data with the indicated time steps. Linear extrapolation was used to complete the two

time series. In the case of Source 2, the time series contains 8,757 valid records, and the data

associated with the last three hours of December 31 are missing. Therefore, the last valid value

of December 31 was repeated in the three missing time registers. Completing the time series is

a preliminary step to the simulation, since HOMER only recognizes time series that contain

data for a full year.



3.2. Impacto de las fuentes de informaciéon en los HRES off-grid 57

7 - EEE NASA Power DB
@ MinEnergia Chile
N On-site measurements

Average Daily Radiation (kWh/m?/day)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figura 3.2.7: Average daily horizontal global irradiation on Las Huichas island from different
data sources: 1) using data from the NASA Power Database (blue bars), from monthly averages
for global horizontal radiation over a 22-year period (Jul 1983 - Jun 2005), which provide
an Annual Average of 2.8 kWh/m?/day + 2, ii) with data from the Solar Explorer from the
Ministerio de Energia de Chile (orange bars), resulting in an Annual Average of 3.2 kWh/m?/day
+ 0.21 and, iii) with data obtained in prospecting campaigns of the solar resource (green bars),
for an Annual Average of 3 kWh/m?/day + 2.6.
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Figura 3.2.8: Monthly average air temperature from two data sources: i) using data from the
NASA Power Database (blue bars) over a 30-year period (Jan 1984 - Dec 2013), resulting in an
Annual Average of 8.6°C £ 3.3 and, ii) data from the Solar Explorer from the Ministerio de
Energia de Chile (orange bars) resulting in an Annual Average of 10.5°C + 3.5.

Regarding ambient temperature, two sources of information were used: the NASA Power



58 3.2. Impacto de las fuentes de informacion en los HRES off-grid

Database and the Solar Energy Explorer from the Ministerio de Energia de Chile (Figure 3.2.8).
No data repositories associated with ambient temperature measurement campaigns were found
on the island. In the case of ambient temperature, the results of atmospheric and satellite models
from the Ministerio de Energia de Chile were used in the simulations corresponding to Cases b

and ¢, in section 3.2.

Technical and economic data of the HRES

Table 3.3.2 shows the most relevant technical and economic parameters of the components
for the proposed HRES: Wind Turbine, Solar Panel, Li-Ion Battery, Diesel Generator and
Converter. To take advantage of the solar resource on the island, CanadianSolar’s MaxPower
CS6U-330 polycrystalline solar panels were selected, which have a nominal power of 330 W
and are available at local distributors. The solar panel is configured without a solar tracking
system, that is to say, it is positioned on a metal structure which gives it an adjustable tilt
angle, which for the optimization base scenario was defined to be equal to the latitude of the
island and directed towards the North (§ = 45.15°, v = 180°). Because the efficiency of a solar
panel decreases as the ambient temperature increases [279], an analysis of the effects of ambient
temperature on the performance of the panel was configured in HOMER for each simulation

step.

To convert the kinetic energy of the wind into electrical energy, the Gaia-Wind 11kW 133 turbine
was selected which has a rated power of 11 kW. This turbine has an adjustable cut-in and cut-out,
although the standard configuration values are 3.5 and 25 m/s, respectively. Additionally, this
turbine is designed for sites with average annual wind speeds of up to 7.5 m/s at rotor height.
As in the case of solar panels, ambient temperature is an important physical parameter, due
to its relationship with air density. This parameter, ambient temperature, can influence the
turbine output power up to 20 % [280]. In the simulations carried out in HOMER, the effect of
ambient temperature was considered in order to obtain more precise results in the electrical
energy produced. On the other hand, the costs associated to the Initial Capital, O&M and

Replacement cost were inquired with the manufacturer (pers. comm.).

The generation of electrical energy from renewable sources and the energy demand profile do
not have an ideal behavior, where the periods of greatest power generation coincide with the
greatest energy demand. Therefore, using an energy storage system (ESS) is vital to avoid
oversizing the HRES system. During the times of the day in which there is an excess of electricity
generation from renewable sources, the ESS will store said excess energy. On the other hand,
when renewable energy sources cannot meet the demand for electrical energy, the ESS will
supply the required electrical energy. In this research, the selected ESS corresponds to Li-Ion
batteries mainly due to the fact that they have higher energy densities and have better efficiency

during charge and discharge cycles, when compared to other types of batteries [251].
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Tabla 3.2.2: Technical and economic parameters of the HRES components simulated in

HOMER.

Parameter Units

Value

Solar Panel

CanadianSolar MaxPower CS6U-330P

Rated Capacity kW 0.330
Initial Capital USD 206.67
0&M USD 0
Replacement UsDh 206.67
Efficiency % 16.97
Lifetime years 25
Derating factor % 80
Wind Turbine
Gaia-Wind 11kW 133 3-Phase
Rated Capacity kW 11
Initial Capital USD 80000
O&M USD/yr. 1600
Replacement UsDh 66000
Hub Height m 18
Lifetime years 20
Diesel Generator
CAT-250kVA-50Hz-PP
Capacity kW 200
Initial Capital USD 0
0&M USD/op. hour  0.03
Replacement USsD 60000
Fuel Price USD/1 0.74
Minimum Load Ratio % 25
Li-Ton Battery
Generic 1kWh Li-Ion [ASM]
Nominal Capacity kWh 1
Capital (5 units) USD 3500
0&M USD 0
Replacement (5 units) USD 3500
Initial State of Charge % 100
Minimum State of Charge % 20
Generic Converter

Capacity kW 1
Capital USD 300
0&M USD/yr. 0
Replacement USD 300
Lifetime years 15
Inverter Efficiency % 95
Rectifier Efficiency % 95

One strategy to respond to sudden changes to the electrical load side is the operative reserve.

HOMER allows the definition of a percentage of surplus in the operating capacity of the HRES

under evaluation, in order to respond to unexpected increases in the demand for electrical

energy by the load. This ensures a continuous supply of electrical energy from renewable sources,

in the event of changes that do not exceed the defined percentage of operative reserve. Table

3.2.3 shows the values defined in the operative reserve for the production of electrical energy
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associated with the sun and wind. In addition to this, it is established that the HRES must
supply 100 % of the electricity demand, which translates into a loss of power supply probability
(LSPS) of 0 %. Currently the inhabitants of the island have access to electricity 24/7, therefore,
an energy solution with local natural resources should not reduce the conditions of comfort and

quality of life of the island community.

Tabla 3.2.3: Technical and economic parameters configured in HOMER for each of the HRES
architectures evaluated.

Item Value
Optimization settings

Maximum annual capacity shortage 0%

Operative reserve as a percentage of load 10%

Operative reserve as a percentage of solar power output 20 %
Operative reserve as a percentage of wind power output 30%

Economics
Nominal discount rate 8%
Expected inflation rate 3%
Project lifetime 20 years

Results

We used three sources of information on the availability and variability of renewable energies.
Eight HRES architectures were simulated and optimized for the Las Huichas island community.
In Case a (NASA Power Database), the data series are categorized as long-term records: 30
years of monthly averages of wind speed and air temperature (1984-2013), 22 years of monthly
averages of global horizontal irradiation (1983-2005). The averaging process used in creating
this data set effectively removes high frequency variability present in the data. Case b and Case
c¢ are short-term records. These cases represent the variability present in a specific period and as
such might contain high frequency variability, due to dominant atmospheric processes present
in that period such as El Nino Southern Oscillation (ENOS). In particular, Case b corresponds
to the wind regime, solar radiation and ambient temperature for the year 2015 and Case c

represents a year of measurements between 2005 and 2006.

Optimization

Eight different HRES architectures were simulated, each one fed with three sources of information
for wind speed and solar irradiation, and two sources of information for ambient temperature.
The load profile corresponds to the actual consumption of electricity on the island during
2018. The simulated HRES architectures were: PV-Diesel, PV-Battery, PV-Diesel-Battery, PV-
Wind-Battery, PV-Wind-Diesel-Battery, Wind-Diesel-Battery, Wind-Diesel and Wind-Battery.
The optimization results were categorized with the LCOE parameter, giving priority to the

configurations that have the lowest LCOE. As a complement, fuel consumption, fraction of
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energy generated from renewables and autonomy of the hybrid system were evaluated as criteria
for the selection of the HRES.

Table 3.2.4 shows the results obtained for the eight HRES configurations. The PV-Diesel-Battery
hybrid system has the lowest LCOE ratings for all data sources: 0.207 $/kWh in the case of
NASA (Case a), 0.199 $/kWh in the case of the Explorer from the Ministerio de Energia de
Chile (Case b) and 0.210 $/kWh with the data obtained from the on-site measurements of
renewable resources (Case ¢). The PV-Diesel HRES follows these results closely with increases
in the LCOE, for each case study, of 0.97 %, 1% and 0.95 %, respectively. By including a wind
turbine in the configuration with the lowest LCOE, the variation in the LCOE is 2.42 % (Case
a), 2.01% (Case b) and 0.48 % (Case c).

The Wind-Battery configuration does not have a feasible solution for Case a and Case b. In
Case ¢, HOMER delivered a viable technical solution that is made up of 588 wind turbines,
10,251 Li-Ion battery units (giving it an estimated autonomy of 65 hours), with an LCOE of
5.25 $/kWh, an initial investment of $ 51.4 millions and an annual O&M cost of $ 1.1 millions.
Even though this system is 100 % renewable, that is, it does not use any primary source based

on fossil fuels, it exceeds the available territory on the island for its installation.

The 100 % renewable PV-Battery system has two feasible configurations related to Case a and
Case b. The LCOE varies between 0.417 and 0.632 $/kWh. The supply of electrical energy to
the load from the batteries can be extended for maximum periods of 45 hours (Case a) and 21
hours (Case b). Regarding the number of solar panels, the PV-Battery configuration requires the
installation of 18,658 panels angled at 5 = 45.15° (island latitude), the purchase and installation
of 7,092 batteries and 206 kW in converters, all associated with the global horizontal irradiation
series of Case a. Regarding Case b, the HRES topology is reduced to 15,916 solar panels, 3,357
batteries and there is an increase of 152 % in the minimum power required for the converters,

compared to Case a.

The three remaining configurations: Wind-Diesel, Wind-Diesel-Battery and PV-Wind-Battery,
have LCOE values of 0.230-0.285, 0.233-0.283 and 0.339-0.617 $/kWh, respectively. In Cases a
and b of the Wind-Diesel configuration, HOMER proposes an architecture made up of 13 wind
turbines, a number twice higher than that proposed in Case c. A similar situation occurred
in the Wind-Diesel-Battery configuration, with 12 wind turbines for the information sources
associated with NASA and Explorer from the Ministerio de Energia de Chile, and 6 wind

turbines considering results of on-site measurements (Case c). Lastly, the PV-Wind-Battery
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HRES is 100 % supported on renewable energy sources that eliminate diesel consumption from
the electrical energy production equation and, in turn, the emission of worrying and harmful
greenhouse gases into the atmosphere. This configuration yields higher LCOE than those
obtained in the two HRES systems mentioned above, however, it has a longer autonomy that
ranges between 19.7 and 36 hours, a characteristic that the Wind-Diesel and Wind-Diesel-Battery

solutions do not offer.

Sensitivity Analysis

The results presented in Table 3.2.4 correspond to the initial design conditions which can
vary significantly in magnitude over time. In addition to that, using an angle of inclination
on the solar panels equal to the latitude of the place minimizes the use of available radiation,
directly affecting the economic viability of the project [282]. Therefore, a sensitivity analysis
was implemented on three important design variables: diesel price, solar panel inclination and
minimum renewable fraction (RF) of energy within the generated energy. In order to do this,

the following design criteria were established:

= Diesel Price: Taking into account the historical records of the last 8 years [1], 5 possible
scenarios were defined: 0.5 $/1 (historical minimum price), 0.6 $/1, 0.7 $/1, 0.8 $/1 and 0.9

$/1 (historical maximum price).

» PV Tilt Angle: Five angles of inclination were defined: 39.15° (angle with greater capture
of solar irradiation in summer, when compared to the latitude of the island), 42.15°, 45.15°
(island latitude), 48.15°y 51.15° (angle with greater capture of solar irradiation in winter,

when compared to the latitude of the island).

= RF: technical design constraint that determines the minimum percentage of energy
generated annually from renewables. Five scenarios were established that match the
objectives of the Chilean energy policy: 20 % (goal by 2025) [253], 30 %, 40 %, 50 % and
60 % (goal by 2035) [251].

Table 3.2.5 summarizes the results obtained in the sensitivity analysis, categorized by architecture
and the three case studies associated with different sources of information on wind speed, global
horizontal irradiation and ambient temperature. From an LCOE analysis, the evidence shows
that the PV-Diesel-Battery hybrid system has the lowest LCOE, oscillating between 0.149 -
0.156 $/kWh for the three data sources, which represents a reduction of 25.12 % (considering
the lower LCOE value) when compared to the result obtained in Table 3.2.4. The autonomy of
this system is 0.04 hours for Case b, with 6 Li-Ion batteries, and 0.06 hours for Cases a and ¢
provided by 9 Li-Ton batteries. The PV-Diesel configuration has an LCOE indicator very close
to that obtained in the previous configuration. The results obtained were 0.154 $/kWh in Case
a, 0.149 $/kWh in Case b and 0.157 $/kWh in Case c. This system does not have batteries and
so it does not offer any type of autonomy. In both configurations, PV-Diesel-Battery and
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PV-Diesel, HOMER found that the angle of inclination must be lower than the latitude, that is
to say, 39.15° instead of 45.15°. Similarly, the results of Table 3.2.5 show that low LCOE values

are associated with low diesel prices per liter.

Now, if the RF in Table 3.2.5 is analyzed, the lowest LCOE are associated with numbers equal
or slightly higher than 20 %, except in the cases of 100 % renewable configurations. Electricity
generation systems based solely on renewable energies are associated with LCOE that vary
between 0.337 - 0.617 $/kWh for PV-Wind-Battery architectures, 0.387 - 0.614 $/kWh for
a PV-Battery HRES and 5.28 $/kWh (Case c) for the Wind-Battery system. These three
architectures are capable of satisfying the demand for electrical energy on the island (LSPS =
0 %), using the sun and wind as primary resources. A relevant characteristic in these systems
is the autonomy of the energy storage system. In the first system, that is, PV-Wind-Battery,
the autonomy of electric power supply once the renewable energy sources are insufficient, is 36
hours for Case a and 19 hours in the other Cases. In the PV-Battery system the autonomy is
37.9 hours for Case a, almost two hours more than the previous system, 26.7 hours for Case b
which represents 36 % more autonomy when compared to the PV-Wind-Battery system, and
for Case ¢, HOMER did not find a viable solution. Although the Wind-Battery system has the
longest autonomy of the eight systems evaluated (65.4 hours), it also has the highest LCOE of
all the configurations with a value of 5.28 §/kWh.

Discussion

In this work we performed the optimization of eight different HRES architectures for Las Huichas
island, Chile, with HOMER Pro v3.14 software using three different sources of information: a
climatological data set, atmospheric model results from a specific year, and on-site observations
from a specific year. The energy consumption profile of the 840 inhabitants of the island
corresponds to the real consumption of the year 2018. The main primary resources involved in
this research are the sun and wind, accompanied by an energy storage system (Li-Ion batteries)
and a backup genset. We used three different sources of information in HOMER: the NASA Power
Database (Case a), results of atmospheric and solar radiation models (Case b) and measurements
made on the Las Huichas island (Case ¢). HOMER categorized HRES architectures that were
feasible from a technical and economic perspective. Although the research focuses on mid-high
latitude communities, and contrary to the common perception of very low solar irradiation
at high latitudes, it is important to note that several studies have shown that incident solar

irradiation at high latitudes can be even higher than the GG, under certain weather conditions

[285, 286].

The results of the simulations demonstrate a convergence in three HRES architectures: PV-
Diesel, PV-Diesel-Battery and PV-Wind-Diesel-Battery. The lowest LCOE and NPC economic

indicators in these configurations were obtained with the data sources from the Wind Explorer
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[275] and Solar Explorer [270] (Case b), followed by data from the NASA Power Database [27]

(Case a) and, lastly, data from the wind and solar measurements on site [275] (Case c).

Using time series from different information sources causes significant variations in the
optimization results of an HRES. While data obtained with numerical climate models (Case b)
indicate that the lowest LCOE is 0.199 $/kWh (architecture PV-Diesel-Battery Table 3.2.4),
data obtained from on-site measurements increase the LCOE at 0.210 $/kWh (Case c). Similarly,
an RF of 28.8% (Case b) is identified in the PV-Diesel-Battery HRES, much higher than
the 20 % obtained with on-site sensor data (Case c), essential elements when evaluating the
feasibility of any HRES project. From an environmental and social perspective, one of the
greatest restrictions in island communities for the development and implementation of energy
projects is the competition for land use [217], and the limited available surface area. Solar
panels need large territories to produce a significant amount of electrical energy [26]. Regarding
wind turbines, noise and visual pollution [20] are real issues that may not be tolerated by the
community. According to the above, and highlighting that the results of the HRES PV-Diesel-
Battery (Case b) confirm the lower LCOE (Table 3.2.4), this architecture in turn requires the
installation of a greater number of solar panels on the island. This translates into the need to
install approximately 2,704 solar panels in Case b, compared to 2,131 panels needed in Case c,
which has the highest LCOE of this architecture.

Considering the growing environmental concerns associated with the use of fossil fuels [262, ]
and the technological maturity in the use of renewable resources [197], it is clear that HRES
are an opportunity to guarantee: i) better air quality, ii) minimize risks from diesel use and
iii) increase the energy independence of island communities. Sustainable electricity generation
systems require less genset integration. In this regard, analyzing the annual fuel consumption
in the PV-Diesel-Battery HRES, an additional 24400 1/yr. are used in Case ¢ when compared
to Case b. All the variations highlighted in the economic and environmental indicators of the
PV-Diesel-Battery HRES are due solely to the sources of information used. Similar results can
be obtained with the PV-Wind-Diesel-Battery HRES (Table 3.2.4).

Increasing the autonomy of the PV-Diesel-Battery and PV-Wind-Diesel-Battery HRES
architectures reflects substantial increases in the LCOE, NPC and the installed power of
the PV array. A 3-hour autonomy for the PV-Diesel-Battery system causes an increase in the
LCOE of +146 % Case a, Table 3.2.5, +143 % Case b and +249 % Case c. Considering the three
Cases, the NPC indicator has an increase that ranges between 142 % - 250 %. In the case of
the PV-Wind-Diesel-Battery HRES the increases in the LCOE of each case study are: +144 %
Case a, Table 3.2.5, +141 % Case b and +144 % Case c. The NPC in this configuration ranges
between $ 2.69 and $ 2.85 millions.

Almost 50 % of HRES studies in island communities (Section 3.2), characterized local renewable

resources with on-site measurements. In our research, Case ¢ corresponds to short-term records
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(on-site measurements). These types of records characterize in detail the intraseasonal and
seasonal dynamics. However, interannual or interdecadal climatic variations are beyond these
types of records. Therefore, clear differences are established in the sizing of an HRES due
to short-term and long-term records (Table 3.2.4). Analyzing the three best architectures:
PV-Diesel, PV-Diesel-Battery and PV-Wind-Diesel-Battery, and establishing Case ¢ as the base

scenario, the following results can be highlighted:

- With data from NASA (Case a) there is an undersizing in the three best HRES
configurations. For PV-Diesel the number of solar panels is 7.8 % less than Case c. The
initial capital is less than the other cases and fuel consumption remains stable when
compared to Case c. The insertion of batteries to the previous configuration reduces the
number of solar panels to 1,985, 6.9 % lower than the figures obtained in Case c. The
difference is smaller in the PV-Wind-Diesel Battery HRES, where the number of panels is
reduced by 1.7 %.

- With data obtained from climatological models, there is an oversizing of equipment in
the three best architectures (compared to Case ¢). The PV-Diesel configuration requires
24.3 % more solar panels to satisfy the same load as Case c. This increases the initial
capital, however it reduces diesel consumption by 24,000 1/yr. due to the increase in RF.
The HRES PV-Diesel-Battery is 26.9 % oversized in solar panels. Regarding initial capital,
diesel consumption and RF, the behavior is similar to that explained in PV-Diesel. Lastly,
including a wind turbine in the HRES causes a 37.4 % increase in the number of panels
required, a difference that is explained by the low average wind speed (Case b) when

compared to the high wind regimes obtained in Case c.
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Figura 3.2.9: Net present cost of all costs involved in installation and O&M of the PV-Diesel-
Battery HRES (blue bars) and the PV-Wind-Diesel-Battery HRES (orange bars) throughout
the life of the project (Case a: NASA Power Database).
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Table 3.2.5 presents the summary of the main results of the sensitivity analysis. These results
reflect that the inclination of the solar panels must be at angles lower than the latitude of
the island (5 = 39.15°), which is explained by the higher irradiation indices in summer time
(Figure 3.2.7), which in turn increases the amount of usable solar energy. Regarding the prices of
diesel, the sensitivity analysis shows that diesel prices close to 0.5 $/1, reduce by about 25 % the
LCOE economic indicator for the PV-Diesel-Battery and the PV-Wind-Diesel-Battery HRES
architectures. Considering that the NPC indicates the total current price associated with all
the costs of the HRES (installation, operation and maintenance) during its useful life [259],
therefore, that is another indicator that decreases with low prices per liter of diesel. In the
PV-Diesel-Battery configuration the NPC presents a reduction in the range of $0.63 - $ 0.68
millions (covering the three simulated cases). For the PV-Wind-Diesel-Battery HRES the NPC

has a reduction that ranges between $ 0.61 and $ 0.67 millions.
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Figura 3.2.10: Net present cost of all costs involved in installation and O&M of the PV-Diesel-
Battery HRES (blue bars) and the PV-Wind-Diesel-Battery HRES (orange bars) throughout
the life of the project (Case b: Wind and Solar Explorer from the Ministerio de Energia de
Chile).

Figures 3.2.9,3.2.10 and 3.2.11 disaggregate the total costs of the NPC, throughout the useful
life of the project, for the PV-Diesel-Battery and PV-Wind-Diesel-Battery HRES architectures,
from the different data sources. In Case a, that is, using data from the NASA Power Database
(Figure 3.2.9), the costs associated with diesel consumption, initial capital and O&M for the
PV-Diesel-Battery HRES and PV-Wind-Diesel-Battery HRES are: $ 1,404,168 and $ 1,385,341,
$ 455,616 y $ 523,879, $ 2,615 and $ 22,802, respectively. Fuel consumption has the largest share
of the NPC, with more than 70 % in both configurations. The initial capital corresponds to
the acquisition of solar panels, a wind turbine, batteries and converters, since the genset and

distribution lines are already installed on the island. Differences in the area of O&M between
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Figura 3.2.11: Net present cost of all costs involved in installation and O&M of the PV-Diesel-
Battery HRES (blue bars) and the PV-Wind-Diesel-Battery HRES (orange bars) throughout
the life of the project (Case ¢ Prospecting campaigns for renewable resources from the Ministerio
de Energfa Chile).

both configurations, correspond to the maintenance cycles required in the wind turbine for the
second configuration. In Case b (Figure 3.2.10), and when compared to the results of Case a,
there is a decrease in fuel consumption costs of -0.45 % and -0.68 %, initial capital of -10.77 % and
-9.83 % and O&M of -0.67 % and -0.06 %, for the PV-Diesel-Battery and PV-Wind-Diesel-Battery
configurations, respectively. The main variation in the initial capital is based on the higher
average solar irradiation indices in Case b, which translates into a lower number of solar panels
required to generate the same amount of electrical energy. Regarding Case ¢ (Figure 3.2.11),
the costs associated with fuel consumption vary -0.21 % and -3.21 % when compared with Case
a, the initial capital is the highest of the three sources of information, with numbers equal
to $ 498,831 and $ 597,327 for the PV-Diesel-Battery and PV-Wind-Diesel-Battery systems
and the O&M costs are slightly lower in the PV-Diesel-Battery HRES with $§ 2,604 (compared
with Case a) and the highest in the PV-Wind-Diesel-Battery configuration with $ 23,715 (for
the three sources of data). According to the results of the sensitivity analysis, implementing a
PV-Diesel-Battery HRES on the island reduces fuel consumption by 24 % (average of the three
analysis Cases), reduces the LCOE by 25.6 %, promotes the use of renewable energies in the
island’s energy matrix by about 20.1 % and introduces around 0.05 hours of autonomy in the
electricity generation system. In the possible scenario of implementing a PV-Wind-Diesel-Battery
system, the reduction in fuel import is 25.8 % (average of the three analysis Cases), the LCOE
is reduced by 24.4 %, renewable energies participate with about 22.5% of the island’s electric
power generation and an operating autonomy of 0.08 is introduced, relatively better parameters
than those obtained in the PV-Diesel-Battery HRES configuration.
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The renewable energy fraction remains at a rate of 20 % for the lower values of the LCOE. The
Figure 3.2.12 presents the evolution in the LCOE when the price of diesel (y axis) and the RF
(z axis) change in the PV-Wind-Diesel-battery HRES Case ¢, considering a tilt angle of the
solar panel equal to 39.15°. It can be seen in the plot that with percentages close to 20 % in the
RF, the best architecture of the hybrid system is PV-Diesel-Battery, regardless of the price of
diesel per liter. For any RF >24% and with diesel prices oscillating between 0.50 - 0.70 $/1,
HOMER ranks the PV-Wind-Diesel-Battery HRES as the best energy solution. LCOE with
ranges between 0.235 and 0.261 $/kWh are mainly associated with PV-Wind-Diesel HRES,
diesel prices above 0.70 $/1 and with an RF higher than 30 %.

Optimal System Type

=

.50
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Diesel: Fuel Price ($/L)
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Figura 3.2.12: Effects of increasing the fuel price and the renewable fraction for the PV-
Wind-Diesel-Battery HRES Case c, setting the tilt angle of the solar panels to § = 39.15°.
On the y axis the historical variations in the price of diesel for the Aysén region are defined.
The x axis represents increases in the fraction of energy generated from renewable resources.
Overlapping values correspond to LCOE. The green area represents the PV-Wind-Diesel-Battery
HRES, the orange area represents the PV-Wind-Diesel HRES and the red area represents the
PV-Diesel-Battery HRES.

Conclusions and future work

The feasibility of an HRES begins with the selection of the method to characterize renewable
resources. Short-term records (particularly on-site measurements during one year) are
characterized by high precision in the measurement of physical variables, but their limited
measurement time implies low spatio-temporal coverage. On the other hand, climatologies
based on long-term records, such as the results of atmospheric and solar radiation models and
satellite sensors, as they are an average, filter out the detail of interannual and interdecadal
climatic variations. Whether to use short-term or long-term records depends on the availability
of measurements/models in the study area, research funding, knowledge of the variety of
data sources, or simply a decision of the researcher. Almost 50 % of HRES studies in island

communities, characterized local renewable resources with on-site measurements [1|. However,
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as we demonstrate in this study, the number of solar panels in an optimized HRES can vary by

as much as 40 %, depending on the method used to characterize the renewable resource.

In this work we evaluated three different sources of information on the availability and
variability of renewable energies (sun and wind): the NASA Power Database (Case a), which is
a climatological product, one year of data from atmospheric and solar radiation models (Case
b), and one year of on-site measurements (Case c), made at Las Huichas island (45° S) . These
information sources were used to simulate and optimize eight HRES architectures in the island
community of Las Huichas, Chile. HOMER classified three architectures with the best economic
and technical indicators: PV-Diesel, PV-Diesel-Battery and PV-Wind-Diesel-Battery. However,
the variability of the information sources causes large changes in the feasibility of simulated
HRES. The main technical and economic indicators evaluated in a HRES vary notably in each
simulated case. Considering the three sources of information used in this research, the PV-Diesel
system shows a variation range of 31.4 % in Initial Capital, 12 % in fuel consumption, 42.8 % in
RF and 5.5 % in LCOE. The results are similar for the PV-Diesel-Battery configuration: 32 % in
Initial Capital, 12.3% in fuel consumption, 44 % in RF and 5.5 % in LCOE. Finally, the ranges
of variation in the PV-Wind-Diesel-Battery configuration are: 30 % in Initial Capital, 14 % in
fuel consumption, 43 % in RF and 4.4 % in LCOE.

On the other hand, the range of variability in the number of solar panels is of concern, especially
for cases such as island communities with limited space. The largest number of solar panels
are associated with the results obtained from atmospheric and solar radiation models (Case
b). Based on NASA data (Case a) the PV-Diesel configuration requires 35 % fewer solar panels
(compared to Case b). Simulating with on-site measurement records (Case ¢) shows 24 % fewer
solar panels than Case b. In the PV-Diesel-Battery configuration the figures are similar with
variability ranges of 36 % between Case a and Case b and 27 % between Case ¢ and Case b. The
most critical case is presented in the HRES PV-Wind-Diesel-Battery. Simulation results of Case
b demand 40 % more solar panels than Case a and 37 % more than Case c. This translates into

approximately 1500 m? of additional land for the installation of solar panels.

The sun and wind are not the only renewable resources available with high energy potential
and with a more equitable distribution across territories compared to fossil fuels. Wave energy
potentials at mid-high latitudes are much higher than those recorded in the tropics. Some
places in the Northern and Southern Hemisphere present extraordinary levels of tidal ranges in
mid-high latitudes, a physical phenomena that can be exploited by the use of an HRES. Our
literature review indicated that there is a lack of use or evaluation of marine renewable energy
in HRES. In a subsequent publication, wave and tidal energy, along with traditional resources
(sun and wind), will be integrated as renewable resources in hybrid renewable energy systems,

considering their variability and data availability.
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Abstract

Miés de 600 millones de personas carecen de acceso a energia eléctrica en el mundo. Esta cifra
cobija a poblaciones instaladas en zonas rurales, insulares y remotas. Atender la demanda
energética de estas comunidades exige soluciones de generacion descentralizada. Los sistemas
hibridos de energia renovable (HRES, por sus siglas en inglés) son una soluciéon sustentable
que emplea recursos renovables locales. Esta caracteristica es apropiada para atender cargas de
baja potencia, ademés de acelerar el transito de un modelo importador de energia a economias
rurales independientes energéticamente. Recursos renovables con alto potencial energético estan
concentrados en los océanos: olas y corrientes mareales. Sin embargo, integrar estos recursos
renovables marinos en HRES es un trabajo pendiente en la literatura. Las investigaciones en
HRES tienen una profunda atencién en plantas PV y turbinas edlicas. Adicionalmente, los
software mas usados en la literatura no contienen modulos especificos y dedicados a simular
HRES con energias marinas. Por lo tanto, esta investigacion aborda estas brechas, analizando
técnica y econdémicamente HRES con energias marinas, a partir de un novedoso algoritmo que
simula y optimiza configuraciones HRES. A partir de una funcién multiobjetivo, la optimizacién
lineal dimensiona una solucion HRES que minimiza el indicador técnico (LPSP) y econémico
(LCOE). El mayor potencial de las olas y las corrientes mareales se enfocan en zonas de alta
latitud. En ese sentido, se analiza un caso de estudio en los fiordos chilenos donde se simulan
y optimizan 4 configuraciones HRES: WEC-BESS, TT-BESS, PV-BESS y WT-BESS. Los

resultados indican que dispositivos overtopping y attenuator poseen los mejores indices de
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LCOE, bajo diferentes escenarios de LPSP (0%, 3% y 5%). Soluciones TT-BESS alcanzan
indicadores LCOE competitivos con sistemas PV-BESS, cuando el flujo mareal promedio es

superior a 1.55 m/s.

Introduccion

La energia eléctrica es un pilar fundamental en el desarrollo social y econémico de las comunidades.
De acuerdo al banco mundial, el 9.5 % de la poblacién mundial (2020) no tiene acceso a energia
eléctrica. Este porcentaje (~733 millones de personas) se puede desagregar en dos grandes
grupos: poblacién urbana con alrededor de 132 millones de personas y, el grupo mas preocupante,
poblacion rural con 601 millones de personas [257]. Aunque existen esfuerzos del sector publico
y privado para reducir esta pobreza energética, conectar la poblacion rural con métodos de
transmision tradicionales es exageradamente costoso [25%|. Sin embargo, existen soluciones
competitivas y sustentables para produccion de energia eléctrica en zonas aisladas. Los sistemas
hibridos de energias renovables (HRESs) son microrredes en aplicaciones off-grid y on-grid que
aprovechan el potencial de diversas fuentes renovables: sol, viento, biomasa, energias marinas,

etc., y la combinan con sistemas de almacenamiento de energia: Battery Energy Storage System

(BESS) [289], Pumped Hydro Storage (PHS) [290], produccion y uso de HoV (Hidrogeno
Verde) [291], Compressed Air Energy Storage (CAES) [292], Ocean Renewable Energy Storage
(ORES) [180], flywheels [293], entre otros. Algunas soluciones HRES son disenadas con pequenios

generadores diesel que atienden la demanda de energia en periodos donde las energias renovables
son insuficientes [29]. Por lo tanto, estos sistemas energéticos son versatiles, robustos y estén
presentes en la cercania de los centros de consumo, incrementando la fiabilidad de los sistemas
eléctricos. Los HRES han sido investigados ampliamente en la literatura cientifica, sin embargo,
un reciente y extenso estudio analiz6 las tendencias de los HRES a nivel mundial, resaltando
entre otros aspectos: i) existe una profunda atencion en los HRES PV-Wind-Diesel a nivel
mundial, ii) més del 90 % de las 168 investigaciones analizadas se concentran en el hemisferio
norte, iii) hay una brecha significativa en la investigacion y evaluacion de las energias marinas
en HRES off-grid para comunidades costeras, iv) 16 investigaciones se encuentran en latitudes
del hemisferio sur y ninguna considera algtn tipo de energia marina en los HRES simulados [!].
Estos hallazgos, sumado a las diversas estrategias para reemplazar los combustibles fosiles y
mitigar el cambio climético, crean un escenario propicio para simular y analizar HRES integrados
con energias marinas, evaluar su factibilidad técnica y econémica y contribuir a la reduccion de

la probreza energética en pequenas comunidades insulares o costeras.

Alrededor de 2400 millones de personas estan asentadas en una franja de 100 km desde la
costa [35]. A su vez, el potencial energético de los océanos se ha estimado entre 45000 a
130000 TWh/ano [33]. Este tremendo potencial puede suplir dos veces la demanda mundial de
electricidad (28466 TWh/afo - ano 2021). Las actuales condiciones de demanda de energia versus

potencial energético marino, favorecen la incorporacion de las energias marinas a las soluciones



74 3.3. Optimizacion de HRES off-grid con recursos renovables marinos

HRES “tradicionales” PV-Wind-Diesel-Battery, PV-Wind-Battery y PV-Diesel-Battery |[!].
Ademas, la cercania de los centros de consumo con las microrredes (HRES, Smart Grids, etc.),
reduce las pérdidas por transporte de energia, incrementan la tolerancia ante posibles fallos
[295] en la generacion o distribucion de energia y da mayor participacion a los recursos locales
renovables. Atender las necesidades energéticas de comunidades costeras/insulares, utilizando
HRES con recursos marinos locales proporciona: i) independecia energética de las comunidades
al minimizar el uso de combustibles fosiles foréaneos, ii) mejoramiento de la calidad del aire
al reducirse el uso de generadores diesel, iii) potabilizacion del agua marina toda vez que hay
constante suministro de electricidad, iv) disminuir la pobreza energética de las comunidades

més remotas y vulnerables, v) aporte significativo en la accién comin por el clima.

En la actualidad existen diversos software para simular y optimizar HRES. Estas herramientas
facilitan la integracion de diversas fuentes de energia, cargas diferenciadas (electricidad y/o
calor) y sistemas de almacenamiento, con el fin de optimizar la microrred y el dimensionamiento
de cada dispositivo. El usuario puede definir los indicadores de evaluacion con los cuales desea
optimizar el HRES (funciones objetivo o multiobjetivo). Estos indicadores tienen gran influencia
en el comportamiento y capacidad de todo el sistema. Los principales indicadores son: fiabilidad,
econémicos, emisiones atmosféricas y sociales, siendo los preferidos fiabilidad y econémicos [2].
Las herramientas computacionales comerciales mas ampliamente usadas en la literatura son
HOMER, RETScreen, iHOGA, Energy Plan, TRNSYS, Hybrid2 [32] y sus caracteristicas han
sido evaluadas en diversas publicaciones |60, 200, 297, 298]. En [299] se indica que HOMER
simula energias renovables marinas, e investigaciones como |10, 13| simulan y optimizan HRES
con energias marinas usando HOMER. Sin embargo, HOMER, como las demas herramientas
mencionadas, no posee un modulo especifico y detallado para cada energia marina. Luego,
homologar el funcionamiento de dispositivos marinos con los moédulos disponibles en estas
herramientas, puede llevar a imprecisiones en los resultados, ademas que las condiciones iniciales
de disenio son muy limitadas para el usuario. En este sentido, y sumado a la poca integracion
y evaluacion de energias marinas en HRES, es evidente la escasa disponiblidad de software
para simular y optimizar energias marinas, oportunidades que se convierten en las principales

motivaciones de este trabajo.

El presente estudio aborda estas carencias analizando técnica y econémicamente un HRES con
energias marinas a partir de un algortimo construido con el lenguaje de alto nivel Python. En
este algoritmo confluyen 5 modulos independientes cada uno encargado de un recurso renovable
o sistema de almacenamiento de energia: i) mddulo wave encargado de analizar 3 dispositivos
WEC (Wave Energy Converter) mediante las matrices de potencia y el estado del mar en pasos
de tiempo de 1 hora, ii) mddulo tidal donde se simula la respuesta de una turbina marina (TT)
para velocidades bajas de corriente mareal, iii) mddulo solar que utiliza un modelo anisotropico
para determinar la radiacion solar global incidente en superficie inclinada, iv) mddulo viento

donde se utiliza una miniturbina edlica para evaluar su produccion de energia eléctrica y, v)
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modulo BESS encargado de evaluar la carga y descarga de las baterias, evitando su sobrecarga
y degradacion acelerada. Estos cinco médulos alimentan un moédulo central (optimizacion)
encargado de la optimizacion lineal, considerando las series de tiempo de la carga (un ano
de datos horarios de consumo), caracterizacion de los recursos renovables (series de tiempos
horarias anuales) y condiciones iniciales de diseno, utilizando dos funciones objetivo: Loss of
Power Supply Probability (LPSP) y Levelized Cost Of Energy (LCOE).

De acuerdo con los propositos introducidos, nuestro trabajo esta organizado de la siguiente
manera: Seccion 2 ilustra la configuracion del HRES propuesto, define la metodologia de
funcionamiento del algoritmo disenado, describiendo la logica de control para la producciéon
y despacho de energia. La Seccion 3 describe analiticamente cada uno de los médulos que
componen el algoritmo y describe las funciones objetivo, mientras que la Seccién 4 presenta
un caso de estudio en los fiordos chilenos (hemisferio sur), incluyendo la caracterizacion de los
recursos renovables y datos de entrada. Los resultados obtenidos se describen ampliamente en la
Seccion 5. Para finalizar, la tltima Seccion 6 explica el trabajo futuro y los pasos a seguir en la

investigacion de HRES con recursos renovables marinos.

Arquitectura HRES

EL HRES propuesto en esta investigacion se describe en la figura 3.3.1. La configuracion general
se compone de energias renovables tradicionales: paneles fotovoltaicos (PV), miniturbinas eolicas,
energias marinas poco integradas en HRES: WEC y T'T, almacenamiento de energia con baterias
Li-Ion y convertidores AC/DC, DC/DC y DC/AC para acoplar adecuadamente la generacion
con la carga. Se integran cuatro fuentes de energia renovable disponibles en comunidades
insulares/costeras, que tributan al mejoramiento y diversificacion del patrimonio energético de
estas poblaciones, incrementando su independencia energética y reduciendo sustancialmente el

uso de combustibles fosiles importados.

El HRES PV-Tidal-Wave-Wind-BESS representa un sistema robusto que reduce la variabilidad
de la energia producida al combinar recursos renovables complementarios. Esta integracion trae
diversos beneficios: i) aprovechamiento de altos potenciales energéticos de energias marinas,
especialmente en latitudes medias-altas, ii) reducir el impacto del comportamiento estocastico
de la radiacion solar y velocidad del viento [300], lo que mejora la operatividad del HRES, iii)
reduccion del ruido generado por las centrales termoeléctricas instaladas al ser reemplazadas por
sistemas mas silenciosos, vi) incremento de los factores de carga (capacity factor) de las turbinas
eolicas debido a vientos offshore mas fuertes y con menor turbulencia [115], v) eliminacion de

fuentes fijas contaminantes que emiten gases efecto invernadero a la atmosfera.
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Figura 3.3.1: Diagrama esquemético de la arquitectura HRES propuesta en este estudio.

Cinco funciones o médulos alimentan una funcién central que se encarga de simular y optimizar el
HRES, de acuerdo a parametros técnicos definidos por el usuario. Dichos parametros corresponden
a nimero minimo y maximo de dispositivos a evaluar por cada renovable, parametros técnicos,
gastos de capital (CAPEX) y gastos de operacion (OPEX) de cada dispositivo, autonomia
deseada (en horas), LPSP minimo (ver Fig. 3.3.2). El proceso de simulacion recibe y entrega
informacion con pasos de tiempo de 1 hora, y requiere series de tiempo de minimo un ano. Esta
ultima caracteristica busca capturar los cambios intraestacionales de las variables fisicas que

rigen el comportamiento de cada recurso.
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Figura 3.3.2: Flujo de informacién entre las funciones o médulos desarrollados en el nuevo
algoritmo. Descripcion general de las entradas y salidas de cada uno de los cinco modulos que
alimentan la funciéon de optimizacion.

El algoritmo es una herramienta de optimizacion que simula cientos de configuraciones en
bisqueda de los valores minimos de las dos funciones objetivo. Por lo tanto, antes de evaluar
la necesidad de un BESS en una configuracion, el moédulo central de optimizacion analiza si el
recurso renovable en valoracion (planta PV, WT, WEC o TT), es suficiente para atender la
demanda de la carga. Si no se cumplen las funciones objetivo, el algoritmo integra el BESS a
la simulacion con el objetivo de: i) satisfacer las condiciones de disenio y funciones objetivo, ii)
reducir el dimensionamiento de la solucion, iii) complementar y diversificar el flujo de energia

desde dos fuentes diferentes: los dispositivos de transformaciéon del recurso y el BESS.

Desde una perspectiva global el algoritmo esta representado en el flujograma de la figura 3.3.3.
Alli se resume el flujo de energia a través del sistema para atender una determinada carga
E;. Cada uno de los moédulos de energia exporta un archivo de texto al modulo central de
optimizacion. Este archivo contiene registros horarios de la energia eléctrica producida, desde
cada recurso renovable. En cada hora de simulacion, se valida si la energia proveniente de
cada fuente renovable: olas, Ewgc, corrientes mareales, Erry, sol, Epyy, o viento, Eyrp, es
suficiente para satisfacer la carga. El flujo de energia desde la generacion hacia la carga crea dos

escenarios principales:
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= FEscenario a. En caso que la energia producida sea mayor a la requerida por la
carga, el algoritmo atiende la carga y comunica a la funcion BESS los eventos con excesos
de energia. En este momento, la funcion BESS valida si el State Of Charge (SOC},) del
banco de baterias ha alcanzado su valor maximo (K g ma.). Sila respuesta es afirmativa, el
exceso de energia es dirigido a cargas de baja prioridad o dump loads. De lo contrario, y
previo al inicio del proceso de carga, se examina si la potencia adicional generada no excede
la potencia de carga de la bateria Pp o4 maq, situacion que puede degradar rapidamente el
BESS y reducir su vida util.

s FEscenario b. En caso que la energia producida sea insuficente para atender la
demanda, es una situacion que obliga al algoritmo a validar el SOC del BESS y establecer
la potencia maxima de descarga requerida en la condicion (Er, — Ec.n) / (Mbid - Naen)- Si
el BESS contiene la energia necesaria y no se excede la potencia maxima de descarga, se
inicia el proceso de descarga de las baterias. De lo contrario, el médulo de optimizacion

atendera la carga parcialmente y se calcula la cantidad de carga perdida o no atendida
(LPS).

Una vez se evaluan las condiciones de energia generada, F¢p, y £ en cada paso de tiempo, se
procede a calcular la carga no atendida, que para el Escenario a es igual a cero. Implementar
sistemas de almacenamiento de energia en un HRES reduce el sobredimensionamiento del
sistema [291]. Por lo tanto, excesos de energia pueden ser almacenados en el BESS para cubrir
picos inesperados de consumo o incrementos sostenidos de electricidad, por ejemplo, en horas
de la noche donde la demanda de energia se incrementa y la energia solar desaparece, es
fundamental que energia almacenada en las baterias satisfaga la carga. Ademés, el BESS puede
utilizarse como estrategia de control en la regulacion de voltaje y frecuencia para microrredes
[301]. La carga y descarga del BESS es controlada por el convertidor bidireccional DC/DC,
dispositivo que protege las baterias de la degradaciéon por sobrecarga o descarga excesiva. En esta
primera publicacién se analizaran 4 configuraciones HRES: WEC-BESS, TT-BESS, PV-BESS y
WT-BESS. Asociado a la configuracion WEC-BESS, se analizaréan 3 dispositivos WEC cada
uno con un mecanismo diferente de conversion de energia. Respecto al HRES TT-BESS se
simula y analiza el comportamiento de una turbina marina acompanada de un sistema de
almacenamiento de energia con baterias Li-lon. Todos los HRES se alimentan con una serie
de datos que representan un ano de consumo de una comunidad insular ubicada en los fiordos

chilenos.

Modelo Analitico

Modelo Undimotriz

Una de los mayores potenciales energéticos del océano se encuentra en las olas. De acuerdo a

[302] el potencial energético de las olas se estima en 29500 TWh/ano. Cifra que en la teoria es
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suficiente para cubrir la demanda actual de energia eléctrica (28466 TWh/afo [303]). Determinar
el potencial energético de las olas en un area especifica, implica caracterizar tres parametros
fisicos: altura de ola (m), periodo de ola (s) y direccion de ola (°). Conocer las condiciones de
ola en cada estado de mar (para cada paso de tiempo h), se realiza a partir de expresiones

matematicas derivadas de los momentos espectrales del espectro de ondas:

Hyno = 4,004\/mg ~ 4\/mq (3.3.1)

T, = —* (3.3.2)

2Tsing S(f,6) df do

21

27 cos 0 S(f,0) df do

(3.3.3)

0,, = arctan

Donde H,,o es la altura significativa de ola (m), m_; y mg son los momentos espectrales -1 y 0
de la onda, respectivamente, T, es el periodo de la ola (s), 6,, es la direccion media de la ola
(°) y S(f,0) corresponde a la densidad de energia espectral que representa la distribucion de
energia segun la frecuencia, f (Hz), y la direccion, 0 (°). m_; y mq se pueden obtener a partir

de la expresion del n-ésimo momento espectral m,, (m?>Hz"") [304]:

My, = / S / " S(F.6) df do (3.3.4)
0 0

La densidad de potencia de las olas, Pypc (kW /m), puede ser calculada para cada estado del

mar, usando la expresion de aguas profundas:

2
Pwrc = % CTLHE, (3.3.5)

Donde p, es la densidad del agua del mar que correponde a 1025 kg/m? y g es la aceleracion

gravitacional (m/s?).

overtopping
reservoir

=
ELD_ li\

turbine Youtlet

Figura 3.3.4: WEC tipo overtopping: Wave Dragon. La imagen de la izquierda representa
los principales componentes; la imagen de la derecha describe el principio de funcionamiento del
dispositivo marino. Tomado de [7].
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Tres dispositivos WEC fueron evaluados en este trabajo: Wave Dragon (Fig. 3.3.4), Pelamis
(Fig. 3.3.6) y Archimedes Wave Swing (AWS - Fig. 3.3.8). El primero es un dispositivo del
tipo overtopping, que posee dos reflectores que dirigen las olas hacia una plataforma central
que actiia como embalse. Las olas entrantes incrementan su altura gracias a los reflectores,
maximizando la cantidad de agua que ingresa al embalse central, la cual posteriormente, regresa
al océano a través de turbinas kaplan de baja altura [305]. Estas turbinas producen energia
eléctrica que es enviada a costa a través de cables submarinos. Para examinar la producciéon de
energia eléctrica con este dispositivo, se simulé un Wave Dragon con una potencia nominal de
6 MW. La matriz de potencia del Wave Dragon, para diferentes condiciones de ola incidente

(Hpmo v Tb), es mostrado en la Fig. 3.3.5
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Figura 3.3.5: Matriz de potencia del dispositivo Wave Dragon. Potencia nominal de 6 MW.

El segundo dispositivo es un WEC semisumergido tipo attenuator con forma de serpiente. Este
dispositivo esta construido a partir de varios segmentos cilindricos que aprovechan el movimiento
de la olas para producir energia eléctrica. Al interior de los 3.5m de didmetro de cada segmento,
se encuentra el generador hidraulico que funciona con aceite a alta presion, para transformar
la energia mecénica en energia eléctrica. En este trabajo se consideraron unidades Pelamis

con potencia nominal de 750 kW y longitud de 15 m. En la Fig. 3.3.7 se muestra la matriz de
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potencia del Pelamis utilizado en el algoritmo.

e s E—
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Power conversion module Main tube segment

Anchors Power cable

Figura 3.3.6: WEC tipo attenuator: Pelamis. Principio de funcionamiento del WEC. Tomado
de [0].

8.0

7.5

6.5 658

- 600

5.0 26 '521 472 417 369 348 328 g
= —-400 =
= 4.5 544 642 | 648 | 628 432 382 356 338 300 266 E
T 2

o

4.0 462 502 540 546 530 499 475 429 384 366 368 301 267 237 213 - 300 o

3.5 354 415 438 440 424 292 260 .

3.0 Al 270 305 332 340 332 219 210

25

202 | <)
— 100

260

9.0 95 10.0 105 11.0 11.5 12.0 125 13.0
Te ls]

Figura 3.3.7: Matriz de potencia del dispositivo Pelamis. Potencia nominal de 750 kW. El
color gris de los contenedores energéticos, indica las condiciones de estado del mar donde el
dispositivo no produce energia eléctrica.

El dltimo WEC considerado en la arquitectura HRES corresponde al AWS que es del tipo point

absorber. E1 AWS esté completamente sumergido y anclado al lecho marino. En su diseno estan
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involucrados dos cilindros principales: Un cilindro exterior que se mueve en direcciéon vertical
(arriba — abajo, abajo — arriba) por la influencia de las olas y un cilindro interior estatico
que se encuentra sujetado al fondo marino. Al interior de los cilindros hay aire que se presuriza
una vez el cilindo superior desciende. Los imanes fijos en el cilindro superior interactuan con
la bobina del cilindro inferior, lo que induce una corriente eléctrica en la bobina, produciendo
electricidad [300]. Las especificaciones del AWS simulado en el HRES de este trabajo son: 2.4
MW de potencia nominal, didmetro de 9.5m y longitud de 35 m. La matriz de potencia del
AWS se presenta en la Fig. 3.3.9.

Modelo Mareomotriz

El fenébmeno de las mareas es el resultado de la interaccion de la Tierra, la Luna y el Sol. La
fuerza de atraccion gravitatoria y la cinemaética entre estos cuerpos celestes es responsable del
cambio en el nivel y desplazamiento de la marea. La luna tiene una mayor influencia en la
generacion de las mareas debido a su mayor cercania a la Tierra. Cuando los tres astros estan
alineados se producen las denominadas spring tides, las mareas mas altas dentro del ciclo lunar.
Cuando el sistema Tierra, Luna y Sol describe un triangulo rectdngulo se obtienen mareas con las
amplitudes mas bajas del ciclo lunar denominadas neap tides. A partir del incremento en el nivel
del mar y el movimiento de las mareas, es factible técnica y econémicamente producir energia
eléctrica. A continuacion se explican brevemente las dos principales técnicas de aprovechamiento

de la energia mareomotriz [307]:

Figura 3.3.8: WEC tipo point absorber: AWS. Se ilustra el principio de funcionamiento del
dispositivo marino cada vez que la columna de agua varia sobre el WEC sumergido. Tomado de

7]
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Figura 3.3.9: Matriz de potencia del dispositivo Archimedes Wave Swing (AWS). La potencia
nominal es de 2.4 MW. El color gris de los contenedores energéticos, indica las condiciones de
estado del mar donde el dispositivo no produce energia eléctrica.

Rango Mareal. Producir energia eléctrica a partir del rango mareal, es un proceso similar
al funcionamiento de la energia hidroeléctrica. Su implementacion se realiza en geometrias
semicerradas como lo son las bahias, donde se facilita la acumulacién de agua del mar,
construyendo una presa en la apertura de la bahia. En cada uno de los ciclos de la marea,
el agua que fluye hacia la costa (flood current), es almacenada en la presa hasta alcanzar
su altura méxima de diseno. Terminado el periodo de flood current, se utiliza la energia

potencial del agua contenida, para ser transformada en energia eléctrica:

1
E, = 3Ps Agh? (3.3.6)

Donde A representa el area de la cuenca (m?) y h es la altura (m). La potencia eléctrica

promedio maxima () que se obtiene con la turbina es:

e R (3.3.7)

E, ps-Agh?
T 2T
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Donde 7 representa el periodo de la marea (12h 25m ciclo semidiurno, 24h 50m ciclo
diurno). Producir electricidad solo en pleamar, reduce los factores de planta de estas
centrales. Por lo tanto, es posible maximizar su rendimiento y la sincronizacion entre
los peak de consumo y generacion, si se utilizan métodos de generacion dual: pleamar y

bajamar [30%].

s Corrientes de marea. Este método transforma la energia cinética contenida en la
corriente mareal. El proceso de generacion de electricidad se lleva a cabo con la instalacion
de turbinas marinas, dispositivos que tienen el mismo principio de funcionamiento que los
aerogeneradores. La potencia de la turbina marina tiene una dependecia matematica igual

a la usada en la turbina edlica:

1
Prr = oPs A+ g Ugery* Cp + Nrr (3.3.8)

Donde A corresponde al area de barrido de las aspas (m?), U es la velocidad horizontal de
la corriente mareal para cada paso de tiempo (t = 1 hora), C, es el coeficiente de potencia

de la turbina de corriente mareal y Npr es el nimero de turbinas marinas instaladas.

Instalar turbinas marinas en zonas donde el paso del agua es restringido por pequenos canales,
maximiza la produccion de electricidad, dado que se incrementa la velocidad de la corriente
mareal. Este tipo de condiciones geograficas son comunes en los fiordos y bahias. En ese sentido,
y valorando el menor impacto ambiental que comprende instalar turbinas marinas, se examiné

la cantidad de energia producida por corrientes mareales en el algoritmo disenado.

Modelo PV

La energia eléctrica generada a partir de una planta PV depende directamente de la radiacion
solar incidente y la temperatura ambiente. Los factores de planta de un sistema PV aumentan a
medida que se inclinan los paneles solares (tilt angle 3) y se introducen mecanismos de seguimiento
solar [309]. Sin embargo, los datos de radiacion global horizontal (incluida la radiacion difusa
horizontal) son los mas abundantes. La disponibilidad de mediciones de radiacion solar en
superficie inclinada es escasa [310]. Por lo anterior, es esencial utilizar modelos matematicos
para estimar las componentes de la radiaciéon solar incidente en un plano inclinado. En este
trabajo se utiliza el modelo anisotropico Hay and Davies, Klucher and Reind (HDKR), un
modelo ampliamente conocido y validado, donde se integran factores isotrépicos con factores
de brillo circunsolar y del horizonte ([311]). En el Apéndice A se detalla el modelo analitico
utilizado en el calculo de la radiacion solar incidente en superficie inclinada. Alli se describen,
entre otros aspectos: las correcciones de la ecuacion del tiempo, la variacion longitudinal, hora
solar y el HDKR’s model.

A partir de los valores horarios de radiaciéon solar incidente en superficie inclinada, y considerando
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la temperatura ambiente como una variable fisica relevante en el desempeno del panel solar, la

potencia de salida del panel solar esta dado por [151]:

Ppy = Ppfpy ( Glﬂ ) [1+ a, (T, — Tsre)] (3.3.9)
sTC

Donde Pg es la potencia nominal del arreglo fotovoltaico (kW), fpy es un factor de reduccion

de potencia, I es la radiacion solar global horaria (W/m?) en la superficie inclinada, Gsrc es la

irradiancia en condiciones de prueba estandar (STC 1000 W/m?), «,, corresponde al coefciente

de temperatura del panel (%/°C) proporcionado por el fabricante, Tsrc es igual a 25°C y

representa la temperatura de la celda fotovoltaica en condiciones estandar y T, en °C, es la

temperatura de la celda fotovoltaica y viene dada por:

TN

Tc:Ta+GT

Tc - Ta
NOCT ,NOCT} (1 _ 77PV> (3.3.10)

Gr,nocT

Donde T. nocr es reportado por el fabricante y corresponde a la temperatura de celda
considerando G yocr = 800 W/ m?, T, noct equivale a 20°C, npy es la eficiencia de conversion
eléctrica del panel fotovoltaico y 7o es el producto entre la transmitancia de la cubierta sobre el

panel y la absorbancia solar del PV.

El convertidor DC/DC ubicado inmediatamente después de la planta PV, acondiciona la senal

de voltaje que se entrega al bus DC, con una eficiencia 7;,, como se indica a continuacion:

Pim;,out = PPVnin'U (3311)

Modelo Turbina Eoélica

La energia cinética del viento puede ser transformada en energia eléctrica a partir de turbinas
edlicas. Identificar el regimen de viento es indispensable para estimar la energia edlica en
un determinado lugar. Resultados de modelos climatologicos [199] o mediciones de viento
on-site [312], son técnicas utilizadas para caracterizar la velocidad del viento a una altura
especifica. Dicha altura de velocidad de viento no siempre coincide con la altura del nacelle del
aerogenerador. Por lo tanto, el primer paso, previo al calculo de energia edlica, es determinar el
valor de velocidad de viento ajustado a la altura del nacelle. Dos técnicas usadas para extrapolar

la velocidad del viento son:
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Donde Upyp es la velocidad del viento a la altura del nacelle, U,.s es la velocidad del viento
conocida desde una altura de referencia (Z,ef), Znup es la altura del nacelle, Z, es la rugosidad
de la superficie en metros (detalles en la Tabla 3.3.1) y « es el exponente de la ley de potencia.
De acuerdo a [2| « tiene una alta variabilidad debido a su relacion con parametros como: tipo de
terreno, temperatura, velocidad del viento, elevacion, entre otros. Dos métodos empiricos para
calcular a son: i) como funcion de la velocidad y altura Ec. 3.3.13 y ii) a partir de la rugosidad
de la superficie Ec. 3.3.14.

Tabla 3.3.1: Rangos aproximados de la rugosidad de la superficie adaptado de [2]| y [3]

Surface roughness values, Z,

(Ranges in meters) Terrain description

< 0.003 Calm and blown open sea, snow surface and terrains very smooth.

>0.003 and < 0.008 Flat grassland, parkland or bare soil.

>0.008 and < 0.05 Rough pasture, fallow field and few isolated obstructions.

>0.05 and < 0.104 Territories with crops, slightly undulating areas and small isolated trees.
>0.104 and < 0.25 Fields with boundary hedges, many trees.

>0.25 and < 0.54 Forests, houses and occasional agricultural structures.

>0.54 and < 1.1 Urban or suburban areas with a density in the area of approximately 20 %.

>1.1 Densely populated cities with presence of buildings.

0,37 — 0,0881n (Uyey)

o= Z (3.3.13)
1-0,0881n (%2 )
a = 0,0961og,, Z, + 0,016 (log,, Z,)* + 0,24 (3.3.14)

Sin embargo, estas aproximaciones (Eq. 3.3.13 y Eq. 3.3.14 ) complejizan el calculo y aplicacion
de la Power Law, por lo que en esta investigacion se adopta un valor de 1/7, el cual es usado

ampliamente en la literatura cientifica [313].

El nuevo régimen de viento extrapolado a la altura del nacelle, proporciona una dinamica mas
aproximada de la velocidad de viento a la altura deseada. Por lo tanto, es posible calcular la
energia eléctrica que produce el aerogenerador en cada paso de tiempo (At = 1 hour). En este
calculo la curva de potencia del aerogenerador es fundamental. Dicha curva considera presion y
temperatura ambiente estandar. Por lo tanto, es recomendable hacer la correcciéon indicada en

la Eq. 3.3.15, en los casos que se posean mediciones horarias de la densidad del aire:
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Pyr = ( P >PWT,Std (3.3.15)
Pa,std

Donde Py es la potencia producida por la turbina (kW), p, es la densidad del aire medida en
cada paso de tiempo (kg/m?), p,.«a es la densidad del aire a temperatura y presion estandar
(1.225 kg/m?) y Py es la potencia producida por la turbina en condiciones estandar de

presion y temperatura, tal como se indica en la siguiente ecuacion:

0 if v < ‘/::zn or v > ‘/cout
- ‘/cm .
Pwrsia = Br [‘Q/J——V} if Vein S v < Vi (3.3.16)
PWT,T if ‘/7” < v < V::out

Donde P, es la potencia nominal del aerogenerador, v es la velocidad del viento en cada paso de

tiempo.

Modelo BESS

El HRES debe satisfacer la energia requerida por la carga (FL ;) en cada hora del afo, de

acuerdo a la siguiente expresion:

Ern < (Epvp+ EBwrn+ Ewecn + Errn + Eesn) (3.3.17)

Donde la energfa generada a partir de la planta PV (Epyy), WT (Ewrp), WEC (Ewgcp) 0
TT (Errp), y como backup el BESS (Eggsy), es calculada en cada paso de simulacion. Los
excesos de energia, provenientes de fuentes renovables, se utilizan en el proceso de carga del
BESS. Toda la energia almacenada en el banco de baterias es utilizada en periodos donde las
fuentes de energia renovable son insuficientes para satisfacer la carga. En cada paso de tiempo

de simulacién se deben garantizar dos condiciones del BESS:

Crnin < SOCh, < Crnaa (3.3.18)

Chnin = (1 = DOD) - Cra (3.3.19)

Donde C,,;,, es la capacidad minima del BESS (kWh), C,,.. es la capacidad méaxima del BESS
(kWh), SOC}, el estado de carga del BESS para la hora h (kWh) y DOD es la profundidad
de descarga del banco de baterias (%). Adicional a las dos condiciones anteriores, el banco
de baterias del HRES debe dimensionarse acorde a los flujos de energia en la microrred. La
capacidad del BESS (en kWh) se determina de acuerdo al namero de horas de autonomia (AH)

esperado (ver Eq. 3.3.20), es decir, el tiempo durante el cual el BESS es capaz de satisfacer la



3.3. Optimizacion de HRES off-grid con recursos renovables marinos 89

demanda de energia:

(C * Nvinv * Ndch * DOD)
EL,a,

AH = (3.3.20)
Donde C' es la capacidad nominal del BESS (kWh), m;,, es la eficiencia del convertidor DC/DC
bidireccional (%), nacn es la eficiencia de descarga del BESS (%) y EL, es la carga media horaria.
Mientras el SOC), cumpla la condicion de la Eq. 3.3.18, el surplus de energia es desviado hacia
el BESS. Aqui inicia el proceso de carga y el SOC), se incrementa de acuerdo a la siguiente

condicién:

Ern

inv

SOC}) = min {SOCh—l c(1—-0)+ <(EPV,h + Ewrn + Ewgch + Ersn) — ( >> * Nbinow * Neh Cmax}

(3.3.21)

Donde SOCY,_; es el estado de carga del BESS en el paso de simulacion anterior, o es la tasa de
autodescarga horaria de la bateria ( %), acotado en este trabajo a 0.14 % por dia, y 7, es la
eficiencia de carga del BESS (%). El flujo de energia desde las fuentes renovables hacia el BESS
debe cumplir con ciertas limitaciones técnicas que eviten la sobrecarga y deterioro del BESS.
Una de las restricciones es el limite maximo de carga de la bateria, parametro que depende
directamente de la corriente de carga definida por el fabricante. Estas limitaciones en el flujo de

energia también deben ser consideradas en el proceso de descarga del BESS.

Cuando el SOC}, alcanza su valor maximo, el proceso de carga termina y cualquier remanente
de energia se deriva a cargas de baja prioridad o dump load. Si la carga exige mayor energia que
la producida por las fuentes renovables, comienza el proceso de descarga. El BESS satisface la
carga hasta que SOC}, disminuye a su nivel minimo o la potencia requerida supera el limite de

potencia de descarga de la bateria. El nuevo SOC}, del BESS se calcula con la ecuaciéon 3.3.22.

Ern
Ninv

1
> — (Epvih + Ewrn+ Ewgcn + ETS,h)) . () , Cmin}
Nbinv * Tch

(3.3.22)

SOC}), = max {SOCh1 -(1-0)— ((

Modelo del dimensionamiento del HRES

Cada una de las cuatro configuraciones: WEC-BESS, TT-BESS, PV-BESS y WT-BESS, es
simulada a partir de un vector inicial que posee la cantidad de equipos a simular. Es decir, el
usuario determina el ntimero minimo y maximo de WEC, TT, PV y WT, previo al proceso
de optimizacién. En el caso que la energia producida por la fuente renovable y el BESS sea
insuficiente para satisfacer la carga en determinada hora del ano, se procede a determinar el

Loss of Power Sypply (LPS), a partir de la Ecuacion 3.3.23 [311].
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LPS =Epn,— (Egn+ Egpssh-1 — Egpssmin) - Ninw (3.3.23)

Donde, Eggssn-1 es la energia contenida en el banco de baterias en la hora anterior (h — 1)
Y EBEssmin €s €l minimo de energia restante admisible del banco de baterfas para evitar la
condicion de sobredescarga. En ese sentido, una de las funciones objetivo establecidas en este
trabajo, busca minimizar el Loss of Power Supply Probability (LPSP) del HRES optimizado.
Este método se encarga de definir la cantidad minima y 6ptima de WEC, TT, PV, WT y
baterias que garanticen un suministro eléctrico constante a la carga [315]. Este indicador técnico
es uno de los méas empleados en la literatura para comparar la fiabilidad de varios componentes
en un HRES [310]. Es por ello, que para un periodo de tiempo de un ano, el LPSP se define
como la relacion entre la suma de los LPS horarios y la suma de la demanda de energia en el

ano de evaluacion (Ec. 3.3.24).

8760

S LPS;

=1

Z ELi
="

En resumen, si el flujo de energia se enmarca en el Escenario a el LPS es igual a cero, es
decir, toda la carga fue atendida por el HRES, en el paso de tiempo correspondiente. Pero, si el
flujo de energia es menor a Ey; (Escenario b), quiere decir que la carga no se satisface con la
energia producida por la fuente renovable + BESS, por lo tanto, hay un déficit que se calcula
de acuerdo a la Ec. 3.3.23. Una vez concluida la simulacion anual, si el LPSP es mayor al LPSP

definido por el usuario, el HRES es modificado y se reinicia el proceso de simulacion.

Desde el punto de vista econémico, el algoritmo analiza el Levelized Cost Of Energy (LCOE),
un indicador econémico utilizado para comparar el costo de energia de diferentes tecnologias
de generacion. El LCOE, expresado en $/kWh relaciona el valor actual del costo del proyecto
(USD) con la energia eléctrica que produce durante toda su vida ttil (kWh). Esto significa, que
el LCOE incluye todos los flujos de dinero en el tiempo de vida del proyecto, tales como: capital
inicial, gastos de operacion y mantenimiento, costos de reposicion de equipos e inflacion a largo

plazo. Para calcular el LCOE se utiliza la siguiente expresion matemaética:

Omm tot
LCOFE = : 3.3.25
Rp’rim + Rtot,grid,sales ( )

Donde Copn, ot €s €l costo total anualizado, Ry, es la carga primaria (kWh/ano) y Riotgrid,sates

es el total de ventas a la red (kWh/ano), que en este trabajo es igual a cero.
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Caso de estudio
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Figura 3.3.10: Ubicacion de la Isla Las Huichas, Fiordos de Chile, Region de Aysén, Chile.

El algoritmo propuesto es usado para simular y optimizar cuatro HRES que satisfagan la
demanda energética de la comunidad insular de la Isla las Huichas (45.15°S 73.52°0), ubicada
en la parte noreste del Archipiélago de los Chonos, Region de Aysén, Chile (Figura 3.3.10).
La isla tiene una poblacion fija de 840 habitantes (datos del censo 2017) y posee una central

termoeléctrica que proporciona electricidad las 24 horas del dia.

Perfil de carga

La empresa encargada de la generacion y distribucion de energia en la isla (Edelaysen), indico
que para el ano 2018 la central gener6 981.8 MWh/ano (pers. commun.). La Figura 3.3.11
representa la dispersion de datos horarios de consumo durante el ano 2018. Las horas con mayor
consumo se sittan en la franja entre las 20:00 - 22:00. El promedio horario anual y diario anual
de consumo de energia es de 112.07 kWh y 2689.77 kWh/day, respectivamente. La potencia
peak en el ano evaluado es 192.25 kW. El valor promedio del kWh en el ano 2018 en la isla fue
de 0.271 $/kWh.
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Figura 3.3.11: Energia generada por la central termoeléctrica de la isla las Huichas, ano 2018.

Representacion grafica de la mediana y los cuartiles de los datos horarios (los valores atipicos se
representan con rombos).

Parametros técnicos y econémicos del HRES y caracterizacion de los recursos

La Tabla 3.3.2 resume los principales pardmetros técnicos y econdémicos para los dispositivos
WEC, TT, PV y WT y el sistema de almacenamiento de energia. El LPSP se define en 0%
en las cuatro configuraciones simuladas. Ademas, se establece una autonomia de 1 hora para

satisfacer la carga a partir del BESS.

Tabla 3.3.2: Parametros técnicos y econdémicos de los dispositivos empleados en la simulacion
de los cuatro HRES: WEC-BESS, TT-BESS, PV-BESS y WT-BESS.

PV device  Wind device ‘Wave device Tidal device BES Li-Ion
Parameter Units Cacglz‘d[z/(_lgg(;)]l:? " Enair 200 Wave Dragon'  Pelamist ~ AWS?  Schottel Instream  Battery Li-Ion

Rated Capacity kW 0.335 20 6000 750 2400 70 1 (kWh)
Initial Capital USD 206.67 165000 14400000 2500000 6696000 1500000 700
0&M USD 5 5000 720000 125000 12600 100000 0
Replacement USD 206.67 95000 14400000 2500000 6696000 1500000 700
Efficiency % 17.26 - 81 72 72 - 90
Lifetime years 20 20 20 20 20 20 4
Derating factor % 90 - - - - - -
Hub Height m - 18 - - - -

Initial State of Charge % - - - - - - 100
Minimum State of Charge % - - - - - - 20
I Datos econémicos y técnicos tomados de [317]; 2 Datos econémicos tomados de [313].

Los fiordos de Chile carecen de una red de equipos que caractericen el oleaje y corrientes
mareales a lo largo de los numerosos canales. Una alternativa a las mediciones en terreno, es
usar resultados de modelos de oleaje y del océano, para establecer las variables fisicas que rigen
cada recurso renovable marino. El Instituto de Fomento Pesquero, a través de su sitio web
(http://chonos.ifop.cl), posee informacién oceanografica relevante de los fiordos. En este recurso
web, es posible descargar series de datos de corrientes mareales, resultado de las simulaciones
del modelo hidrodindmico de malla flexible MIKE3 FM. Para alimentar el médulo de corrientes

mareales, se descargd una serie de datos horarios anual en la coordenada 45.22°S 73.54°0, punto
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ubicado al sur de la Isla las Huichas. Dicha serie de datos informa que el promedio de velocidad
de corriente mareal anual y valor maximo anual es de 0.44 m/s y 1.65 m/s, respectivamente.
En lo referente a resultados de modelos de oleaje, no se encontraron en la zona de interés
registros historicos o resultados de modelos numéricos del océano, por lo que se descagaron
registros historicos de oleaje del Centro Nacional de Datos de Boyas (NDBC, por sus siglas
en inglés) en la estacion 32012 ubicada en el Pacifico Sur, al frente de las costas chilenas
(https://www.ndbc.noaa.gov). La serie de datos horarios permite resaltar que el promedio de

H,o=216 my T, = 7.15 s, con un percentil 90 de 2.93 m y 8.98 s, respectivamente.

De acuerdo al recurso web Explorador Solar de Chile [270] la irradiacion solar global promedio
en la isla corresponde a 3192.94 kWh/m?/dia. El Explorador Eélico de Chile [275], proporciona
series de tiempo de mediciones y resultados de modelos climatologicos a lo largo del pais. El
promedio de velocidad del viento en la isla es de 6 m/s, con valores maximos de hasta 21.3 m/s

en los meses de invierno (Junio - Agosto).

Resultados

Mediante un algortimo de optimizacién lineal se han simulado y optimizado cuatro configuraciones
HRES en la isla Las Huichas, ubicada en los fiordos de Chile. Esta comunidad insular que
depende energéticamente del continente, importa 54.000 1/ano de diesel para cubir la demanda de
energia de 982 MWh/ano. Al ser una comunidad insular, existe un potencial energético asociado
a olas y corrientes mareales cercano a sus costas, que hasta donde sabemos, no ha sido evaluado
en ninguna solucion energética HRES o en estudios similares en el paifs. El potencial de las olas y
las corrientes mareales tiene mayores indices energéticos en las zonas de alta latitud. Por lo tanto,
se analizan microrredes con energias marinas y energias tradicionales (sol y viento) acopladas a
BESS, para determinar la factibilidad técnica y econémica de estas soluciones sustentables. La
configuracion WEC-BESS se analiza para tres dispositivos undimotrices: Pelamis, AWS, Wave

Dragon.

Solucion WEC-BESS

El primer escenario de esta configuracion corresponde a la simulacién de un equipo Pelamis, de
750 kW de potencia nominal y un BESS de soporte para almacenar excesos de energia. Con
un LPSP de 0% (condicion inicial de diseno), el algortimo optimizé una soluciéon compuesta
por 3 WEC y 4186 baterias (Fig. 3.3.12). La carga no atendida por el sistema corresponde a
3266 kWh/ano lo que es equivalente a un LPSP de 0.3 % (Fig. 3.3.13). Esta pérdida de carga
se enmarca en la época de verano, especificamente en el mes de enero. Con la instalaciéon de
3 WEC y 4186 baterias hay un surplus de energia del 243 % de la energia consumida por la
comunidad. Por altimo, el indicardor econémico LCOE es de 1.82 §/kWh con un Costo Actual
Neto (NPC, por sus siglas en inglés) de 24 millones de dolares.
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WEC-BESS solution with 3 Wave Energy Converters and 4186 batteries
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Figura 3.3.12: Simulaciéon de la configuracion WEC-BESS donde se resalta la energia horaria
generada (verde) versus energia consumida (gris) en la comunidad insular. En este caso se simul6
un dispositivo Pelamis con potencia nominal de 750 kW. El tiempo de autonomia de la solucion
renovable es de 1 hora. LPSP = 0.3%.

LPSP in WEC-BESS system: 0.30%
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Figura 3.3.13: Carga no atendida durante el ano de simulaciéon del HRES WEC-BESS, usando
un dispositivo Pelamis y un LPSP esperado de 0%. El LPSP obtenido luego de la optimizacion
del HRES fue del 0.3 %.

El surplus de energia obtenido con los equipos WEC es demasiado alto (ver Tabla 3.3.3) si se
compara con la demanda de energia en la comunidad insular. Se obtuvieron porcentajes que

oscilan entre el 127 % al 1135 % de la energia que consume la comunidad, es decir, una generacion
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de electricidad anual “excesiva”. Este resultado permite concluir que: i) la potencia nominal de
los dispositivos WEC sobrepasa en exceso la potencia peak diaria de la comunidad (391 % para
el caso Pelamis), una condicion de disefio que implica sobredimensionamiento, y por ende, un
costo mas elevado de la solucion y, ii) puede presentarse una baja sincronizacion entre las horas
de mayor consumo de energia y las horas de alta generacion de electricidad. Por lo tanto, este
tipo de resultados exhorta a que se evalien dispositivos WEC de menor potencia nominal, si se
consideran las caracteristicas de consumo de la isla. Sin embargo, de manera complementaria,
es importante resaltar que las comunidades insulares presentan serios problemas de acceso a
agua potable. En razon de ello, una planta desalinizadora (funcionando como carga de baja
prioridad) con una tasa de potabilizacién de 24 m?/dia, y un consumo de 4.38 kWh/m?, podria
trabajar a potencia nominal, con cualquiera de los 3 dispositivos WEC, y abastecer de 29 1/dia

de agua fresca a cada habitante de la Isla Las Huichas.
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Figura 3.3.14: Surface Plot para determinar la variaciéon del SOC durante un ano de simulacion.
Las lineas negras indican un SOC del 20 %, limite inferior critico que evita el deterioro acelerado
del banco de baterias.

El comportamiento del banco de baterias esté representado en la figura 3.3.14, donde las franjas
de color negro corresponde a un SOC del 20 %, limite méaximo de descarga para evitar el desgaste
acelerado de las baterias. Aunque el banco de baterias tiene un aporte significativo en el mes de

enero, la mayoria del tiempo el BESS mantiene un SOC del 100 %.

En la Tabla 3.3.3 se resumen los resultados de la optimizaciéon de HRES marinos. Alli, ademas de
describir los indicadores LPSP y LCOE de los 3 dispositivos WEC, se desagregan las soluciones

para 3 casos diferentes de LPSP: 0%, 3% y 5%. Un caso particular se presenta con la solucion
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Wave Dragon, el cual no requiere sistema de almacenamiento de energia para cumplir con la

demanda de energia y los LPSP definidos.

Tabla 3.3.3: Resumen de los resultados obtenidos en la simulacién de los HRES de energia
marina: WEC-BESS y TT-BESS. Cada configuracion de HRES ha sido evaluado con tres
diferentes LPSP: 0%, 3% v 5 %. Todas las simulaciones consideran una autonomia del BESS de
1 hora. LPSP in corresponde a la condicién de diseno inicial y LPSP out representa el resultado
del indicador luego de simular el HRES. Remarks resume la cantidad de dispositivos requeridos
para suplir la demanda de energia y cumplir las condiciones iniciales de diseno.

. LPSP in/out . NPC LCOE Surplus

Arquitecture (%) WEC device (MM USD)! (USD/kWh) (MWh /yr) Remarks
0/0.3 Pelamis 24 1.82 2381 WEC = 3, BESS = 4186
3/1.4 Pelamis 18 1.35 1243 WEC = 2, BESS = 3437
5/14 Pelamis 18 1.35 1243 WEC = 2, BESS = 3437
0/0.4 AWS 57 4.18 2921 WEC = 4, BESS = 9882

WEC-BESS 3/2.5 AWS 43 3.22 1944 WEC = 3, BESS = 7484
5/2.5 AWS 43 3.22 1944 WEC = 3, BESS = 7484
0/0.2 Wave Dragon 26 1.94 11144 WEC = 1, No BESS
3/0.2 Wave Dragon 26 1.94 11144 WEC = 1, No BESS
5/0.2 Wave Dragon 26 1.94 11144 WEC = 1, No BESS
0/ B B B B No technically feasible

! solutions were found.

TT-BESS 3/3.5 - 492 33.36 418 TT = 150, BESS = 17157

5/5.4 - 454 31.64 324 TT = 138, BESS = 16291

T Million of US dollars.

El LCOE de la comunidad insular en el afio 2018 alcanzé los 0.271 $/kWh, utilizando un sistema
energético soportado por combustibles fosiles foraneos. Los resultados de la configuracion WEC-
BESS de la Tabla 3.3.3, anotan cifras de LCOE superiores a USD 1 por kWh generado. Cifras
altas de LCOE con dispositivos WEC pueden obedecer a: i) duras condiciones ambientales
que deben enfrentar y soportar los dispositivos marinos, lo que se traduce en el uso de
componentes especializados y costosos en la etapa de construccion [319], ii) una baja densidad en
la investigacion e instalacion de HRES con energias marinas [1], iii) escasas redes de medicion y
caracterizacion del recurso marino en diferentes latitudes, lo que limita la interpretacion y amplia
caracterizacion del recurso, que para el caso de la corriente mareal, por ejemplo, no solo esta
influenciado por la altura de marea y velocidad de flujo, sino que ademas influye la rugosidad
del fondo marino y la indicidencia de los remolinos turbulentos, viento local, olas y diferencias
de presion y, iii) aunque el potencial del océano es muy significativo, desafortunadamente el

desarrollo y consolidacion de prototipos comerciales (especialmente WEC) es un proceso lento
[320].
Soluciéon TT-BESS

La segunda configuracion es una solucion HRES marina con turbinas de corriente mareal

acompanadas de un sistema de almacenamiento de energia. Aunque la caracterizacion del
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recurso mareal advierte una velocidad de corriente muy baja, el algoritmo encontré soluciones
viables en dos de los tres casos de simulacion (Tabla 3.3.3). En el caso de LPSP = 0%, el
algoritmo no encontré una configuracién 6éptima para un conjunto de turbinas que contempla
hasta 169 dispositivos. Una vez se reduce la condicion LPSP (3% y 5 %), los resultados son més
favorables desde un punto de vista técnico y econdémico, aunque el sobredimensionamiento de la
solucién castiga el LCOE que es de los méas costosos y exagerados entre las cuatro configuraciones

HRES analizadas en este trabajo.

TT-BESS solution with 150 Tidal Turbines and 17157 batteries
[ Load Energy —— TT Farm Energy
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Figura 3.3.15: Simulacién de la configuracion TT-BESS donde se resalta la energia horaria
generada (verde) versus energia consumida (gris) en la comunidad insular. La turbina marina
utilizada es la Schottel Instream Turbine con potencia nominal de 70 kW. El tiempo de autonomia
de la solucion renovable es de 1 hora. LPSP = 3.5 %.

Como se mencion6 anteriormente, los canales estrechos y condiciones geomorfologicas especiales,
ayudan en el incremento del flujo mareal en ciertas zonas del planeta, por ejemplo los fiordos. La
velocidad de corriente mareal en la coordenada de analisis es muy baja, comparada con zonas
altamente energéticas como son los canales Chacao y Desertores, lugares donde la velocidad
de marea excede los 2 m/s el 50 % del tiempo [37]. Ambos canales estan al Norte de la Isla
las Huichas, a mas de 200 km de distancia, caracteristica que puede sancionar el LCOE toda
vez que el HRES no tiene alta capacidad de generacion [321], ademés de imponer un problema
de pérdida de energia en la transmision, que se agudiza por la baja demanda de energia en la
comunidad. Bajo este escenario, consideramos importante evaluar el potencial de la corriente
mareal, en un canal estrecho cercano ubicado a 44.5 km al suroeste de la Isla Las Huichas
(45.42°S 74.03°0). Con datos promedio de velocidad de corriente mareal y valor maximo horario
anual de 1.55 m/s y 3.6 m/s, se simul6 el HRES TT-BESS en los tres casos de LPSP. Para

el caso de LPSP de 0% la solucion 6ptima es de 9 turbinas marinas y 4620 baterfas. Esta
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configuracion tiene un LCOE de 2.81 $/kWh. Los casos posteriores de LPSP de 3% y 5%,
resultan en soluciones 6ptimas con 6 turbinas marinas y 4086 baterias, donde cada T'T posee
una potencia nominal de 70 kW. El LCOE se reduce en un 11 % para un LPSP del 3% y en un
24 % para un LPSP del 5%. La combinacion de 6 TT y 4086 baterias produce un exceso de

energia de aproximadamente el 108 % de la energia anual consumida en la isla, es decir, 1058
MWHh/afo.

LPSP in TT-BESS system: 3.50%
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Figura 3.3.16: Carga no atendida durante el anio de simulaciéon del HRES TT-BESS, con un
LPSP esperado de 3%. El LPSP obtenido luego de la optimizacion del HRES fue del 3.5 %.

Una de las caracteristicas de la energia mareomotriz es su alta predictibilidad en amplios
periodos de tiempo (semanas, meses, anos). Su comportamiento estd muy bien definido a lo
largo del ciclo lunar (28 dias), con mareas vivas en luna nueva/llena y mareas muertas en
fase creciente/menguante dentro del ciclo. Este proceder ciclico en el tiempo, puede explicar el
comportamiento “sinusoidal” de la energia generada a partir de las turbinas marinas, que se

puede visualizar en la figura 3.3.15.

Baja corriente mareal representa mayor numero de turbinas para satisfacer un LPSP especifico.
La figura 3.3.15 muestra picos de generacion superiores a 2000 kWh mientras la mayor demanda
horaria de la carga no supera los 200 kWh. Hay una baja correlaciéon entre generaciéon y demanda
de energia, una de las desventajas de este tipo de recurso renovable [322]|. Incrementar la
sincronizacion entre demanda y generacion se logra a través de estrategias como Demand Side
Management (DSM) donde el usuario modifica su nivel y patréon de consumo de energia, sin
embargo, esto requiere una cuota alta de educacion, incentivos y cambio de héabitos en la

comunidad.
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Figura 3.3.17: Surface Plot para determinar la variacion del SOC durante un ano de simulacion.
Las lineas negras indican un SOC del 20 %, limite inferior critico que evita el deterioro acelerado
del banco de baterias.

La figura 3.3.16 representa la pérdida de carga del HRES considerando un LPSP de 3 % (usando
los datos de baja corriente mareal). Alli se identifica que la carga no atendida esta repartida a
lo largo del ano, con una mayor representatividad en los meses de invierno. A su vez, el banco
de baterias incide periddicamente en el suministro de energia directo a la carga. En la figura
3.3.17 se puede visualizar el ciclo de descarga regular, que en los casos mas criticos de DOD

(80 %), obedece a periodos de baja corriente mareal y baja correlacion entre oferta y demanda.

Soluciéon PV-BESS

Los HRES con recursos solares y edlicos son las soluciones energéticas con mayor atencion e
investigacion en la literatura [1]. Vale resaltar que las olas tienen mayor potencial energético
en latitudes altas y las corrientes mareales, aunque estén presentes en todas las costas, poseen
mayores indices energéticos bajo ciertas particularidades en la batimetria y topologia del
territorio, condiciones usuales en zonas de alta latitud, como los fiordos. Ahora bien, el sentido
comun subraya que la radiacion solar es mas alta si la latitud es cercana al tropico, sin embargo,
varios estudios senalan que la radiacién solar incidente en latitudes altas puede ser incluso
superior a la constante solar (G,. = 1367 W/m?) bajo determinadas condiciones meteorolégicas
[285, |. Por lo tanto, aunque la Isla Las Huichas esté ubicada en zonas temperadas, es
indispensable estudiar si la radiacion solar incidente en la comunidad insular, es suficiente para

consolidar una solucién energética viable.
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PV-BESS solution with 9975 PV panels and 12798 batteries
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Figura 3.3.18: Simulacién de la configuracion PV-BESS donde se resalta la energia horaria
generada (verde) versus energia consumida (gris) en la comunidad insular. Se simul6 el panel
fotovoltaico policristalino CanadianSolar MaxPower CS6U-330 de 335 W,. El tiempo de
autonomia de la solucion renovable es de 1 hora. LPSP = 0.5 %.

LPSP in PV-BESS system: 0.50%
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Figura 3.3.19: Carga no atendida durante el afio de simulaciéon del HRES PV-BESS, con un
LPSP esperado de 0%. El LPSP obtenido luego de la optimizacion del HRES fue del 0.5 %.

Los resultados del algoritmo son convergentes en diferentes configuraciones PV-BESS. La
optimizacion de la funcién econdémica LCOE reduce el conjunto de soluciones a un minimo global

de 9975 paneles solares acompanados de 12798 baterias. Esta configuracion puede satisfacer la
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carga de la isla con un LPSP del 0.5 % (ver Fig. 3.3.19). El LCOE es de 2.4 $/kWh y el surplus
de energia alcanza 2375 MWh/afo. La figura 3.3.18 ayuda a interpretar el comportamiento en
la curva de produccion de energia solar, mostrando una generaciéon excesiva en esta solucion.
Esta dindmica obedece al alto consumo de energia en horario nocturno donde la radiaciéon
solar es cero, por lo tanto, el algoritmo tiene que sobredimensionar la planta solar para que
la cosecha de energia diurna, que alimenta el BESS, sea capaz de sustentar la demanda de
energia durante las 365 noches del ano. Ademas, el promedio de radiaciéon solar diario durante
los meses de invierno se reduce al 25 % de los niveles obtenidos en verano. Dado este escenario
de sobredimensionamiento, una de las estrategias propuestas en la literatura, es acompanar el
panel solar con una fuente de energia complementaria, como lo es el viento, que se encargue de

suplir la carga durante los periodos de baja o nula radiacion solar [323].
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Figura 3.3.20: Surface Plot para determinar la variacion del SOC durante un ano de simulacion.
Las lineas negras indican un SOC del 20 %, limite inferior critico que evita el deterioro acelerado
del banco de baterias.

La figura 3.3.20 reproduce muy bien el comportamiento de la radiacién solar, mediante el
comportamiento del SOC en el BESS. De manera general, durante el ocaso y el alba, el SOC de
las baterias se reduce gradualmente, en especial, cuando se acerca la temporada de invierno. En
época de verano la intensidad de descarga del banco de baterias es menor. Con horas de sol
efectivas, se identifica una autonomia de la planta solar en el suministro de energia a la carga y
al BESS. Sin embargo, esta dindmica se interrumpe en los meses de invierno, donde la radiacién
solar es mucho menor, y el sistema de almacenamiento de energia debe atender la carga durante

periodos nocturnos prolongados.
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Solucion WT-BESS

WT-BESS solution with 76 Wind Turbines and 6954 batteries
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Figura 3.3.21: Simulaciéon de la configuracion WT-BESS donde se resalta la energia horaria
generada (verde) versus energia consumida (gris) en la comunidad insular. Se utiliz6 una
miniturbina ENAIR 200 de 20kW de potencia nominal. El tiempo de autonomia de la solucién
renovable es de 1 hora. LPSP = 0.5 %.

LPSP in WT-BESS system: 0.50%
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Figura 3.3.22: Carga no atendida durante el ano de simulaciéon del HRES WT-BESS, con un
LPSP esperado de 0%. El LPSP obtenido luego de la optimizacion del HRES fue del 0.5 %.

La figura 3.3.21 representa la curva de generacion de las miniturbinas edlicas versus la demanda

de energia en el ano de simulaciéon. Los picos de produccion de energia diaria, aunque reportan
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varios 6rdenes de magnitud mayor a la carga, son inferiores a los obtenidos con la solucién
PV-BESS. El viento es un recurso con alta variablilidad espacio-temporal, lo que conlleva a una
produccion de energia muy variable como se representa en la figura 3.3.21. Bajo un LPSP de
0% (caso base) el HRES WT-BESS requiere 76 miniturbinas eélicas y un banco de baterias con
6954 unidades. Hay una pequena carga desatendida en el ano de simulacion que corresponde al
0.5 % de la carga total (Fig. 3.3.22). El LCOE obtenido es de 2.7 $/kWh con un NPC de 36
millones de dolares. El surplus de energia es de 3646 MWh /ano.
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Figura 3.3.23: Surface Plot para determinar la variacion del SOC durante un ano de simulacion.
Las lineas negras indican un SOC del 20 %, limite inferior critico que evita el deterioro acelerado
del banco de baterias.

Cuando se varia el LPSP de esta configuracion los resultados son:

» Con una carga desatendida del 3%/ano, el algoritmo optimizé una solucion de 33
miniturbinas acompanadas con 5955 baterias, una arquitectura 36 % mas econdémica
comparada con el caso base. El LCOE se reduce a 1.77 $/kWh y el surplus de energia
desciende a 991 MWh/ano., energia suficiente para atender las necesidades energéticas de
la planta desalinizadora. La carga no atendida suma 32797 kWh/ano., el 3.3 % de la carga
total.

= Si se incrementa el porcentaje de carga no atendida en el afio de simulacion (LPSP =
5%), la configuracion HRES mejora algunos indicadores, a saber: LCOE se reduce a 1.68
kWh/ano, el NPC se ubica en los 22 millones de délares y el surplus de energia desciende a
575 MWh /ano. La configuracién que rige estos indicadores se compone de 26 miniturbinas

y la misma cantidad de baterias que el caso anterior. Por tltimo, una carga desatentida
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de 54 MWh/ano (LPSP = 5%) representa el consumo de veintisiete (27) casas (con

tres-cuatro habitantes) y una media de consumo de electricidad de 170 kWh/mes [32].

Trabajo Futuro

La energia marina es un actor relevante en los HRES, especialmente si se emplean en latitudes
altas donde su potencial es extraordinario. En este trabajo se simularon y analizaron cuatro
configuraciones hibridas, dos de ellas con recursos renovables marinos. Cada configuraciéon
se simul6é con 3 opciones de LPSP, logrando convergencia en los resultados para todas las
configuraciones a excepcion del TT-BESS con LPSP = 0% (en el caso de velocidad de baja
corriente mareal). Aunque se alcanzé viabilidad técnica y econdmica en los diferentes HRES, los
mejores indices econdémicos estan asociados a las olas y corrientes mareales. Sin embargo, para
lograr competitividad de HRES marinos con las actuales tarifas de electricidad, es fundamental
que: i) la gran variedad de prototipos WEC en etapa TRL 1-6 (modelos computacionales y
pruebas de laboratorio) y TRL 7-8 (pruebas en el mar de prototipo a escala real), transiten
aceleradamente a validacion econémica en extensas pruebas a mar abierto (TRL 9), ii) una vez
consolidada la tecnologia, se puede proceder a dinamizar con mayor impetu su comercializacion
(costos més competitivos para capital inicial y O&M) v iii) para reunir a todos los actores en la
cadena de valor, son indispensables marcos regulatorios claros y atractivos que incrementen la

integracion de energias marinas en las nuevas matrices energéticas mundiales.

Si bien los HRES marinos simulados tienen viabilidad técnica y econémica en el caso de estudio,
hay una exagerada produccion de electricidad que no esté sincronizada con el perfil de consumo.
Una alternativa a este inconveniente, es la integracion de diferentes fuentes de energia renovable
para atender una carga determinada. Esta incorporacion de recursos, otorga complementariedad,
suaviza la curva de generacion y puede minizar el tamano del BESS. En este sentido, la version
2 del modulo de optimizacion se encargara de simular de manera simultanea las cuatro (4)
fuentes renovables (Fig. 3.3.1). Conservando la funciéon multiobjetivo, el algoritmo evaluaréa
por cada paso de tiempo, el comportamiento eléctrico de cada dispositivo a partir de cada
recurso renovable: Wave Module, Tidal Module, Solar Module, Wind Module. Con lo anterior, se
busca minimizar la cantidad de dispositivos requeridos, reducir el tamano del banco de baterias,
restringir el impacto en el lado de la generacion debido al comportamiento aleatorio de los
recursos renovables (especialmente sol y viento), lo que va en pro de mejorar la productividad
del HRES, toda vez que la capacidad instalada se optimiza, impactando positivamente los

indicadores econémicos de la solucién.

Adicionalmente, admitir nuevas tecnologias de conversion en los modulos marinos, supone
mejorar la compatibilidad de la capacidad instalada con las caracteristicas del perfil de consumo,
reducir los ordenes de magnitud en el exceso de energia e inevitablemente, una reducciéon en el

dimensionamiento del HRES. Por lo tanto, y como se explic6 en el HRES WEC-BESS, la version
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2 del algortimo, tendra dispositivos WEC que se ajusten mejor al comportamiento eléctrico de
la carga. En ese orden de ideas, serda fundamental identificar fabricantes de turbinas marinas o
dispositivos de corriente mareal, que maximicen la produccién de energia eléctrica en flujos de
marea de baja velocidad. Esto mejora la respuesta del algortimo al evitar sobredimensionamiento

en la capacidad instalada.

La version 2 del algoritmo debe incrementar las rutinas de comparaciéon y comunicacién entre
cada modulo, lo que se traduce en una tasa de informaciéon maéas alta. Esto también significa
actualizar todos los moédulos e integrar nuevas funciones en éstos. En ese orden de ideas, y
considerando el creciente interés por la produccion de Hidrogeno Verde (HyV), se precisa de
una actualizacion y ampliacion del moédulo de almacenamiento de energia, que actualmente solo
considera BESS. Producir H,V es una oportunidad para impulsar economias del sector primario
en sectores rurales (ademas de eliminar la importacion de energéticos), a economias con mayor
grado de desarrollo y oportunidad de exportacion de energia. Transporte: rutas maritimas y
vehiculos, fertilizantes y electricidad son algunos de los sectores que van a requerir grandes
volumenes de HyV en los proximos anos. Por lo tanto, investigar y simular HRES con recursos
marinos, ademas de tributar a la reduccion de la pobreza energética, es una oportunidad en el
crecimiento econémico equitativo de las comunidades y una respuesta a la deuda vigente con el

planeta.
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Capitulo 4
Conclusiones

La energia undimotriz y mareomotriz (corriente mareal) es fundamental en la transicion
energética que vivimos. Su alta predictibilidad, su tecnologia de conversion con altos factores de
carga (LF) y su impresionante potencial energético en latitudes medias-altas, son propiedades
notables para reducir la pobreza energética, mitigar el cambio climatico y acelerar la

independencia energética de los pueblos.

Mientras los inversionistas se preocupan por las decisiones de la OPEP de incrementar o
reducir la produccion mensual de petréleo, en el planeta conviven més de 700 millones de
personas que carecen de una soluciéon energética sustentable, que les de una oportunidad de vivir
dignamente. El enfoque de grandes y complejos sistemas eléctricos centralizados, consumidores
de combustibles fosiles, debe evolucionar a sistemas eléctricos compactos cercanos a la zona de
consumo. Este transito tecnolégico impacta positivamente la relaciéon generacion-carga, reduce
las pérdidas por transporte de energia y, lo mas importante, se cimienta en recursos renovables
locales. En la generalidad de los sistemas eléctricos descentralizados, los HRES off-grid son
propuestas robustas que combinan recursos renovables locales con sistemas de almacenamiento
de energia. Este tipo de soluciones, en un momento posterior a su implementacion, exhortan
a la comunidad a sincronizar su consumo con la oferta, optimizar el uso de la energia y, por
consiguiente, dar sustentabilidad y eficiencia energética al HRES. Esta investigacion abordoé de
manera sistematica la simulaciéon y optimizacion de HRES off-grid, con el interés particular de
incorporar las energias marinas en su configuracion, validar su factibilidad, y por consiguiente,
tributar al acceso universal de la energia eléctrica. Durante el trabajo de investigacion, se pueden

destacar los siguientes hallazgos:

v/ Las comunidades que viven en zonas rurales y aisladas comparten una cualidad natural:
baja densidad poblacional y alta diseminacion en el territorio. Este escenario se articula
apropiadamente con la implementacion de HRES off-grid (sistema eléctrico descentralizado),
que bajo los criterios de un modelo energético sustentable, debe utilizar los recursos

renovables locales con mejores indices energéticos dependiendo de la latitud donde se
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ubique. Sin embargo, la literatura cientifica converge hacia HRES off-grid: i) que proponen
recursos solares y edlicos como sus principales fuentes de energia en cualquier latitud, ii)
con tasas muy bajas de inserciéon de energias marinas, incluso en comunidades insulares
o costeras, iii) donde méas del 50% de las soluciones analizadas, sigue confiando en
generadores diesel para satisfacer, de manera individual o combinada, la demanda de

energia en pequenos centros de consumo.

v’ Casi el 50 % de los estudios que evaluaron HRES en comunidades insulares, caracterizaron
los recursos renovables con mediciones en sitio. Aunque es una técnica costosa los datos
obtenidos son precisos. Sin embargo, se proponen otro tipo de registros que emplean
sensores remotos y resultados de modelos numéricos computacionales. Lo anterior habilita
una diversidad de fuentes de informacion para evaluar un HRES especifico. Por ello, al
utilizar tres fuentes de informacién para optimizar un HRES, el conjunto de soluciones
es disimil. La cuantificacion de esta variabilidad demostro, en un caso de estudio con
una solucion PV-Wind-Diesel-Battery, que el dimensionamiento de la planta fotovoltaica
puede variar en un 40 %, es decir, seleccionar una fuente de informacion sobre otra, implica
para una comunidad insular, 1500 m? de terreno adicional para la instalacién de paneles
solares. Por lo tanto, la viabilidad de una HRES comienza con la eleccion de la fuente de

informacion de los recursos renovables.

v La simulacion y optimizacion de sistemas hibridos con energias marinas entreg6 soluciones
convergentes en el caso de estudio. A partir de un estado de mar gobernado por H,,qg <
293 my T, < 898 s (percentil 90), la configuracion WEC-BESS con dispositivo Pelamis
(attenuator) y Wave Dragon (overtopping) arrojéo un LCOE de 1.35-1.82 $/kWh y 1.94
$/KWh, respectivamente, indicadores que compiten con la configuracion PV-BESS que
obtuvo un LCOE que oscila entre 1.59 - 2.4 §/kWh, para diferentes LPSP. Si la simulacion
del WEC-BESS se realiza con un dispositivo point absorber el LCOE puede llegar hasta
4.18 §/kWh cuando el LPSP no permite pérdida de carga (0%).

v La configuraciéon compuesta por turbinas marinas y banco de baterias (TT-BESS), se
simul6é considerando series de corrientes mareales en dos puntos geograficos diferentes:
un punto al sur de la isla con corrientes mareales bajas y un punto al suroeste de la
isla (44.5 km) con corrientes mareales altas. Los resultados indican que un escenario
con corrientes mareales bajas no satisface la carga para un LPSP = 0. Sin embargo, el
algoritmo encuentra soluciones para los casos de LPSP igual a 3% y 5%. Ahora bien, el
segundo punto evaluado satisface la demanda de energia de la isla Las Huichas (caso de
estudio), sin pérdida de carga, con la instalacion de 9 turbinas marinas y 4620 baterias.
El indicador econémico de esta configuracion se ubica en 2.81 $/kWh. El flujo de corriente

mareal posee un promedio anual de 1.55 m/s.

v Aunque la simulacion de un HRES PV-Wind-Battery tiene un LCOE de 0.199 $/kWh
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(usando resultados de modelos climatologicos), el consumo de diésel es de 198000 1/afio
(reduccion del 32 % comparado con una solucion 100 % Diesel) y la fraccion de energia
renovable de la solucién es de apenas 28.8 %. De lo contrario, configuraciones HRES con
energias marinas, si bien poseen un LCOE alrededor de 1.59 $/kWh, son sistemas 100 %
renovables, que garantizan independencia energética en la comunidad insular y suministro
eléctrico constante a la central desalinizadora de la isla. Ademés, el exceso de energia puede
ser empleado para producir Hy verde, un energético que puede transformar la economia
local (exportacion de energia), alimentando el sector maritimo de la zona e incluso la

s6lida industria salmonera de la Region.

v El desarrollo de un nuevo algoritmo de simulacién y optimizacion de HRES con energias
marinas, contribuye de manera novedosa y original al conocimiento cientifico y habilita la
evaluacion técnica y econdémica de dispositivos marinos en soluciones energéticas off-grid.
Dada su importancia, es relevante seguir mejorando el algoritmo, integrando mayor niimero
de fuentes de energia renovable, ampliando las tecnologias soporte para almacenamiento
de energia, especialmente, pensando en produccion de HyV, su uso como vector energético

y posible exportacion.

v Los resultados de esta investigacion destacan la relevancia de las energias marinas en
la independencia energética de comunidades aisladas y costeras. Se demostrd que estas
energias pueden garantizar la confiabilidad de sistemas energéticos off-grid, al cubrir el
100 % de la demanda de energia de la isla (LPSP = 0) de manera continua (durante un
ano de simulacion). Adicionalmente, soluciones WEC-BESS y TT-BESS producen un
importante exceso de energia que podria ser canalizado a sistemas de calefaccion, los

cuales actualmente son atendidos con biomasa.

Por ltimo, esta investigaciéon abordé de manera sistematica la simulacion y optimizacion de
HRES off-grid, incorporando las energias marinas como recursos esenciales en microrredes
descentralizadas para comunidades insulares remotas. La combinaciéon de una energia marina
con un sistema de almacenamiento de energia, fue suficiente para demostrar la capacidad técnica
de los HRES marinos y su alta correlacion (recurso y demanda) durante un ano de simulacion, lo
que se traduce en soluciones energéticas descentralizadas confiables. La integracion de recursos
solares y eolicos a soluciones WEC-BESS y TT-BESS sera evaluada en la version 2 del algoritmo,
donde se busca dinamizar no solo el niimero de fuentes renovables disponibles, sino también el

conjunto de sistemas de almacenamiento.



Bibliografia 109

Bibliografia

[

2|

13l

4]

[5]

6]

17l

18]

19]

[10]

[11]

[12]

[13]

William Loépez-Castrillon, Héctor H Sepulveda, and Cristian Mattar. Off-grid hybrid
electrical generation systems in remote communities: Trends and characteristics in
sustainability solutions. Sustainability, 13(11):5856, 2021.

James F Manwell, Jon G McGowan, and Anthony L Rogers. Wind energy explained:
theory, design and application. John Wiley & Sons, 2010.

DJ Allen, AS Tomlin, CSE Bale, A Skea, S Vosper, and ML Gallani. A boundary
layer scaling technique for estimating near-surface wind energy using numerical weather
prediction and wind map data. Applied energy, 208:1246-1257, 2017.

Comision Nacional de Energia. Ranking de Estaciones por Region. http://reportes.cne.cl/
reportes’c, 2020. Accessed: 2020-09-03.

Jens Peter Kofoed, Peter Frigaard, Erik Friis-Madsen, and Hans Chr Sgrensen. Prototype
testing of the wave energy converter wave dragon. Renecwable energy, 31(2):181-189, 2006.

Hongzhou He, Quanyou Qu, and Juyue Li. Numerical simulation of section systems in
the pelamis wave energy converter. Advances in Mechanical Engineering, 5:186056, 2013.

M Prado and H Polinder. Case study of the Archimedes Wave Swing (AWS) direct drive
wave energy pilot plant, pages 195-218. Elsevier, 2013.

World Bank. Access to electricity (% of population). URL https://data.worldbank.org/
indicator/EG.ELC.ACCS.ZS?view=chart.

Christopher NH Doll and Shonali Pachauri. Estimating rural populations without access
to electricity in developing countries through night-time light satellite imagery. Energy
policy, 38(10):5661-5670, 2010.

Sandor Szabo, K Bodis, T Huld, and Magda Moner-Girona. Sustainable energy planning:
Leapfrogging the energy poverty gap in africa. Renewable and Sustainable Energy Reviews,
28:500-509, 2013.

Marianne Zeyringer, Shonali Pachauri, Erwin Schmid, Johannes Schmidt, Ernst Worrell,
and Ulrich B Morawetz. Analyzing grid extension and stand-alone photovoltaic systems
for the cost-effective electrification of kenya. FEnergy for Sustainable Development, 25:
75-86, 2015.

Diego Silva Herran and Toshihiko Nakata. Design of decentralized energy systems for
rural electrification in developing countries considering regional disparity. Applied Energy,
91(1):130-145, 2012.

Matteo Ranaboldo, Bruno Domenech, Gustavo Alberto Reyes, Laia Ferrer-Marti,
Rafael Pastor Moreno, and Alberto Garcia-Villoria. Off-grid community electrification


http://reportes.cne.cl/reportes?c
http://reportes.cne.cl/reportes?c
https://data.worldbank.org/indicator/EG.ELC.ACCS.ZS?view=chart
https://data.worldbank.org/indicator/EG.ELC.ACCS.ZS?view=chart

110

Bibliografia

[14]

[15]

[16]

[17]

18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

26]

27]

projects based on wind and solar energies: A case study in Nicaragua. Solar Energy, 117:
268-281, 2015.

Mahmoud S Ismail, Mahmoud Moghavvemi, and TMI Mahlia. Techno-economic analysis
of an optimized photovoltaic and diesel generator hybrid power system for remote houses
in a tropical climate. Energ Convers Manage, 69:163-173, 2013.

Nicola U Blum, Ratri Sryantoro Wakeling, and Tobias S Schmidt. Rural electrification
through village grids—assessing the cost competitiveness of isolated renewable energy
technologies in Indonesia. Renew Sust Energ Rev, 22:482-496, 2013.

Shafiqur Rehman, Md Mahbub Alam, Josua P Meyer, and Luai M Al-Hadhrami. Feasibility
study of a wind—PV—diesel hybrid power system for a village. Renew Energ, 38(1):258-268,
2012.

J Dekker, M Nthontho, S Chowdhury, and SP Chowdhury. Economic analysis of PV /diesel
hybrid power systems in different climatic zones of South Africa. Int J Elec Power, 40(1):
104-112, 2012.

Marco Bortolini, Mauro Gamberi, Alessandro Graziani, and Francesco Pilati. Economic
and environmental bi-objective design of an off-grid photovoltaic-battery—diesel generator
hybrid energy system. Energ Convers Manage, 106:1024-1038, 2015.

Leong Kit Gan, Jonathan KH Shek, and Markus A Mueller. Hybrid wind—photovoltaic—
diesel-battery system sizing tool development using empirical approach, life-cycle cost

and performance analysis: A case study in Scotland. Energ Convers Manage, 106:479-494,
2015.

Sanjoy Kumar Nandi and Himangshu Ranjan Ghosh. Techno-economical analysis of
off-grid hybrid systems at Kutubdia Island, Bangladesh. Energ Policy, 38(2):976-980,
2010.

Fahd Diab, Hai Lan, and Salwa Ali. Novel comparison study between the hybrid renewable
energy systems on land and on ship. Renew Sust Energ Rev, 63:452-463, 2016.

Tao Ma and Muhammad Shahzad Javed. Integrated sizing of hybrid PV-wind-battery
system for remote island considering the saturation of each renewable energy resource.
Energ Convers Manage, 182:178-190, 2019.

Andrés Castaneda, Dung Doan, David Newhouse, Minh Cong Nguyen, Hiroki Uematsu,
and Joao Pedro Azevedo. A new profile of the global poor. World Development, 101:
250-267, 2018.

Jijian Lian, Yusheng Zhang, Chao Ma, Yang Yang, and Evance Chaima. A review on
recent sizing methodologies of hybrid renewable energy systems. Energy Conversion and
Management, 199:112027, 2019.

Our World in Data. Electricity production by source, World. https://ourworldindata.org/
grapher/electricity-prod-source-stacked, 2021. Accessed: 2022-08-12.

Ozan Erdinc, Nikolaos G Paterakis, and Joao PS Catalao. Overview of insular power
systems under increasing penetration of renewable energy sources: Opportunities and
challenges. Renewable and Sustainable Energy Reviews, 52:333-346, 2015.

Iraide Lopez, Jon Andreu, Salvador Ceballos, Inigo Martinez De Alegria, and Inigo
Kortabarria. Review of wave energy technologies and the necessary power-equipment.
Renewable and sustainable energy reviews, 27:413-434, 2013.


https://ourworldindata.org/grapher/electricity-prod-source-stacked
https://ourworldindata.org/grapher/electricity-prod-source-stacked

Bibliografia 111

28]

[29]

30]

[31]

32]

33]
[34]

[35]

[36]

37]

38]
[39]

[40]

[41]

[42]

[43]

Anna C Kelly and Joshua A Merritt. Hybrid systems: a review of current and future
feasibility. The FElectricity Journal, 27(9):97-104, 2014.

David Carvalho, Alfredo Rocha, C Silva Santos, and R Pereira. Wind resource modelling
in complex terrain using different mesoscale—microscale coupling techniques. Applied
Energy, 108:493-504, 2013.

Andrew Clifton, Bri-Mathias Hodge, Caroline Draxl, Jake Badger, and Aron Habte. Wind
and solar resource data sets. Wiley Interdisciplinary Reviews: Energy and Environment, 7
(2):€276, 2018.

Ed Sharp, Paul Dodds, Mark Barrett, and Catalina Spataru. Evaluating the accuracy of
cfsr reanalysis hourly wind speed forecasts for the uk, using in situ measurements and
geographical information. Renewable Enerqgy, 77:527-538, 2015.

M Suresh and R Meenakumari. Software tools for analyzing the integration of various
renewable energy systems. International Journal of Industrial Engineering, 2(6):135-140,
2018.

IRENA. Innovation outlook: Ocean energy technologies, 2020.

Nicole Carpman and Mats Leijon. Measurements of tidal current velocities in the Folda
Fjord, Norway, with the use of a vessel mounted ADCP, volume 45509. American Society
of Mechanical Engineers, 2014.

Liliana Rusu and Florin Onea. The performance of some state-of-the-art wave energy
converters in locations with the worldwide highest wave power. Renewable and Sustainable
Energy Reviews, 75:1348-1362, 2017.

Felipe Lucero, Patricio A Catalan, Alvaro Ossandén, José Beya, Andrés Puelma, and Luis
Zamorano. Wave energy assessment in the central-south coast of chile. Renewable Energy,
114:120-131, 2017.

Osvaldo Artal, Oscar Pizarro, and Héctor H Sepilveda. The impact of spring-neap tidal-
stream cycles in tidal energy assessments in the chilean inland sea. Renewable Energy,
139:496-506, 2019.

UN. Fuctsheet: People and oceans. 2017.

IEA. Renewable electricity generation by source (non-combustible), World 1990-
2019. https://www.iea.org/data-and-statistics/data-browser?country=WORLD&fuel=
Renewables%20and%20waste&indicator=RenewGenBySource, 2019. Accessed: 2022-08-12.

Andrea Fischer, Jones S Silva, Alexandre Beluco, and Luiz Emilio B Almeida. Simulating
ocean and tidal current power plants with homer. Computational Water, Energy, and
Environmental Engineering, 4(03):38, 2015.

Nishat Anjum Khan, Amit Kumar Sikder, and Shammya Shananda Saha. Optimal
planning of off-grid solar-wind-tidal hybrid energy system for sandwip island of Bangladesh.
[EEE, 2014.

Mohammad Hossein Jahangir, Ardavan Shahsavari, and Mohammad Amin Vaziri Rad.
Feasibility study of a zero emission pv/wind turbine/wave energy converter hybrid system
for stand-alone power supply: A case study. Journal of Cleaner Production, 262:121250,
2020.

M Majidi Nezhad, D Groppi, F Rosa, G Piras, F Cumo, and D Astiaso Garcia. Nearshore


https://www.iea.org/data-and-statistics/data-browser?country=WORLD&fuel=Renewables%20and%20waste&indicator=RenewGenBySource
https://www.iea.org/data-and-statistics/data-browser?country=WORLD&fuel=Renewables%20and%20waste&indicator=RenewGenBySource

112

Bibliografia

[44]

[45]

|46]

147]

48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

wave energy converters comparison and Mediterranean small island grid integration.
Sustainable Energy Technologies and Assessments, 30:68-76, 2018.

P. Bertolini, M. Montanari, and V. Peragine. Poverty and social exclusion in rural areas.
Final study report. Furopean Commission, Directorate-General for Employment, Social
Affairs and Equal Opportunities, pages 1-187, 2008.

Lanre Olatomiwa, Saad Mekhilef, ASN Huda, and Olayinka S Ohunakin. Economic
evaluation of hybrid energy systems for rural electrification in six geo-political zones of
Nigeria. Renew Energ, 83:435-446, 2015.

ED Giannoulis and DA Haralambopoulos. Distributed Generation in an isolated grid:
Methodology of case study for Lesvos—Greece. Appl Energ, 88(7):2530-2540, 2011.

Tomonobu Senjyu, Daisuke Hayashi, Atsushi Yona, Naomitsu Urasaki, and Toshihisa
Funabashi. Optimal configuration of power generating systems in isolated island with
renewable energy. Renew Energ, 32(11):1917-1933, 2007.

JK Kaldellis, Ant Gkikaki, El Kaldelli, and M Kapsali. Investigating the energy autonomy

of very small non-interconnected islands: A case study: Agathonisi, Greece. Energy Sustain
Dev, 16(4):476-485, 2012.

Vincent Anayochukwu Ani. Design of a reliable hybrid (PV /diesel) power system with
energy storage in batteries for remote residential home. Journal of Energy, 2016, 2016.

Joseph Kenfack, Francois Pascal Neirac, Thomas Tamo Tatietse, Didier Mayer, Medard
Fogue, and Andre Lejeune. Microhydro-PV-hybrid system: Sizing a small hydro-PV-hybrid
system for rural electrification in developing countries. Renew Energ, 34(10):2259-2263,
2009.

H Rezzouk and A Mellit. Feasibility study and sensitivity analysis of a stand-alone
photovoltaic—diesel-battery hybrid energy system in the north of Algeria. Renew Sust
Energ Rev, 43:1134-1150, 2015.

MH Ashourian, SM Cherati, AA Mohd Zin, N Niknam, AS Mokhtar, and M Anwari.
Optimal green energy management for island resorts in Malaysia. Renew Energ, 51:36-45,
2013.

Pasquale Contestabile, Enrico Di Lauro, Paolo Galli, Cesare Corselli, and Diego Vicinanza.

Offshore wind and wave energy assessment around Malé and Magoodhoo Island (Maldives).
Sustainability, 9(4):613, 2017.

E. Planas-Cuchi, H. Montiel, and J. Casal. A survey of the origin, type and consequences
of fire accidents in process plants and in the transportation of hazardous materials. Process
Safety and Environmental Protection, 75(1):3-8, 1997.

Saban Yilmaz and Furkan Dincer. Optimal design of hybrid PV-diesel-battery systems for
isolated lands: A case study for Kilis, Turkey. Renew Sust Energ Rev, 77:344-352, 2017.

Muyiwa S Adaramola, Martin Agelin-Chaab, and Samuel S Paul. Analysis of hybrid
energy systems for application in southern Ghana. Energ Convers Manage, 88:284-295,
2014.

Muyiwa S Adaramola, Samuel S Paul, and Olanrewaju M Oyewola. Assessment of
decentralized hybrid PV solar-diesel power system for applications in Northern part of
Nigeria. Energy Sustain Dev, 19:72-82, 2014.



Bibliografia 113

[58] Nitin Agarwal and Anoop Kumar. Optimization of grid independent hybrid PV—diesel-
battery system for power generation in remote villages of Uttar Pradesh, India. Energy
Sustain Dev, 17(3):210-219, 2013.

[59] Cristian Mattar and M.C. Guzméan-Ibarra. A techno-economic assessment of offshore wind
energy in Chile. Energy, 133:191-205, 2017.

[60] RH. Charlier and CW. Finkl. Ocean Energy. Tide and Tidal Power. Springer, 2009.

[61] Rohit Sen and Subhes C Bhattacharyya. Off-grid electricity generation with renewable
energy technologies in india: An application of HOMER. Renew Energ, 62:388-398, 2014.

[62] Gregoris Panayiotou, Soteris Kalogirou, and Savvas Tassou. Design and simulation of a
PV and a PV—wind standalone energy system to power a household application. Renew
Energ, 37(1):355-363, 2012.

[63] Dernis G Mediavilla and Héctor H Sepulveda. Nearshore assessment of wave energy
resources in central Chile (2009-2010). Renew Energ, 90:136-144, 2016.

[64] Cristian Mattar and Dager Dorvaran. Offshore wind power simulation by using WRF in
the central coast of Chile. Renew Energ, 59:22-31, 2016.

[65] N.G.A. de Linaje, Cristian Mattar, and M.C. Guzman-Ibarra. Quantifying the wind
energy potential differences using different wrf initial conditions on mediterranean coast
of Chile. Energy, 188:116027, 2019.

[66] David Connolly, Henrik Lund, Brian Vad Mathiesen, and Martin Leahy. A review of
computer tools for analysing the integration of renewable energy into various energy
systems. Appl Energ, 87(4):1059-1082, 2010.

[67] T. Lambert, P. Gilman, and P. Lilienthal. Micropower system modeling with HOMER.
In F.A. Farret and M.G. Simoes, editors, Integration of Alternative Sources of Energy.
John Wiley & Sons, 2005.

[68] Oluseyi O Ajayi, OD Ohijeagbon, Ogbonnaya Mercy, and Attabo Ameh. Potential
and econometrics analysis of standalone RE facility for rural community utilization and
embedded generation in North-East, Nigeria. Sustainable Cities and Society, 21:66-77,
2016.

[69] Salma Rehman and Zaki Hussain. Renewable energy governance in India: challenges
and prospects for achieving the 2022 energy goals. Journal of Resources, Energy and
Development, 14(1):13-22, 2017.

[70] United Nations. World Economic Situation and Prospects. URL https://www.un.org/
development/desa/dpad/wp-content/uploads/sites/45/WESP2019 BOOK-ANNEX-en.pdf.

[71] Tao Ma, Hongxing Yang, and Lin Lu. Feasibility study and economic analysis of pumped
hydro storage and battery storage for a renewable energy powered island. Energ Convers
Manage, 79:387-397, 2014.

[72] George C Bakos. Feasibility study of a hybrid wind/hydro power-system for low-cost
electricity production. Appl Energ, 72(3-4):599-608, 2002.

[73] Getachew Bekele and Getnet Tadesse. Feasibility study of small hydro/PV /wind hybrid
system for off-grid rural electrification in Ethiopia. Appl Energ, 97:5-15, 2012.

[74] Binayak Bhandari, Kyung-Tae Lee, Caroline Sunyong Lee, Chul-Ki Song, Ramesh K


https://www.un.org/development/desa/dpad/wp-content/uploads/sites/45/WESP2019_BOOK-ANNEX-en.pdf
https://www.un.org/development/desa/dpad/wp-content/uploads/sites/45/WESP2019_BOOK-ANNEX-en.pdf

114

Bibliografia

[75]

[76]

7]

78]

[79]

[80]

[81]

82]

83

[84]

[85]

[86]

87]

88

[89]

Maskey, and Sung-Hoon Ahn. A novel off-grid hybrid power system comprised of solar
photovoltaic, wind, and hydro energy sources. Appl Energ, 133:236-242, 2014.

Raquel Segurado, Goran Krajaci¢, Neven Dui¢, and Luis Alves. Increasing the penetration
of renewable energy resources in S. Vicente, Cape Verde. Appl Energ, 88(2):466-472, 2011.

Youcef Himri, A Boudghene Stambouli, Belkacem Draoui, and Saliha Himri. Techno-
economical study of hybrid power system for a remote village in Algeria. Energy, 33(7):
1128-1136, 2008.

Prasid Ram Bhattarai and Shirley Thompson. Optimizing an off-grid electrical system in
Brochet, Manitoba, Canada. Renew Sust Energ Rev, 53:709-719, 2016.

Himadry Shekhar Das, AHM Yatim, Chee Wei Tan, and Kwan Yiew Lau. Proposition of
a PV/tidal powered micro-hydro and diesel hybrid system: A southern Bangladesh focus.
Renew Sust Energ Rev, 53:1137-1148, 2016.

SM Shaahid and I El-Amin. Techno-economic evaluation of off-grid hybrid photovoltaic—
diesel-battery power systems for rural electrification in saudi arabia—a way forward for
sustainable development. Renew Sust Energ Rev, 13(3):625-633, 2009.

Hilal Mohamed Al Ghaithi, George P Fotis, and Vasiliki Vita. Techno-economic assessment
of hybrid energy off-grid system—A case study for Masirah island in Oman. Int. J. Power
Energy Res, 1:103-116, 2017.

Javier Mendoza-Vizcaino, Andreas Sumper, Antoni Sudria-Andreu, and JM Ramirez.
Renewable technologies for generation systems in islands and their application to Cozumel
Island, México. Renew Sust Energ Rev, 64:348-361, 2016.

R Godina, EMG Rodrigues, JCO Matias, and JPS Catalao. Sustainable energy system of
El Hierro island, volume 13. 2015.

Yildiz Kalinci, Arif Hepbasli, and Ibrahim Dincer. Techno-economic analysis of a stand-
alone hybrid renewable energy system with hydrogen production and storage options. Int
J Hydrogen Energ, 40(24):7652-7664, 2015.

Nitin Vani and Vikas Khare. Rural electrification system based on hybrid energy system
model optimization using HOMER. Can J Basic Appl Sci, 1:19-25, 2013.

Himadry Shekhar Das, Chee Wei Tan, AHM Yatim, and Kwan Yiew Lau. Feasibility
analysis of hybrid photovoltaic/battery /fuel cell energy system for an indigenous residence
in East Malaysia. Renew Sust Energ Rev, 76:1332-1347, 2017.

Antonio Pietro Francesco Andaloro, Roberta Salomone, Laura Andaloro, Nicola Briguglio,
and Sergio Sparacia. Alternative energy scenarios for small islands: A case study from
Salina Island (Aeolian Islands, Southern Italy). Renew Energ, 47:135-146, 2012.

Sara Ghaem Sigarchian, Rita Paleta, Anders Malmquist, and André Pina. Feasibility
study of using a biogas engine as backup in a decentralized hybrid (PV /wind/battery)
power generation system—Case study Kenya. Energy, 90:1830-1841, 2015.

GJ Dalton, DA Lockington, and TE Baldock. Feasibility analysis of stand-alone renewable
energy supply options for a large hotel. Renew Energ, 33(7):1475-1490, 2008.

SB Silva, MM Severino, and MAG De Oliveira. A stand-alone hybrid photovoltaic, fuel
cell and battery system: A case study of Tocantins, Brazil. Renew Energ, 57:384-389,
2013.



Bibliografia 115

[90] RD Prasad, RC Bansal, and M Sauturaga. A case study of wind-diesel hybrid configuration
with battery as a storage device for a typical village in a Pacific island country. International
Journal of Agile Systems and Management, 4(1-2):60-75, 2009.

[91] Xueshu Cao, Andrew Lapthorn, and Abdolrahman Peimankar. An isolated hybrid renewable
energy system: Ha’apai island group in the Kingdom of Tonga. IEEE, 2014.

[92] Luiz Antonio de Souza Ribeiro, Osvaldo Ronald Saavedra, Shigeaki Leite De Lima, and
José Gomes De Matos. Isolated micro-grids with renewable hybrid generation: The case
of Lengois island. IEEE Transactions on sustainable energy, 2(1):1-11, 2010.

[93] Taala Orhan, GM Shafiullah, Alex Stojcevski, and Amanullah Oo. A feasibility study on
microgrid for various islands in Australia. IEEE, 2014.

[94] Mir-Akbar Hessami, Hugh Campbell, and Christopher Sanguinetti. A feasibility study of
hybrid wind power systems for remote communities. Energ Policy, 39(2):877-886, 2011.

[95] Priyantha Wijayatunga, Len George, Antonio Lopez, and Jose A Aguado. Integrating
clean energy in small island power systems: Maldives experience. Energy Procedia, 103
(April):274-279, 2016.

[96] Kanzumba Kusakana. Techno-economic analysis of off-grid hydrokinetic-based hybrid
energy systems for onshore/remote area in South Africa. Energy, 68:947-957, 2014.

[97] Henerica Tazvinga, Xiaohua Xia, and Jiangfeng Zhang. Minimum cost solution of
photovoltaic—diesel-battery hybrid power systems for remote consumers. Solar Energy,
96:292-299, 2013.

[98] GJ Dalton, DA Lockington, and TE Baldock. Case study feasibility analysis of renewable
energy supply options for small to medium-sized tourist accommodations. Renew Eneryg,
34(4):1134-1144, 20009.

[99] Kanzumba Kusakana and Herman Jacobus Vermaak. Hydrokinetic power generation for
rural electricity supply: Case of South Africa. Renew Energ, 55:467-473, 2013.

[100]| Igib Prasetyaningsari, Agus Setiawan, and Ahmad Agus Setiawan. Design optimization of
solar powered aeration system for fish pond in Sleman Regency, Yogyakarta by HOMER
software. Energy Procedia, 32:90-98, 2013.

[101] Sanjoy Kumar Nandi and Himangshu Ranjan Ghosh. A wind-PV-battery hybrid power
system at Sitakunda in Bangladesh. Energ Policy, 37(9):3659-3664, 2009.

[102] Tao Ma, Hongxing Yang, and Lin Lu. A feasibility study of a stand-alone hybrid solar—
wind—-battery system for a remote island. Appl Energ, 121:149-158, 2014.

[103] Matteo Ranaboldo, Bruno Domenech Lega, David Vilar Ferrenbach, Laia Ferrer-Marti,
Rafael Pastor Moreno, and Alberto Garcia-Villoria. Renewable energy projects to electrify
rural communities in Cape Verde. Appl Energ, 118:280-291, 2014.

[104] Sanjoy Kumar Nandi and Himangshu Ranjan Ghosh. Prospect of wind-PV-battery hybrid
power system as an alternative to grid extension in Bangladesh. Energy, 35(7):3040-3047,
2010.

[105] S Bhakta, V Mukherjee, and Binod Shaw. Techno-economic analysis and performance
assessment of standalone photovoltaic/wind/hybrid power system in Lakshadweep islands
of India. Journal of Renewable and Sustainable Energy, 7(6):063117, 2015.



116 Bibliografia

[106] Ayong Hiendro, Rudi Kurnianto, Managam Rajagukguk, and Yohannes M Simanjuntak.
Techno-economic analysis of photovoltaic/wind hybrid system for onshore/remote area in
Indonesia. Energy, 59:652-657, 2013.

[107] U Suresh Kumar and PS Manoharan. Economic analysis of hybrid power systems
(PV/diesel) in different climatic zones of Tamil Nadu. Energ Convers Manage, 80:469-476,
2014.

[108] Laith M Halabi, Saad Mekhilef, Lanre Olatomiwa, and James Hazelton. Performance
analysis of hybrid PV /diesel /battery system using HOMER: A case study Sabah, Malaysia.
Energ Convers Manage, 144:322-339, 2017.

[109] Laith M Halabi and Saad Mekhilef. Flexible hybrid renewable energy system design for a
typical remote village located in tropical climate. J Clean Prod, 177:908-924, 2018.

[110] BK Bala and Saiful Azam Siddique. Optimal design of a PV-diesel hybrid system for
electrification of an isolated island—Sandwip in Bangladesh using genetic algorithm.
Energy Sustain Dev, 13(3):137-142, 20009.

[111] EM Nfah, JM Ngundam, M Vandenbergh, and J Schmid. Simulation of off-grid generation
options for remote villages in Cameroon. Renew Energ, 33(5):1064-1072, 2008.

[112] Getachew Bekele and Bjorn Palm. Feasibility study for a standalone solar—wind-based
hybrid energy system for application in Ethiopia. Appl Energ, 87(2):487-495, 2010.

[113] SK A Shezan, S Julai, MA Kibria, KR Ullah, R Saidur, WT Chong, and RK Akikur.
Performance analysis of an off-grid wind-PV (photovoltaic)-diesel-battery hybrid energy
system feasible for remote areas. J Clean Prod, 125:121-132, 2016.

[114] Alireza Haghighat Mamaghani, Sebastian Alberto Avella Escandon, Behzad Najafi, Ali
Shirazi, and Fabio Rinaldi. Techno-economic feasibility of photovoltaic, wind, diesel and
hybrid electrification systems for off-grid rural electrification in Colombia. Renew Eneryg,
97:293-305, 2016.

[115] Mei Shan Ngan and Chee Wei Tan. Assessment of economic viability for PV /wind/diesel
hybrid energy system in southern Peninsular Malaysia. Renew Sust Energ Rev, 16(1):
634-647, 2012.

[116] AKM Sadrul Islam, Md Mustafizur Rahman, Md Alam H Mondal, and Firoz Alam.
Hybrid energy system for St. Martin Island, Bangladesh: an optimized model. Procedia
Engineering, 49:179-188, 2012.

[117] Monowar Hossain, Saad Mekhilef, and Lanre Olatomiwa. Performance evaluation of a
stand-alone PV-wind-diesel-battery hybrid system feasible for a large resort center in
South China Sea, Malaysia. Sustainable Cities and Society, 28:358-366, 2017.

[118] Chem Nayar, Markson Tang, and Wuthipong Suponthana. A case study of a
PV /wind/diesel hybrid energy system for remote islands in the republic of Maldives.
[EEE, 2007.

[119] Nasif Mahmud, Asif Hassan, and Md Shamiur Rahman. Modelling and cost analysis of
hybrid energy system for St. Martin Island using HOMER. IEEE, 2013.

[120] AH Al-Badi. Hybrid (solar and wind) energy system for Al Hallaniyat Island electrification.
Int J Sustain Energy, 30(4):212-222, 2011.

[121] MM Atiqur Rahman, Ali T Al Awami, and AHMA Rahim. Hydro-PV-wind-battery-diesel
based stand-alone hybrid power system. IEEE, 2014.



Bibliografia 117

[122] Deepak Kumar Lal, Bibhuti Bhusan Dash, and AK Akella.  Optimization of
PV /wind /micro-hydro/diesel hybrid power system in HOMER for the study area.
International Journal on Electrical Engineering and Informatics, 3(3):307, 2011.

[123] M Reyasudin Basir Khan, Razali Jidin, Jagadeesh Pasupuleti, and Sharifah Azwa Shaaya.
Optimal combination of solar, wind, micro-hydro and diesel systems based on actual
seasonal load profiles for a resort island in the South China Sea. Energy, 82:80-97, 2015.

[124] Tao Ma, Hongxing Yang, and Lin Lu. Performance evaluation of a stand-alone photovoltaic
system on an isolated island in Hong Kong. Appl Energ, 112:663-672, 2013.

[125] Tao Ma, Hongxing Yang, and Lin Lu. Long term performance analysis of a standalone
photovoltaic system under real conditions. Appl Energ, 201:320-331, 2017.

[126] Tao Ma, Hongxing Yang, Lin Lu, and Jinging Peng. Optimal design of an autonomous
solar—wind-pumped storage power supply system. Appl Energ, 160:728-736, 2015.

[127] Tao Ma, Hongxing Yang, Lin Lu, and Jinging Peng. Technical feasibility study on a
standalone hybrid solar-wind system with pumped hydro storage for a remote island in
Hong Kong. Renew Energ, 69:7-15, 2014.

[128] KJ Chua, WM Yang, SS Er, and CA Ho. Sustainable energy systems for a remote island
community. Appl Energ, 113:1752-1763, 2014.

[129] Prasenjit Mazumder, Md Haibul Jamil, CK Das, and MA Matin. Hybrid energy
optimization: an ultimate solution to the power crisis of St. Martin Island, Bangladesh.
IEEE, 2014.

[130] D Yamegueu, Y Azoumah, X Py, and N Zongo. Experimental study of electricity generation
by solar PV /diesel hybrid systems without battery storage for off-grid areas. Renew Enery,
36(6):1780-1787, 2011.

[131] W Margaret Amutha and V Rajini. Techno-economic evaluation of various hybrid power
systems for rural telecom. Renew Sust Energ Rev, 43:553-561, 2015.

[132] Vikas Khare. Prediction, investigation, and assessment of novel tidal-solar hybrid renewable
energy system in India by different techniques. Int J Sustain Energy, 38(5):447-468, 2019.

[133] S Bhakta and V Mukherjee. Solar potential assessment and performance indices analysis
of photovoltaic generator for isolated Lakshadweep island of India. Sustainable Energy
Technologies and Assessments, 17:1-10, 2016.

[134] S Bhakta and V Mukherjee. Performance indices evaluation and techno economic analysis
of photovoltaic power plant for the application of isolated India’s island. Sustainable
Energy Technologies and Assessments, 20:9-24, 2017.

[135] Ravindra M Moharil and Prakash S Kulkarni. A case study of solar photovoltaic power
system at Sagardeep Island, India. Renew Sust Energ Rev, 13(3):673-681, 2009.

[136] M Anwari, MIM Rashid, HTM Muhyiddin, and ARM Ali. An evaluation of hybrid
wind/diesel energy potential in Pemanggil Island Malaysia. IEEE, 2012.

[137] SK A Shezan, Rahman Saidur, KR Ullah, A Hossain, Wen Tong Chong, and Sabariah
Julai. Feasibility analysis of a hybrid off-grid wind-DG-battery energy system for the
eco-tourism remote areas. Clean Technologies and Environmental Policy, 17(8):2417-2430,
2015.



118 Bibliografia

[138] Sayedus Salehin, AKM Sadrul Islam, Rawhatul Hoque, Mushfiqur Rahman, Aynul Hoque,
and Emrul Manna. Optimized model of a solar PV-biogas-diesel hybrid energy system for
Adorsho Char Island, Bangladesh. IEEE, 2014.

[139] Kejun Qian, PS Solanki, VS Mallela, Malcolm Allan, and Chengke Zhou. A hybrid power
system using wind and diesel generator: A case study at Masirah Island in Oman. TET,
2009.

[140] Abiyot Mekonnen. Feasibility study of renewable energy resources for electrification of
small islands. A case study on Tana Lake islands. Master’s thesis, 2002.

[141] Nahidul Hoque Samrat, Norhafizan Ahmad, and Imtiaz Ahmed Choudhury. Prospect of
stand-alone wave-powered water desalination system. Desalination and Water Treatment,
57(1):51-57, 2016.

[142] Makbul AM Ramli, Ayong Hiendro, and Ssennoga Twaha. Economic analysis of PV /diesel
hybrid system with flywheel energy storage. Renew Energ, 78:398-405, 2015.

[143] Bibhu Prasad Ganthia, Sushree Sasmita, Krishna Rout, Anwes Pradhan, and Jayashree
Nayak. An economic rural electrification study using combined hybrid solar and biomass-
biogas system. Materials Today: Proceedings, 5(1):220-225, 2018.

[144] S Kumaravel and S Ashok. An optimal stand-alone biomass/solar-PV /pico-hydel hybrid
energy system for remote rural area electrification of isolated village in Western-Ghats
region of India. International journal of green energy, 9(5):398-408, 2012.

[145] M Veigas, R Carballo, and G Iglesias. Wave and offshore wind energy on an island. Energy
Sustain Dev, 22:57-65, 2014.

[146] M Veigas and G Iglesias. Potentials of a hybrid offshore farm for the island of Fuerteventura.
Energ Convers Manage, 86:300-308, 2014.

[147] Hector Maranon-Ledesma and Elisabetta Tedeschi. Energy storage sizing by stochastic
optimization for a combined wind-wave-diesel supplied system. IEEE, 2015.

[148] A Khosravi, Sanna Syri, M El Haj Assad, and M Malekan. Thermodynamic and economic
analysis of a hybrid ocean thermal energy conversion/photovoltaic system with hydrogen-
based energy storage system. Energy, 172:304-319, 2019.

[149] A Khelif, A Talha, M Belhamel, and A Hadj Arab. Feasibility study of hybrid diesel-PV
power plants in the southern of Algeria: Case study on Afra power plant. Int J Elec Power,
43(1):546-553, 2012.

[150] Mahmoud S Ismail, M Moghavvemi, and TMI Mahlia. Design of an optimized photovoltaic
and microturbine hybrid power system for a remote small community: case study of
Palestine. Energ Convers Manage, 75:271-281, 2013.

[151] Mehdi Baneshi and Farhad Hadianfard. = Techno-economic feasibility of hybrid
diesel/PV /wind /battery electricity generation systems for non-residential large electricity
consumers under southern Iran climate conditions. FEnerg Convers Manage, 127:233-244,
2016.

[152] Alam Hossain Mondal and Manfred Denich. Hybrid systems for decentralized power
generation in Bangladesh. Energy Sustain Dev, 14(1):48-55, 2010.

[153] Bo Zhao, Xuesong Zhang, Peng Li, Ke Wang, Meidong Xue, and Caisheng Wang. Optimal
sizing, operating strategy and operational experience of a stand-alone microgrid on
Dongfushan Island. Appl Energ, 113:1656-1666, 2014.



Bibliografia 119

[154] D Saheb-Koussa, M Koussa, M Haddadi, and M Belhamel. Hybrid options analysis for
power systems for rural electrification in Algeria. Energy Procedia, 6:750-758, 2011.

[155] Golbarg Rohani and Mutasim Nour. Techno-economical analysis of stand-alone hybrid
renewable power system for Ras Musherib in United Arab Emirates. Energy, 64:828-841,
2014.

[156] Fazia Baghdadi, Kamal Mohammedi, Said Diaf, and Omar Behar. Feasibility study and
energy conversion analysis of stand-alone hybrid renewable energy system. FEnerg Convers
Manage, 105:471-479, 2015.

[157] Fahd Diab, Hai Lan, Lijun Zhang, and Salwa Ali. An environmentally friendly factory
in Egypt based on hybrid photovoltaic/wind/diesel /battery system. J Clean Prod, 112:
3884-3894, 2016.

[158] Vikas Khare, Savita Nema, and Prashant Baredar. Optimisation of the hybrid renewable
energy system by HOMER, PSO and CPSO for the study area. Int J Sustain Energy, 36
(4):326-343, 2017.

[159] AH Al-Badi, M Al-Toobi, S Al-Harthy, Z Al-Hosni, and A Al-Harthy. Hybrid systems for
decentralized power generation in Oman. Int J Sustain Energy, 31(6):411-421, 2012.

[160] Shafiqur Rehman and Luai M Al-Hadhrami. Study of a solar PV—diesel-battery hybrid
power system for a remotely located population near Ratha, Saudi Arabia. Energy, 35
(12):4986-4995, 2010.

[161] Eyad S Hrayshat. Techno-economic analysis of autonomous hybrid photovoltaic-diesel-
battery system. Energy Sustain Dev, 13(3):143-150, 2009.

[162] Abolfazl Ghasemi, Arash Asrari, Mahdi Zarif, and Sherif Abdelwahed. Techno-economic
analysis of stand-alone hybrid photovoltaic-diesel-battery systems for rural electrification

in eastern part of Iran—A step toward sustainable rural development. Renew Sust Energ
Rev, 28:456-462, 2013.

[163] SM Shaahid and MA Elhadidy. Technical and economic assessment of grid-independent
hybrid photovoltaic—diesel-battery power systems for commercial loads in desert
environments. Renew Sust Energ Rev, 11(8):1794-1810, 2007.

[164] Dimitris Al Katsaprakakis, Dimitris G Christakis, Kosmas Pavlopoylos, Sofia Stamataki,
Irene Dimitrelou, loannis Stefanakis, and Petros Spanos. Introduction of a wind powered

pumped storage system in the isolated insular power system of Karpathos—Kasos. Appl
Energ, 97:38-48, 2012.

[165] Amir Ahadi, Sang-Kyun Kang, and Jang-Ho Lee. A novel approach for optimal
combinations of wind, PV, and energy storage system in diesel-free isolated communities.
Appl Energ, 170:101-115, 2016.

[166] Mojtaba Haratian, Pouya Tabibi, Meisam Sadeghi, Babak Vaseghi, and Amin Poustdouz.
A renewable energy solution for stand-alone power generation: A case study of Khshu
Site-Iran. Renew Energ, 125:926-935, 2018.

[167] Yaser Aagreh and Audai Al-Ghzawi. Feasibility of utilizing renewable energy systems for
a small hotel in Ajloun city, Jordan. Appl Energ, 103:25-31, 2013.

[168] Sunanda Sinha and SS Chandel. Prospects of solar photovoltaic-micro-wind based hybrid
power systems in western himalayan state of Himachal Pradesh in India. Energ Convers
Manage, 105:1340-1351, 2015.



120 Bibliografia

[169] Subodh Paudel, Jagan Nath Shrestha, Fernando J Neto, Jorge AF Ferreira, and Muna
Adhikari. Optimization of hybrid PV /wind power system for remote telecom station. IEEE,
2011.

[170] Mojtaba Tahani, Narek Babayan, and Arman Pouyaei. Optimization of PV /Wind/Battery
stand-alone system, using hybrid FPA /SA algorithm and CFD simulation, case study:
Tehran. Energ Convers Manage, 106:644—659, 2015.

[171] Subhadeep Bhattacharjee and Shantanu Acharya. PV—wind hybrid power option for a low
wind topography. Energ Convers Manage, 89:942-954, 2015.

[172] Chaouki Ghenai, Tareq Salameh, and Adel Merabet. Technico-economic analysis of off
grid solar PV /fuel cell energy system for residential community in desert region. Int J
Hydrogen Energ, 2018.

[173] Rumi Rajbongshi, Devashree Borgohain, and Sadhan Mahapatra. Optimization of PV-
biomass-diesel and grid base hybrid energy systems for rural electrification by using
HOMER. Energy, 126:461-474, 2017.

[174] Md Mizanur Rahman, Mohammad Mahmodul Hasan, Jukka V Paatero, and Risto
Lahdelma. Hybrid application of biogas and solar resources to fulfill household energy

needs: A potentially viable option in rural areas of developing countries. Renew Energ, 68:
3545, 2014.

[175] M Kashif Shahzad, Adeem Zahid, Tanzeel ur Rashid, Mirza Abdullah Rehan, Muzaffar
Ali, and Mueen Ahmad. Techno-economic feasibility analysis of a solar-biomass off grid
system for the electrification of remote rural areas in Pakistan using HOMER software.
Renew Energ, 106:264-273, 2017.

[176] Abdul Ghafoor and Anjum Munir. Design and economics analysis of an off-grid PV system
for household electrification. Renew Sust Energ Rev, 42:496-502, 2015.

[177] Saeed Kamali. Feasibility analysis of standalone photovoltaic electrification system in a
residential building in Cyprus. Renew Sust Energ Rev, 65:1279-1284, 2016.

[178] Ankit Bhatt, MP Sharma, and RP Saini. Feasibility and sensitivity analysis of an off-grid
micro hydro—photovoltaic-biomass and biogas—diesel-battery hybrid energy system for a
remote area in Uttarakhand state, India. Renew Sust Energ Rev, 61:53-69, 2016.

[179] Anurag Chauhan and RP Saini. Techno-economic feasibility study on integrated renewable
energy system for an isolated community of India. Renew Sust Energ Rev, 59:388-405,
2016.

[180] Hossein Shahinzadeh, Alireza Gheiratmand, S Hamid Fathi, and Jalal Moradi. Optimal
design and management of isolated hybrid renewable energy system (WT/PV/ORES).
[EEE, 2016.

[181] Ajai Gupta, RP Saini, and MP Sharma. Design of an optimal hybrid energy system model
for remote rural area power generation. IEEE, 2007.

[182| Farivar Fazelpour, Nima Soltani, and Marc A Rosen. Economic analysis of standalone
hybrid energy systems for application in Tehran, Iran. Int J Hydrogen Energ, 41(19):
7732-7743, 2016.

[183] Shakti Singh, Mukesh Singh, and Subhash Chandra Kaushik. Feasibility study of an
islanded microgrid in rural area consisting of PV, wind, biomass and battery energy
storage system. Energ Convers Manage, 128:178-190, 2016.



Bibliografia 121

[184] Tony El Tawil, Jean Frédéric Charpentier, and Mohamed Benbouzid. Sizing and rough
optimization of a hybrid renewable-based farm in a stand-alone marine context. Renew
FEnerg, 115:1134-1143, 2018.

[185] Shin’ya Obara, Masahito Kawai, Osamu Kawae, and Yuta Morizane. Operational planning
of an independent microgrid containing tidal power generators, SOFCs, and photovoltaics.
Appl Energ, 102:1343-1357, 2013.

[186] Scott J Beatty, Peter Wild, and Bradley J Buckham. Integration of a wave energy converter
into the electricity supply of a remote Alaskan island. Renew Energ, 35(6):1203-1213,
2010.

[187] Aurélien Babarit, H Ben Ahmed, AH Clément, Vincent Debusschere, Gaelle Duclos,
Bernard Multon, and Gaél Robin. Simulation of electricity supply of an atlantic island by
offshore wind turbines and wave energy converters associated with a medium scale local
energy storage. Renew Energ, 31(2):153-160, 2006.

[188] Daniel Friedrich and George Lavidas. Evaluation of the effect of flexible demand and
wave energy converters on the design of hybrid energy systems. IET Renewable Power
Generation, 11(9):1113-1119, 2017.

[189] Daniel Friedrich and George Lavidas. Combining offshore and onshore renewables with
enerqgy storage and diesel generators in a stand-alone Hybrid Energy System. 2015.

[190] Arash Asrari, Abolfazl Ghasemi, and Mohammad Hossein Javidi. Economic evaluation of
hybrid renewable energy systems for rural electrification in Iran—A case study. Renew
Sust Energ Rev, 16(5):3123-3130, 2012.

[191] Md Mustafizur Rahman, Md Mohib-Ul-Haque Khan, Mohammad Ahsan Ullah, Xiaolei
Zhang, and Amit Kumar. A hybrid renewable energy system for a North American off-grid
community. Energy, 97:151-160, 2016.

[192] Taher Maatallah, Nahed Ghodhbane, and Sassi Ben Nasrallah. Assessment viability for
hybrid energy system (PV /wind/diesel) with storage in the northernmost city in Africa,
Bizerte, Tunisia. Renew Sust Energ Rev, 59:1639-1652, 2016.

[193] Evangelos I Vrettos and Stavros A Papathanassiou. Operating policy and optimal sizing
of a high penetration RES-BESS system for small isolated grids. IFEE Transactions on
Energy Conversion, 26(3):744-756, 2011.

[194] M Belouda, M Hajjaji, H Sliti, and A Mami. Bi-objective optimization of a standalone
hybrid PV-wind-battery system generation in a remote area in Tunisia. Sust Ener Grids
Net, 16:315-326, 2018.

[195] Said Diaf, Maiouf Belhamel, Mohraz Haddadi, and A Louche. Technical and economic
assessment of hybrid photovoltaic/wind system with battery storage in Corsica island.
Energ Policy, 36(2):743-754, 2008.

[196] JK Kaldellis, D Zafirakis, and K Kavadias. Minimum cost solution of wind-photovoltaic
based stand-alone power systems for remote consumers. Energ Policy, 42:105-117, 2012.

[197] Mohammad Hossein Amrollahi and Seyyed Mohammad Taghi Bathaee. Techno-economic
optimization of hybrid photovoltaic/wind generation together with energy storage system
in a stand-alone micro-grid subjected to demand response. Appl Energ, 202:66-77, 2017.

[198] A Kaabeche, M Belhamel, and R Ibtiouen. Sizing optimization of grid-independent hybrid
photovoltaic/wind power generation system. Energy, 36(2):1214-1222, 2011.



122

Bibliografia

[199]

200]

[201]

[202]

203

[204]

[205]

206

[207]

208]

209

[210]

211]
[212]

[213]

[214]

Chong Li, Xinfeng Ge, Yuan Zheng, Chang Xu, Yan Ren, Chenguang Song, and Chunxia
Yang. Techno-economic feasibility study of autonomous hybrid wind/PV /battery power
system for a household in Urumqi, China. Energy, 55:263-272, 2013.

GN Prodromidis and FA Coutelieris. A comparative feasibility study of stand-alone and
grid connected res-based systems in several Greek Islands. Renew Energ, 36(7):1957-1963,
2011.

Dimitris Al Katsaprakakis and Dimitris G Christakis. Seawater pumped storage systems
and offshore wind parks in islands with low onshore wind potential. A fundamental case
study. Energy, 66:470-486, 2014.

R Cozzolino, L Tribioli, and G Bella. Power management of a hybrid renewable system
for artificial islands: A case study. Energy, 106:774-789, 2016.

Dimitris Al Katsaprakakis and Manolis Voumvoulakis. A hybrid power plant towards
100 % energy autonomy for the island of sifnos, greece. perspectives created from energy
cooperatives. Energy, 161:680-698, 2018.

Zbigniew Chmiel and Subhes C Bhattacharyya. Analysis of off-grid electricity system at
Isle of Eigg (Scotland): Lessons for developing countries. Renew Energ, 81:578-588, 2015.

Peter Enevoldsen and Benjamin K Sovacool. Integrating power systems for remote island
energy supply: Lessons from Mykines, Faroe Islands. Renew Energ, 85:642-648, 2016.

Carrie Houston, Samuel Gyamfi, and Jonathan Whale. Evaluation of energy efficiency
and renewable energy generation opportunities for small scale dairy farms: A case study
in Prince Edward Island, Canada. Renew FEnerg, 67:20-29, 2014.

Ramin Hosseinalizadeh, Hamed Shakouri, Mohsen Sadegh Amalnick, and Peyman
Taghipour. Economic sizing of a hybrid (PV-wt—fc) renewable energy system (hres)
for stand-alone usages by an optimization-simulation model: Case study of Iran. Renew
Sust Energ Rev, 54:139-150, 2016.

OV Marchenko and SV Solomin. Modeling of hydrogen and electrical energy storages in
wind/PV energy system on the Lake Baikal coast. Int J Hydrogen Energ, 42(15):9361-9370,
2017.

JK Kaldellis, D Zafirakis, EL Kaldelli, and K Kavadias. Cost benefit analysis of a
photovoltaic-energy storage electrification solution for remote islands. Renew Energ, 34
(5):1299-1311, 2009.

Fontina Petrakopoulou, Alexander Robinson, and Maria Loizidou. Simulation and analysis
of a stand-alone solar-wind and pumped-storage hydropower plant. Energy, 96:676—-683,
2016.

BP. Statistical Review of World Energy. URL http://www.bp.com/statisticalreview.

International Energy Agency. Data & Statistics. =~ URL https://www.iea.org/
data-and-statistics?country=WORLD& fuel=Energy%?20supply&indicator=Electricity%
20generation%20by%?20source.

International Renewable Energy Agency. RENEWABLE ENERGY TECHNOLOGIES:
COST ANALYSIS SERIES (Wind Power), . URL https://www.irena.org/
documentdownloads/publications/re technologies cost analysis-wind _power.pdf.

Kester Gunn and Clym Stock-Williams. Quantifying the global wave power resource.
Renew Energ, 44:296-304, 2012.


http://www.bp.com/statisticalreview
https://www.iea.org/data-and-statistics?country=WORLD&fuel=Energy%20supply&indicator=Electricity%20generation%20by%20source
https://www.iea.org/data-and-statistics?country=WORLD&fuel=Energy%20supply&indicator=Electricity%20generation%20by%20source
https://www.iea.org/data-and-statistics?country=WORLD&fuel=Energy%20supply&indicator=Electricity%20generation%20by%20source
https://www.irena.org/documentdownloads/publications/re_technologies_cost_analysis-wind_power.pdf
https://www.irena.org/documentdownloads/publications/re_technologies_cost_analysis-wind_power.pdf

Bibliografia 123

[215] International Renewable Energy Agency. WAVE ENERGY TECHNOLOGY BRIEF, .
URL https://www.irena.org/documentdownloads/publications/wave-energy v4 web.pdf.

[216] N Khan, A Kalair, N Abas, and A Haider. Review of ocean tidal, wave and thermal energy
technologies. Renew Sust Energ Rev, 72:590-604, 2017.

[217] Thomas James Hammons. Tidal power. Proceedings of the IEEE, 81(3):419-433, 1993.

[218] Enrico Barbier. Nature and technology of geothermal energy: a review. Renew Sust Energ
Rev, 1(1-2):1-69, 1997.

[219] Enrico Barbier. Geothermal energy technology and current status: an overview. Renew
Sust Energ Rev, 6(1-2):3-65, 2002.

[220] Abbas Azarpour, Suardi Suhaimi, Gholamreza Zahedi, and Alireza Bahadori. A review
on the drawbacks of renewable energy as a promising energy source of the future. Arabian
Journal for Science and Engineering, 38(2):317-328, 2013.

[221] Unni Pillai. Drivers of cost reduction in solar photovoltaics. Energy Economics, 50:
286-293, 2015.

[222] Gema San Bruno, Lauha Fried, and David Hopwood. Focus on small hydro. Renew Energ
focus, 9(6):54-57, 2008.

[223] Oliver Paish. Small hydro power: technology and current status. Renew Sust Energ Rev,
6(6):537-556, 2002.

[224] J Abanades, D Greaves, and G Iglesias. Wave farm impact on the beach profile: A case
study. Coastal Engineering, 86:36-44, 2014.

[225] Robert Gross. Technologies and innovation for system change in the UK: status, prospects
and system requirements of some leading renewable energy options. Energ Policy, 32(17):
1905-1919, 2004.

[226] Fergal O Rourke, Fergal Boyle, and Anthony Reynolds. Tidal energy update 2009. Appl
Energ, 87(2):398-409, 2010.

[227] Eduardo Alvarez Alvarez, Manuel Rico-Secades, Daniel Fernandez Suarez, Antonio J
Gutiérrez-Trashorras, and Joaquin Fernandez-Francos. Obtaining energy from tidal
microturbines: A practical example in the Nalon River. Appl Energ, 183:100-112, 2016.

[228] Mehmet Melikoglu. Current status and future of ocean energy sources: A global review.
Ocean Engineering, 148:563-573, 2018.

[229] Makoto Kanagawa and Toshihiko Nakata. Assessment of access to electricity and the socio-
economic impacts in rural areas of developing countries. Energ Policy, 36(6):2016-2029,
2008.

[230] Md Mizanur Rahman, Jukka V Paatero, and Risto Lahdelma. Evaluation of choices for
sustainable rural electrification in developing countries: A multicriteria approach. Energ
Policy, 59:589-599, 2013.

[231] Anjali Jain, Partha Das, Sumanth Yamujala, Rohit Bhakar, and Jyotirmay Mathur.
Resource potential and variability assessment of solar and wind energy in india. Energy,
211:118993, 2020.

[232] Mohammad Alshawaf, Rahmatallah Poudineh, and Nawaf S Alhajeri. Solar pv in kuwait:
The effect of ambient temperature and sandstorms on output variability and uncertainty.
Renewable and Sustainable Energy Reviews, 134:110346, 2020.


https://www.irena.org/documentdownloads/publications/wave-energy_v4_web.pdf

124

Bibliografia

[233]

[234]

[235]

[236]

[237]

238

239

[240]

241

[242]

[243]

[244]

[245]

[246]

Fabian Guignard, Michele Lovallo, Mohamed Laib, Jean Golay, Mikhail Kanevski, Nora
Helbig, and Luciano Telesca. Investigating the time dynamics of wind speed in complex
terrains by using the fisher-shannon method. Physica A: Statistical Mechanics and its
Applications, 523:611-621, 2019.

Jinze Li, Pei Liu, and Zheng Li. Optimal design and techno-economic analysis of a
solar-wind-biomass off-grid hybrid power system for remote rural electrification: A case
study of west china. FEnergy, 208:118387, 2020.

Marco Barbaro and Rui Castro. Design optimisation for a hybrid renewable microgrid:
Application to the case of faial island, azores archipelago. Renewable Energy, 151:434-445,
2020.

Laetitia Uwineza, Hyun-Goo Kim, and Chang Ki Kim. Feasibility study of integrating
the renewable energy system in popova island using the monte carlo model and homer.
Energy Strategy Reviews, 33:100607, 2021.

Anna Péagkkonen and Tero Joronen. Revisiting the feasibility of biomass-fueled chp in
future energy systems—case study of the aland islands. Energy Conversion and management,
188:66-75, 2019.

Guido Lorenzi, Ricardo da Silva Vieira, Carlos Augusto Santos Silva, and Andrew Martin.
Techno-economic analysis of utility-scale energy storage in island settings. Journal of
energy storage, 21:691-705, 2019.

S Moreno-Tejera, . Ramirez-Santigosa, and MA Silva-Pérez. A proposed methodology
for quick assessment of timestamp and quality control results of solar radiation data.
Renewable Energy, 78:531-537, 2015.

Justin E. Stopa and Kwok Fai Cheung. Intercomparison of wind and wave data from
the ecmwf reanalysis interim and the ncep climate forecast system reanalysis. Ocean
Modelling, 75:65-83, 2014.

V. Echevin, F. Colas, A. Chaigneau, and P. Penven. Sensitivity of the northern humboldt
current system nearshore modeled circulation to initial and boundary conditions. Journal
of Geophysical Research: Oceans, C7:116, 2011.

J Graga Gomes, HJ Xu, Q Yang, and CY Zhao. An optimization study on a typical
renewable microgrid energy system with energy storage. Energy, 234:121210, 2021.

Gustavo Pires da Ponte, Rodrigo Flora Calili, and Reinaldo Castro Souza. FEnergy
generation in brazilian isolated systems: Challenges and proposals for increasing the share
of renewables based on a multicriteria analysis. Energy for Sustainable Development, 61:
74-88, 2021.

F Fodhil, A Hamidat, and O Nadjemi. Potential, optimization and sensitivity analysis of
photovoltaic-diesel-battery hybrid energy system for rural electrification in algeria. Energy,
169:613-624, 2019.

Martin Janos Mayer, Artiar Szilagyi, and Gyula Grof. Environmental and economic
multi-objective optimization of a household level hybrid renewable energy system by
genetic algorithm. Applied Energy, 269:115058, 2020.

Berbaoui Brahim. Performance investigation of a hybrid pv-diesel power system for remote
areas. International Journal of Energy Research, 43(2):1019-1031, 2019.



Bibliografia 125

[247]

[248]

[249]

[250]

251

[252]

[253)

[254]

[255]

[256]

[257]

[258]

259

260

P Blechinger, C Cader, P Bertheau, H Huyskens, R Seguin, and Ch Breyer. Global analysis
of the techno-economic potential of renewable energy hybrid systems on small islands.
Energy Policy, 98:674-687, 2016.

Shimaa Barakat, Haitham Ibrahim, and Adel A Elbaset. Multi-objective optimization
of grid-connected pv-wind hybrid system considering reliability, cost, and environmental
aspects. Sustainable Cities and Society, 60:102178, 2020.

MM Samy, Heba I Elkhouly, and S Barakat. Multi-objective optimization of hybrid
renewable energy system based on biomass and fuel cells. International Journal of Energy
Research, 45(6):8214-8230, 2021.

Kamal Anoune, Mohsine Bouya, Abdelali Astito, and Abdellatif Ben Abdellah. Sizing
methods and optimization techniques for pv-wind based hybrid renewable energy system:
A review. Renewable and Sustainable Energy Reviews, 93:652—-673, 2018.

Mohd Daniel Azraff Bin Rozmi, Gokul Sidarth Thirunavukkarasu, Elmira Jamei, Mehdi
Seyedmahmoudian, Saad Mekhilef, Alex Stojcevski, and Ben Horan. Role of immersive

visualization tools in renewable energy system development. Renewable and Sustainable
Energy Reviews, 115:109363, 2019.

Kine Solbakken, Bilal Babar, and Tobias Bostrom. Correlation of wind and solar power
in high-latitude arctic areas in Northern Norway and Svalbard. Renewable Energy and
Environmental Sustainability, 1:42, 2016.

Gilles Notton, Said Diaf, and Ludmil Stoyanov. Hybrid photovoltaic/wind energy systems
for remote locations. Energy Procedia, 6:666-677, 2011.

Chris R Henderson, James F Manwell, and Jon G McGowan. A wind/diesel hybrid system
with desalination for Star Island, NH: feasibility study results. Desalination, 237(1-3):
318-329, 2009.

Daniel Chade, Tomasz Miklis, and David Dvorak. Feasibility study of wind-to-hydrogen
system for Arctic remote locations—Grimsey island case study. Renewable Energy, 76:
204-211, 2015.

Michael Emmanuel, Daniel Akinyele, and Ramesh Rayudu. Techno-economic analysis of a
10 kWp utility interactive photovoltaic system at Maungaraki school, Wellington, New
Zealand. Energy, 120:573-583, 2017.

QOystein Ulleberg, Torgeir Nakken, and Arnaud Ete. The wind /hydrogen demonstration
system at Utsira in Norway: Evaluation of system performance using operational data

and updated hydrogen energy system modeling tools. International Journal of Hydrogen
Energy, 35(5):1841-1852, 2010.

Kutaiba S El-Bidairi, Hung Duc Nguyen, SDG Jayasinghe, Thair S Mahmoud, and Irene
Penesis. A hybrid energy management and battery size optimization for standalone
microgrids: A case study for Flinders Island, Australia. FEnergy Conversion and
Management, 175:192-212, 2018.

A Demiroren and U Yilmaz. Analysis of change in electric energy cost with using renewable
energy sources in Gokceada, Turkey: An island example. Renewable and Sustainable Energy
Reviews, 14(1):323-333, 2010.

Tiago Malavazi de Christo, Jussara Farias Fardin, Domingos Sévio Lyrio Simonetti,
Lucas Frizera Encarnagao, and Cristina Engel de Alvarez. Design and analysis of hybrid



126 Bibliografia

energy systems: The Brazilian Antarctic Station case. Renewable Energy, 88:236-246,
2016.

[261] Said Diaf, Gilles Notton, M Belhamel, M Haddadi, and Alain Louche. Design and
techno-economical optimization for hybrid PV /wind system under various meteorological
conditions. Applied Energy, 85(10):968-987, 2008.

[262] Md Maruf-ul Karim and MT Igbal. Dynamic modeling and simulation of a remote
wind-diesel-hydrogen hybrid power system. IEEE, 2010.

[263] Maria Kalogera and Pavol Bauer. Optimization of an off-grid hybrid system for supplying
offshore platforms in arctic climates. IEEE, 2014.

[264] Shiplu Sarker. Feasibility analysis of a renewable hybrid energy system with producer gas
generator fulfilling remote household electricity demand in Southern Norway. Renewable
Energy, 87:772-781, 2016.

[265] G Sandeep and VS Vakula. Optimal combination and sizing of a standalone hybrid power
system using HOMER. TEEE, 2016.

[266] Anastasios Oulis Rousis, Dimitrios Tzelepis, loannis Konstantelos, Campbell Booth, and
Goran Strbac. Design of a hybrid AC/DC microgrid using HOMER Pro: case study on an
islanded residential application. Inventions, 3(3):55, 2018.

[267] Miguel Becerra, Jose Moran, Alejandro Jerez, Francisco Cepeda, and Miguel Valenzuela.
Wind energy potential in Chile: Assessment of a small scale wind farm for residential
clients. FEnergy Conversion and Management, 140:71-90, 2017.

[268] Chiara Boccaletti, Pietro Di Felice, and Ezio Santini. Integration of renewable power
systems in an Antarctic Research Station. Remewable energy, 62:582-591, 2014.

[269] Bilal Babar, Rune Graversen, and Tobias Bostrom. Solar radiation estimation at high
latitudes: Assessment of the CMSAF databases, ASR and ERA5. Solar Energy, 182:
397-411, 2019.

[270] Ministerio de Energia de Chile. Energia 2050: Politica energética Region de Aysén del
General Carlos Ibanez del Campo. https://www.mienergia.cl/sites/default/files/archivos/
politica-energetica-aysen-2050.pdf, 2018. Accessed: 2020-08-12.

[271] Servicios de Impuestos Internos. Doélar observado. http://www sii.cl/valores y fechas/
dolar/dolar2020.htm, 2020. Accessed: 2020-09-03.

[272] Enel Chile. Tarifas. https://www.enel.cl/es/clientes/informacion-util /tarifas-y-reglamentos/
tarifas.html, 2020. Accessed: 2020-08-13.

[273] Homer Pro. Glossary. https://www.homerenergy.com/products/pro/docs/latest/glossary.
html, 2020. Accessed: 2020-10-22.

[274] NASA. POWER Data Access Viewer. https://power.larc.nasa.gov/data-access-viewer/,
2020. Accessed: 2020-09-14.

[275] Ministerio de Energia de Chile. Explorar. http://eolico.minenergia.cl/inicio, 2020. Accessed:
2020-09-08.

[276] Ministerio de Energia de Chile. Explorar. http://solar.minenergia.cl/inicio, 2020. Accessed:
2020-09-08.

[277] Alejandra Molina, Mark Falvey, and Roberto Rondanelli. A solar radiation database for
chile. Scientific reports, 7(1):1-11, 2017.


https://www.mienergia.cl/sites/default/files/archivos/politica-energetica-aysen-2050.pdf
https://www.mienergia.cl/sites/default/files/archivos/politica-energetica-aysen-2050.pdf
http://www.sii.cl/valores_y_fechas/dolar/dolar2020.htm
http://www.sii.cl/valores_y_fechas/dolar/dolar2020.htm
https://www.enel.cl/es/clientes/informacion-util/tarifas-y-reglamentos/tarifas.html
https://www.enel.cl/es/clientes/informacion-util/tarifas-y-reglamentos/tarifas.html
https://www.homerenergy.com/products/pro/docs/latest/glossary.html
https://www.homerenergy.com/products/pro/docs/latest/glossary.html
https://power.larc.nasa.gov/data-access-viewer/
http://eolico.minenergia.cl/inicio
http://solar.minenergia.cl/inicio

Bibliografia 127

[278] Ministerio de Energia de Chile. Mediciones. http://eolico.minenergia.cl/mediciones, 2020.
Accessed: 2020-09-08.

[279] Swapnil Dubey, Jatin Narotam Sarvaiya, and Bharath Seshadri. Temperature dependent
photovoltaic (PV) efficiency and its effect on PV production in the world—a review. Energy
Procedia, 33:311-321, 2013.

[280] Meik Schlechtingen, Ilmar Ferreira Santos, and Sofiane Achiche. Using data-mining
approaches for wind turbine power curve monitoring: a comparative study. I[IEEE
Transactions on Sustainable Energy, 4(3):671-679, 2013.

[281] Yang Zhang, Anders Lundblad, Pietro Elia Campana, F Benavente, and Jinyue Yan.
Battery sizing and rule-based operation of grid-connected photovoltaic-battery system: A
case study in Sweden. FEnergy conversion and management, 133:249-263, 2017.

[282] Arian Bahrami, Chiemeka Onyeka Okoye, and Ugur Atikol. The effect of latitude on the
performance of different solar trackers in Europe and Africa. Applied energy, 177:896-906,
2016.

[283] Ministerio de Energia. LEY 20698. https://www.bcn.cl/leychile/navegar?idNorma=1055402,
2020. Accessed: 2020-10-20.

[284] Ministerio de Energia de Chile. Politica Energética de Chile 2050. https://www.mienergia.
cl/centro-de-recursos/politica-energetica-de-chile-2050, 2020. Accessed: 2020-10-28.

[285] Georgi Hristov Yordanov, Ole-Morten Midtgard, Tor Oskar Saetre, Henrik Kofoed Nielsen,
and Lars Einar Norum. Qwerirradiance (cloud enhancement) events at high latitudes.
IEEE, 2012.

[286] R Tapakis and AG Charalambides. Enhanced values of global irradiance due to the
presence of clouds in Eastern Mediterranean. Renewable energy, 62:459-467, 2014.

[287] World Bank. World Bank Open Data. https://data.worldbank.org, 2022. Accessed:
2022-06-01.

[288] Trevor B Peffley and Joshua M Pearce. The potential for grid defection of small and
medium sized enterprises using solar photovoltaic, battery and generator hybrid systems.
Renewable Energy, 148:193-204, 2020.

[289] Reza Babaei, David S-K Ting, and Rupp Carriveau. Feasibility and optimal sizing analysis
of stand-alone hybrid energy systems coupled with various battery technologies: A case
study of pelee island. Energy Reports, 8:4747-4762, 2022.

[290] Sina Makhdoomi and Alireza Askarzadeh. Optimizing operation of a photovoltaic/diesel
generator hybrid energy system with pumped hydro storage by a modified crow search
algorithm. Journal of Energy Storage, 27:101040, 2020.

[291] Hussein AZ AL-bonsrulah, Mohammed J Alshukri, Lama M Mikhaeel, Noor N AL-sawalf,
Kefif Nesrine, MV Reddy, and Karim Zaghib. Design and simulation studies of hybrid

power systems based on photovoltaic, wind, electrolyzer, and pem fuel cells. Energies, 14
(9):2643, 2021.

[292] Ambarish Panda, Umakanta Mishra, and Kathleen B Aviso. Optimizing hybrid power
systems with compressed air energy storage. Energy, 205:117962, 2020.

[293] Matthew Combe, Amin Mahmoudi, Mohammed H Haque, and Rahmat Khezri. Ac-coupled
hybrid power system optimisation for an australian remote community. International
Transactions on Electrical Energy Systems, 30(9):e12503, 2020.


http://eolico.minenergia.cl/mediciones
https://www.bcn.cl/leychile/navegar?idNorma=1055402
https://www.mienergia.cl/centro-de-recursos/politica-energetica-de-chile-2050
https://www.mienergia.cl/centro-de-recursos/politica-energetica-de-chile-2050
https://data.worldbank.org

128

Bibliografia

294]

295

[296]

297]

298]

299

300]

301

302]

303
304]
1305]
306
1307]

[308]
[309]

William Loépez-Castrillon, Héctor H Sepulveda, and Cristian Mattar. Too many solar
panels? oversizing or undersizing of hybrid renewable energy systems based on different
sources of information. Sustainable Energy Technologies and Assessments, 52:102264,
2022.

N Shaukat, SM Ali, CA Mehmood, B Khan, M Jawad, U Farid, Z Ullah, SM Anwar,
and M Majid. A survey on consumers empowerment, communication technologies, and
renewable generation penetration within smart grid. Renewable and Sustainable Energy
Reviews, 81:1453-1475, 2018.

Sunanda Sinha and SS Chandel. Review of software tools for hybrid renewable energy
systems. Renewable and sustainable energy reviews, 32:192-205, 2014.

Khizir Mahmud, Uzma Amin, MJ Hossain, and Jayashri Ravishankar. Computational
tools for design, analysis, and management of residential energy systems. Applied Energy,
221:535-556, 2018.

Subho Upadhyay and MP Sharma. A review on configurations, control and sizing
methodologies of hybrid energy systems. Renewable and Sustainable Energy Reviews, 38:
47-63, 2014.

MA Cuesta, T Castillo-Calzadilla, and CE Borges. A critical analysis on hybrid renewable
energy modeling tools: An emerging opportunity to include social indicators to optimise

systems in small communities. Renewable and Sustainable Energy Reviews, 122:109691,
2020.

Franciele Weschenfelder, Gustavo de Novaes Pires Leite, Alexandre Carlos Aratjo
da Costa, Olga de Castro Vilela, Claudio Moises Ribeiro, Alvaro Antonio Villa Ochoa,
and Alex Mauricio Araujo. A review on the complementarity between grid-connected
solar and wind power systems. Journal of Cleaner Production, 257:120617, 2020.

Huiying Zhao, Mingguo Hong, Wei Lin, and Kenneth A Loparo. Voltage and frequency
regulation of microgrid with battery energy storage systems. IEEE Transactions on smart
grid, 10(1):414-424, 2017.

Marcus Lehmann, Farid Karimpour, Clifford A Goudey, Paul T Jacobson, and Mohammad-
Reza Alam. Ocean wave energy in the united states: Current status and future perspectives.
Renewable and Sustainable Energy Reviews, 74:1300-1313, 2017.

Our World in Data. Electricity Generation. https://ourworldindata.org/grapher/
electricity-generation?tab=chart&country="0OWID WRL, 2022. Accessed: 2022-08-23.

M Lopez, M Veigas, and G Iglesias. On the wave energy resource of peru. FEnergy
Conversion and Management, 90:34-40, 2015.

James Tedd and Jens Peter Kofoed. Measurements of overtopping flow time series on the
wave dragon, wave energy converter. Renewable Energy, 34(3):711-717, 2009.

Duarte Valerio, Pedro Beirao, and José S& da Costa. Optimisation of wave energy
extraction with the archimedes wave swing. Ocean Engineering, 34(17-18):2330-2344,
2007.

Deborah Greaves and Gregorio Iglesias. Wave and tidal energy. John Wiley & Sons, 2018.
Jaime Gonzalez Velasco. Energias renovables. Reverte, 2009.

AA Babatunde, Sj Abbasoglu, and M Senol. Analysis of the impact of dust, tilt angle and


https://ourworldindata.org/grapher/electricity-generation?tab=chart&country=~OWID_WRL
https://ourworldindata.org/grapher/electricity-generation?tab=chart&country=~OWID_WRL

Bibliografia 129

orientation on performance of pv plants. Renewable and Sustainable Energy Reviews, 90:
1017-1026, 2018.

[310] CK Pandey and AK Katiyar. Hourly solar radiation on inclined surfaces. Sustainable
Energy Technologies and Assessments, 6:86-92, 2014.

[311] KN Shukla, Saroj Rangnekar, and K Sudhakar. Comparative study of isotropic and
anisotropic sky models to estimate solar radiation incident on tilted surface: A case study
for bhopal, india. Energy Reports, 1:96-103, 2015.

[312] Mehdi Bagheri, Seyed Hamid Delbari, Mina Pakzadmanesh, and Christopher A Kennedy.
City-integrated renewable energy design for low-carbon and climate-resilient communities.
Applied energy, 239:1212-1225, 2019.

[313] Christopher Jung and Dirk Schindler. The role of the power law exponent in wind energy
assessment: A global analysis. International Journal of Energy Research, 45(6):8484-8496,
2021.

[314] Nur Izzati Abdul Aziz, Shahril Irwan Sulaiman, Sulaiman Shaari, Ismail Musirin, and
Kamaruzzaman Sopian. Optimal sizing of stand-alone photovoltaic system by minimizing
the loss of power supply probability. Solar Energy, 150:220-228, 2017.

[315] Binayak Bhandari, Kyung-Tae Lee, Gil-Yong Lee, Young-Man Cho, and Sung-Hoon Ahn.
Optimization of hybrid renewable energy power systems: A review. International journal
of precision engineering and manufacturing-green technology, 2(1):99-112, 2015.

[316] Mahdi Gharibi and Alireza Askarzadeh. Technical and economical bi-objective design of a
grid-connected photovoltaic/diesel generator /fuel cell energy system. Sustainable Cities
and Society, 50:101575, 2019.

[317] Lucas de Oliveira, Ivan Felipe Silva dos Santos, Nagila Lucietti Schmidt, Geraldo Lucio
Tiago Filho, Ramiro Gustavo Ramirez Camacho, and Regina Mambeli Barros. Economic

feasibility study of ocean wave electricity generation in brazil. Renewable Energy, 178:
1279-1290, 2021.

[318] Vincenzo Franzitta, Domenico Curto, and Davide Rao. Energetic sustainability using
renewable energies in the mediterranean sea. Sustainability, 8(11):1164, 2016.

[319] Anup J Nambiar, Adam J Collin, Sotirios Karatzounis, Judy Rea, Ben Whitby, Henry
Jeffrey, and Aristides E Kiprakis. Optimising power transmission options for marine
energy converter farms. International Journal of Marine Energy, 15:127-139, 2016.

[320] Jessica Herndndez, Daniel Garcia, Humberto L Varona, Amilcar E Calzada, Alejandro
Rodriguez, Dailin Reyes, and Dayana Carracedo. Wave energy: State of the art and
current development. Pan-American Journal of Aquatic Sciences, 17(2):176-189, 2022.

[321] Paul Bertheau and Catherina Cader. Electricity sector planning for the philippine islands:
Considering centralized and decentralized supply options. Applied Energy, 251:113393,
2019.

[322] Tim O’Doherty, Daphne M O’Doherty, and Allan Mason-Jones. Tidal energy technology.
Wave and Tidal Energy, pages 105-150, 2018.

[323] Xinrui Qi, Jianmei Wang, Grzegorz Krolezyk, Paolo Gardoni, and Zhixiong Li.
Sustainability analysis of a hybrid renewable power system with battery storage for
islands application. Journal of Energy Storage, 50:104682, 2022.



130 Bibliografia

[324] Ministerio de Energia de Chile. Eficiencia Energética Mesa edificaciones. https://energia.
gob.cl/sites/default/files/20210601 - sesion 1 mesa ee en_edificaciones.pdf, 2021.
Accessed: 2020-09-08.

[325] Sergio C Capareda. Introduction to Renewable Energy Conversions. CRC Press, 2019.
[326] M Igbal. An introduction to solar radiation academic. New York, 19832, 1983.

[327] Seyed Abbas Mousavi Maleki, H Hizam, and Chandima Gomes. Estimation of hourly,
daily and monthly global solar radiation on inclined surfaces: Models re-visited. Energies,
10(1):134, 2017.

[328] Andrés Arias-Rosales and Philip R LeDuc. Comparing view factor modeling frameworks
for the estimation of incident solar energy. Applied Energy, 277:115510, 2020.

[329] John A Duffie and William A Beckman. Solar engineering of thermal processes. John
Wiley & Sons, 2013.


https://energia.gob.cl/sites/default/files/20210601_-_sesion_1_mesa_ee_en_edificaciones.pdf
https://energia.gob.cl/sites/default/files/20210601_-_sesion_1_mesa_ee_en_edificaciones.pdf

Apéndice A. Modelo analitico del sistema fotovoltaico 131

Apéndice A

Modelo analitico del sistema fotovoltaico

Al. Radiaciéon solar global horaria en una superficie

inclinada

La radiacion solar, especificamente la componente directa y difusa, se mide cominmente en
superficies horizontales. La medicién en superficies inclinadas es escaza. Esta condicion obliga a
utilizar modelos matematicos para estimar la radiacién solar incidente en superficie inclinada, a
partir de mediciones de radiacion horizontal [210]. Sin embargo, para determinar la radiacion
solar global horaria en una superficie inclinada (1), es fundamental aplicar de manera previa
dos correcciones geométricas muy importantes: i) la ecuacion del tiempo (ET'), que considera la
excentricidad de la o6rbita terrestre y su inclinacion axial y, ii) la variacion longitudinal (Ve ).
La ecuacion del tiempo expresada en minutos [325], se puede determinar usando la ecuacion
Al.1.

ET = 2292 x (0,000075 + 0,00186 cosI" — 0,032077 sin I" — 0,014615 cos 2I" — 0,04089 sin 2I")

(AL1)
4

‘/long = @

[Lsta — Lioc) (A1.2)

Donde I es el day angle expresado en grados y es equivalente a I' = 360(d,, — 1)/365, para
d,, que representa el nimero del dia en el ano. Por otro lado Vo4, expresado en grados, se
calcula mediante la ecuacién A1.2, donde Lgq es el meridiano en el que se basa la hora local
(Local Standard Time - LST), y L, que corresponde al meridiano exacto donde esta ubicado el

observador.

A medida que la tierra se mueve alrededor del sol, la hora solar cambia ligeramente con respecto

a LST. Esta diferencia de tiempo se establece con la ET', la cual tiene incidencia directa en los
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modelos matematicos que a continuacion se describen. La relacion entre la hora solar (Local
Apparent Time - LAT) y LST se define como:

ET

Una vez calculadas las dos correcciones geométricas, el siguiente paso es determinar las relaciones
geométricas de algunos angulos solares en relaciéon con una superficie inclinada. En ese sentido,

el primer angulo a calcular es el angulo horario (w) definido en la ecuacion Al.4.

w =15 x (LAT —12) (A1.4)

El angulo formado entre el plano ecuatorial de la tierra y la linea que une los centros del Sol y
la tierra, es llamado declinacion solar (). Este dngulo expresado en grados sexagesimales, puede

ser calculado de una manera muy precisa con la expresion de la ecuacion A1.5 ([320]).

§ = (0,006918 — 0,399912 cos ' + 0,070257 sin I" — 0,006758 cos 2I" 4 0,000907 sin 2I
180) (AL5)

™

—0,002697 cos 3I" + 0,00148 sin 3I") X (

Considerando que el panel solar esta inclinado y apuntando hacia el ecuador (surface azimuth
angle v = 180° hemisferio sur; v = 0° hemisferio norte), es fundamental obtener el sunrise angle
(ws). Este angulo indica la incidencia de la primera radiacion solar directa en una superficie

inclinada. El sunset angle (wss) es igual al sunrise angle con signo cambiado.

cos ' (— tan ¢ tan d)
Wss = min = —ws, South Hemisphere (A1.6)
cos ' (—tan(¢ + B) tand)

cos ' (— tan ¢ tan d)
Wgs = Min = —w,, North Hemisphere (A1.7)
cos ' (—tan(¢ — ) tané)

Donde ¢ es la latitud del lugar, £ es el angulo de inclinacién del panel solar.

El angulo de incidencia 6, corresponde al angulo entre la radiacion solar directa en una superficie
y la normal a dicha superficie (ver Eq. A1.8). A su vez, el angulo cenital 6, es el angulo de

incidencia de la radiacion solar directa sobre una superficie horizontal. Se calcula mediante la
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expresion matemaética de la Eq. A1.9.

cos f =sin d sin ¢ cos f — sin d cos ¢ sin 3 cosy + cos d cos ¢ cos 3 cos w+ (ALS)

cos d sin ¢ sin § cos 7y cos w + cos d sin 3 sin 7y sin w

cos @, = cos ¢ cosd cosw + sin ¢ sin § (A1.9)

Donde 7 es el surface azimuth angle.

Usando cosf y cosf, se determina el factor geométrico Ry, factor que relaciona la radiacion
solar directa incidente en superficie inclinada y una superficie horizontal (esta tltima conocida
con las mediciones on site). Este factor es fundamental para determinar las componentes: beam
radiation (1), reflected radiation (/) and diffuse radiation (/45), que definen la radiaciéon solar

global horaria en una superficie inclinada. La expresion matemética del R, esta dada por:

cos(¢ + ) cos 0 sin wgs + wss sin(¢ + ) sin &
cost €08 ¢ COS 0 SIN Wgs + Wss Sin ¢ Sin §
cosf, cos(¢ — () cos d sinwgs + wgs sin(¢ — B) sin g

€OS ¢ oS § sin wgg + Wss sin ¢ sin d

,  South Hemisphere and v = 180°

, North Hemisphere and v = 0°
(A1.10)

En la literatura se describen diferentes modelos para calcular la radiacién difusa sobre una
superficie inclinada. Estos modelos se clasifican en dos grandes grupos: isotrépicos y anisotropicos.
Los primeros establecen que todas las regiones del cielo son uniformes en la intesidad de /43
[327]. Sin embargo, los modelos anisotropicos consideran un cielo no uniforme. El modelo Hay
and Davies, Klucher and Reindl (HDKR) es uno de los modelos anisotropicos méas validados
[328], por lo tanto, es el modelo usado en esta investigacion. Las ecuaciones del modelo HDKR

se describen a continuacién:

Ibﬁ - RbIln (Alll)
Idﬁ = ]d [(w) (1 — fHay) <1 + fR SiIl3 (g)):| R (A112)
I, = Iy¢ (ﬂ) (A1.13)

Donde I, es la radiacion solar directa horaria sobre una superficie horizontal, I; es la radiacion
solar difusa horaria sobre una superficie horizontal, ambas obtenidas de las mediciones on site,

fr una funcién del Modelo de Klucher que determina el grado de nubosidad (ver Eq. A1.14),



134 A1l. Radiacién solar global horaria en una superficie inclinada

fHay es el indice anisotropico del Modelo de Hay (ver Eq. A1.15), Iy es la radiacion solar global

horaria sobre una superficie horizontal y ( es el albedo del suelo.

2
frR=1- (%) (A1.14)
JHay = % (A1.15)

De la Eq. A1.15 I representa la radiacién solar extraterrestre horaria para una superficie
horizontal en cualquier momento entre la salida y la puesta del sol [329]. Esta variable puede

determinarse a partir de la siguiente ecuacion:

Iy = I.Eq [sin d sin ¢ + cos § cos ¢ cos w| (A1.16)

Donde I,. es la constate solar que equivale a 1367 W/m? y FEj es el factor de correccién de
la excentricidad de la érbita terrestre (es decir, determina la variacion de la radiacion solar

extraterrestre con la época del ano). La ecuacion para calcular Fy esta dada por:

Eo = 1,000110 + 0,034221 cosT" + 0,001280 sin I + 0,000719 cos 2T" + 0,000077 sin 2I"  (A1.17)

Finalmente, la radiaciéon solar global horaria sobre una superficie inclinada viene dada por:

Ig = Igp + Lyp + I, (Al.lS)
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