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Resumen

La energia juega un papel fundamental en el desarrollo sostenible de las comunidades.
Asi,  proporcionar recursos energéticos fiables, econémicamente aceptables,
medioambientalmente respetuosos y socialmente beneficiosos, resulta esencial para el
desarrollo sostenible de las mismas. A pesar de la universalidad de dicha definicidn, el uso de
la energia estd muy vinculada al nivel de desarrollo de los paises. De este modo, la
problemdtica energética de los paises desarrollados contrasta enormemente con la de los
paises en desarrollo.

En esta tesis doctoral se ha identificado la principal problematica energética de ambas
realidades: grave impacto medioambiental de los modelos de generaciéon del transporte
tradicionales en los paises desarrollados y pobreza energética en los paises en desarrollo. A
partir del compendio de articulos cientificos de esta tesis doctoral se ha caracterizado el uso
de sistemas renovables avanzados que permite solucionar dicha problematica de forma
sostenible. En concreto, el principal problema energético en paises desarrollados ha sido
tratado mediante la planificacion energética y el disefio dptimo de sistemas hibridos de
energias renovables (HRES por sus siglas en inglés) en electrolineras, necesarios para la
introduccion de vehiculos eléctricos como alternativa de movilidad sostenible. Por otro lado, el
estudio de metodologias de disefio dptimas de HRES off grid y de las estufas para cocinar
mejoradas mediante gasificacion de biomasa se ha focalizado en la inaccesibilidad eléctricay a
sistemas de cocina limpia que sufren las comunidades en desarrollo.

Asi, esta tesis aporta una serie de metodologias para optimizar y adecuar los sistemas
renovables presentados para el desarrollo energético sostenible de las comunidades. Ademas,
no sélo demuestra la idoneidad de estos sistemas para dicho fin, sino también su versatilidad
de aplicacion en funcion del nivel de crecimiento de las comunidades.



Resum

L’energia juga un paper fonamental en el desenvolupament sostenible de les
comunitats. Aixi, proporcionar recursos energetics fiables, economicament acceptables,
mediambientalment respectuosos i socialment beneficiosos, resulta essencial per al
desenvolupament sostenibles de les mateixes. A pesar de la universalitat d’aquesta definicid,
I’Gs de la energia esta vinculada al nivell de desenvolupament dels paisos. D’aquesta manera,
la problematica energéetica dels paisos desenvolupats contrasta enormement amb la dels
paisos en desenvolupament.

A aquesta tesis doctoral s’ha identificat la principal problematica energética
d’ambdues realitats: greu impacte mediambiental dels models de generacié del transport
tradicional en els paisos desenvolupats i pobresa energetica en els paisos en
desenvolupament. A partir del compendi d’articles cientifics d’aquesta tesis doctoral s’ha
caracteritzat I'Gs de sistemes renovables avancats que permet solucionar aquesta
problematica de manera sostenible. En concret, el principal problema energétic en paisos
desenvolupats s’ha tractat mitjancant la planificacié energética i el disseny optim de sistemes
hibrids d’energies renovables (HRES, per les seues segles en anglés) en electrolineres,
necessaris per la introduccié de vehicles electrics com alternativa de mobilitat sostenible.
D’altra banda, I'estudi de metodologies de disseny optimes de HRES off grid i d’estufes per a
cuinar millorades mitjancant gasificacié de biomassa s’ha focalitzat en la inaccessibilitat
eléctrica i a sistemes de cuina neta que pateixen les comunitats en desenvolupament.

Aixi, aquesta tesis aporta una serie de metodologies per optimitzar i adequar el
sistemes renovables presentats per al desenvolupament energetic sostenible de les
comunitats. A més, no tan sols demostra la idoneitat d’aquests sistemes per a aqueix fi, sind
també la seua versatilitat d’aplicacid en funcid del nivell de creixement de les comunitats.



Abstract

Energy plays a significant role for the sustainable development of communities. Hence,
supplying reliable energy resources, which result economically acceptable, environmentally
friendly and socially beneficial, arises as essential for their sustainable development. Despite
the universality of such definition, the energy use is highly linked to the development degree
of the countries. Thus, energy problems of developed countries sharply contrast with those of
developing countries.

This doctoral thesis identifies the main energy issues of both realities: severe
environmental impact of energy generation models for traditional transport in developed
countries and energy poverty in developing countries. The compendium of scientific papers of
this doctoral dissertation characterizes the use of advanced renewable energy systems to solve
such problems in a sustainable way. Namely, the main energy issue in developed countries has
been addressed by means of energy planning and the optimal design of Hybrid Renewable
Energy Systems (HRES) in electric vehicle charging stations, which ensure the introduction of
electric vehicles as a sustainable mobility alternative. Moreover, the study of methodologies
for the optimal design of off grid HRES and improved cooking stoves based on biomass
gasification have approached the inaccessibility to electricity and to clean cooking systems that
developing communities suffer.

Therefore, this thesis provides a number of methodologies to optimize and adapt the
presented renewable energy systems for the sustainable energy development of communities.
Furthermore, it demonstrates not only the suitability of these systems for such aim, but also
their versatility of application regarding the growing degree of the communities.

Vi
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Capitulo 1. Introduccion

En este capitulo se realiza una introduccién a la tesis doctoral presentada. En primer
lugar, se analiza la problematica energética a la que se enfrentan los diferentes paises en
funcidn de su nivel de desarrollo. En segundo lugar, se revisa el estado del arte de los sistemas
energéticos renovables empleados hasta la fecha para tratar la problematica identificada. A
continuacién, se definen los objetivos a alcanzar con este trabajo. Finalmente, se muestra la
estructura general de la tesis presentada por compendio de articulos.

1.1. Problematica energética

En los ultimos afios, la concienciacion acerca de la necesidad de llevar a cabo un
desarrollo sostenible de las comunidades a nivel mundial ha aumentado de forma sustancial.
De acuerdo con Instituto Internacional para el Desarrollo Sostenible, un desarrollo sostenible
es aquel capaz de satisfacer las necesidades presentes de una poblacién sin comprometer la
capacidad de las futuras generaciones de conseguir satisfacer las suyas propias (1I1SD, 2021).

El diferente contexto politico de los paises ha jugado un papel fundamental en Ia
consecucién de dicho desarrollo a lo largo de los afios, tal y como detallan los estudios (de
Jong and Vijge, 2021; Ezbakhe and Pérez-Foguet, 2021). Con el fin de unificar ese entorno
gubernamental, en la Declaraciéon del Milenio 2000 de las Naciones Unidas se constituyé el
primer marco de gobernanza para la consecucién de un desarrollo sostenible a nivel mundial
(Cuenca-Garcia et al., 2019). Posteriormente, el 25 de septiembre de 2015 se cred La Agenda
de Desarrollo Sostenible 2030, vigente en la actualidad. Esta agenda incluye 17 objetivos de
desarrollo sostenible con 169 metas especificas a ser alcanzadas en 2030 a nivel global para
erradicar la pobreza, proteger el planeta y asegurar la prosperidad. La consecucidn de estas
metas englobaria a diferentes actores: gobiernos, sector privado, sociedad civil y personas
individuales (Simsek et al., 2020; UN, 2019).

La energia resulta un factor esencial para conseguir alcanzar los objetivos de desarrollo
sostenible de forma universal (Simsek et al., 2020). Vera y Langlois afirman que la provision de
servicios energéticos adecuados y fiables a un coste asumible, medioambientalmente inocuos
y consecuentes con las necesidades de desarrollo sociales y econdmicas de la comunidad en
cuestion, resulta un elemento fundamental para su desarrollo sostenible (Vera and Langlois,
2007). Arto et al. declaran que la energia, en sus diferentes formas, es esencial para proveer a
los ciudadanos de los recursos basicos: educacion, sanidad, alimentacién, vivienda, empleo y
distribucidon justa de ingresos, jugando un rol esencial para erradicar la pobreza (Arto et al.,
2016). Ademas, Munasinghe presenta a la energia como el elemento central en cualquier
discusidn sobre desarrollo sostenible debido a su impacto directo sobre las tres dimensiones
que lo caracterizan: econdmico, social y medioambiental (Munasinghe, 2002).

1.1.1. Relacidn entre el nivel de desarrollo de los paises y el uso de la energia

A pesar de la universalidad de este factor, numerosos autores han investigado durante
décadas la relacion entre el nivel de desarrollo de los paises y el uso de la energia (Alam et al.,
1998; Dias et al., 2006; Lambert et al., 2014; Mazur and Rosa, 1974; Steinberger and Roberts,
2010).
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El grado de desarrollo de los paises se mide a partir del indice de Desarrollo Humano
(HDI, por sus siglas en inglés “Human Development Index”), que considera 3 dimensiones: la
esperanza de vida, la educacidon y los ingresos per capita (UNDP, 2021a). De acuerdo con la
ultima publicacion del HDI en 2019, los paises con un mejor indice fueron Noruega (0.957),
Irlanda (0.955) y Suiza (0.955), mientras que los tres peores fueron Chad (0.398), Republica
Centro Africana (0.397) y por ultimo Republica del Niger (0.394) (UNDP, 2021b). En la Figura 1
se puede observar también el HDI a nivel mundial. De forma global, los paises de Africa central
presentan el HDI mas bajo, seguidos de algunas zonas de Sudafrica, sudeste asidtico y centro
América. Por otro lado, América del Norte, Europa, el Norte de Asia, Oceania y la zona sur de
Sudamérica presentan los mayores HDI. Se identifica asi a los paises desarrollados y los paises
en desarrollo.

[l \Vuy atto (= 0,800) [ ]Bajo (< 0,549)
[l Atto (0,700-0,799) [ Datos no disponibles
[ Medio (0,550-0,699)

Figura 1. indice de desarrollo humano a nivel mundial. Fuente: (PNUD, 2019).

Paises desarrollados

El desarrollo econdmico y social de los paises desarrollados ha derivado en el
crecimiento de algunos sectores, especialmente el del transporte (Pérez Martinez, P. J., &
Monzdn de Caceres, 2008). De acuerdo con el Banco Mundial, “el transporte es un motor
fundamental del desarrollo econdmico y social de un pais ya que genera oportunidades para
los sectores empobrecidos y mejora la competitividad de la economia” (WB, 2021).

Sin embargo, su modelo de generacién energética ha conllevado a un preocupante
impacto medioambiental. Hoy en dia, el sector transporte es responsable de cerca del 25% de
las emisiones CO, emitidas a la atmédsfera de forma global y de alrededor del 50% de las
emisiones de efecto invernadero en las ciudades, propiciando el calentamiento global (Teixeira
and Sodré, 2018). Esto es debido a que en torno al 93% del consumo del transporte en 2017
provino de combustibles derivados del petréleo (IEA, 2017a), cuyos recursos existen de forma
limitada en la naturaleza. De este modo, el negativo impacto ambiental de los modelos de
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generacion de energia del transporte tradicional sobre el cambio climatico definen la
problematica energética a afrontar por los paises desarrollados.

La electrificacion del transporte podria suponer una solucion medioambiental a esta
situacién, siendo para ello necesario analizar el modelo energético de generacién para recarga
de estos vehiculos (Zheng et al., 2019). Es cierto que, durante la etapa de conduccidn, los
vehiculos eléctricos (EVs, por sus siglas en inglés “Electric Vehicles”) no emitirian ningun
contaminante. Sin embargo, durante el proceso de generacion eléctrica para su recarga si que
podrian emitir contaminantes dependiendo del tipo de recursos energéticos que intervengan
(Manjunath and Gross, 2017). Asi, los mixes eléctricos formados por tecnologias
contaminantes en alto porcentaje, como el carbdn (942.33 gCO,/kWh) o el petréleo (773.8
gC0O,/kWh), generarian grandes cantidades de CO, por cada unidad de energia eléctrica
generada. Por ejemplo, los sistemas de generacién de China y Australia se considerarian
altamente contaminantes, ya que el carbdn representa un 72% y un 67 % de sus respectivos
mix eléctricos (Woo et al., 2017).

Por el contrario, en aquellos sistemas formados principalmente por energias limpias,
como la energia solar fotovoltaica (65.05 gCO,/kWh) o la energia edlica (17.63 gCO,/kWh), las
cantidades de diéxido de carbono por unidad de energia eléctrica generada serian muy
reducidas. Noruega presenta en este sentido el sistema de generacidn mas limpio, estando
este formado en un 94% por energia hidroeléctrica (Woo et al., 2017).

A parte del problema medioambiental, numerosos estudios prevén un impacto
negativo en las redes eléctricas de los paises desarrollados por la introduccion masiva
pronosticada de EVs (Clairand et al., 2018; Deb et al., 2018; Galiveeti et al., 2018). La demanda
eléctrica de estos vehiculos podria traducirse en elevados picos en las curvas de consumo
eléctrico si las recargas coincidieran temporalmente con las horas punta actuales de demanda.
En esos momentos, el mix eléctrico depende en gran parte de tecnologias contaminantes y
dependientes de los combustibles fésiles. A diferencia de los patrones de consumo
tradicionales, los estudios cientificos prevén que las recargas eléctricas tengan un caracter
aleatorio, con mayores concentraciones hacia el final del dia (Clement-Nyns et al., 2010; Dang,
2018). Asi, la nueva demanda generada por los EVs podria superponerse a los actuales picos de
consumo, provocando toda una serie de problemas sobre la red eléctrica (Gong et al., 2018).
Clement-Nyns et al. muestran como una penetracién relevante de EVs provocaria caidas y
desviaciones de tensidn, las cudles alcanzaron hasta el 10.3% en su estudio (Clement-Nyns et
al., 2010). J. Su et al. analizaron el impacto de la penetracidon de vehiculos eléctricos en Nueva
Zelanda, donde la demanda eléctrica iria aumentando cada afio, concentrandose el consumo
en las horas pico, especialmente hacia el final del dia. En su estudio, se observa también como
las horas pico aumentan anualmente hasta el afio 2040, en el cual la maxima demanda pico
excederia toda la capacidad de generacion instalada en 2018 en Nueva Zelanda (Su et al.,,
2019). Liu et al. estiman que la penetracién de vehiculos eléctricos en el Norte de Europa
alcanzarda el 100% en 2050, pronosticandose también un incremento de la curva de consumo
en las horas pico, especialmente al final del dia (Liu et al., 2014).
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Paises en desarrollo

La problematica energética descrita para los paises desarrollados contrasta con la
realidad de los paises en desarrollo. El estudio de la energia en estos uUltimos, revela su mayor

problemdtica: la pobreza energética (Gonzalez-Eguino, 2015; Kaygusuz, 2012). En este
contexto, la pobreza energética se establece como un problema de acceso a fuentes de

energia modernas, principalmente al gas y a la electricidad (ACA, 2021).

Los datos del Banco Mundial muestran que 1200 millones de personas carecen aun de
acceso a la electricidad (Garba and Bellingham, 2021), mientras que 2700 millones de personas
todavia no tienen acceso a sistemas energéticos limpios para cocinar (in English, 1.2 and 2.7
billion people, respectively). La mayoria de estas personas se concentra en zonas rurales de los
paises anteriormente indicados (Figura 1), cuya orografia dificulta en gran medida el
transporte y limita la accesibilidad a los recursos energéticos (Liu et al., 2019).

Esta situacidon hace practicamente imposible la conexion a la red eléctrica de dichas
poblaciones (Khamis et al.,, 2020). Asi, los habitantes se ven obligados a usar grupos
electrégenos alimentados por combustibles fdésiles altamente contaminantes, que generan
niveles de ruidos superiores a 55 dB y cuyo uso recomendable corresponde a periodos
relativamente cortos (Ali Ahmed et al.,, 2015). Ademas, la generacién de energia eléctrica
mediante estos equipos es cara por los altos costos del combustible, de su transporte y de las
constantes operaciones de mantenimiento y reparacién de los equipos (Duran and Sahinyazan,
2020).

Para la iluminacién, los sistemas tradicionales empleados en estas zonas remotas son
las velas o ldmparas de queroseno, cuya calidad luminica es muy baja, al igual que el drea que
pueden iluminar. Ademas, la probabilidad de que estos sistemas provoquen incendios es muy
elevada, ya que las casas de estas comunidades suelen ser de madera y/o paja (Chamania et
al., 2015). El humo de las lamparas de queroseno puede provocar también graves problemas
de visidn, respiratorios e incluso cancer de garganta y pulmoén (Bensch et al., 2017).

Por otro lado, los residentes se ven forzados también a usar los Unicos recursos a su
alcance para cocinar, como el carbdn o la lefia, empleando mucho tiempo en la recoleccion de
dichos recursos. La recoleccion masiva de biomasa tradicional ha contribuido a Ia
deforestacion y degradacion de la tierra en estas zonas (Barbieri et al., 2017). Ademas, el
sistema de coccién que usan (estufas abiertas basadas en la combustién de los anteriores
recursos) tiene una eficiencia térmica muy baja. Esto conlleva a un consumo excesivo de
combustibles contaminantes, lo que desemboca en altas emisiones de CO, sobre la atmdsfera
(Barbieri et al., 2018). También, cuando se emplean dichas estufas abiertas en cocinas
interiores, el humo que generan causa graves problemas respiratorios y oculares en los
usuarios (Liu et al., 2019).

1.2. Antecedentes

Tras identificar la problematica energética para el avance sostenible de las
comunidades en funcion de su nivel de desarrollo, se muestra la revisién de la literatura acerca
de los sistemas energéticos renovables empleados hasta la fecha para su mejora.



Capitulo 1. Introduccion

1.2.1. Paises desarrollados

Por un lado, el mayor problema energético de los paises desarrollados reside sobre el
negativo impacto ambiental de los modelos energéticos de generacidn del transporte
tradicional sobre el cambio climdtico (apartado 1.1). La electrificacién del transporte eléctrico
se ha identificado como una solucién a la problematica para el desarrollo sostenible, sujeta a
dos nuevos condicionantes: contaminacidn asociada al mix eléctrico para su recarga y efectos
perjudiciales en la red eléctrica vinculados a una introduccidon masiva de EVs.

Descarbonizacion del transporte electrificado

Respecto a la contaminacidn producida por los EVs durante la recarga, la literatura
cientifica hace referencia a este condicionante en varios articulos cientificos. Teixeira y Soldré
establecen que los EVs son considerados “zero tailpipe emissions”, ya que durante la
conduccién no emiten contaminantes. Sin embargo, anuncian que la recarga de estos
vehiculos puede estar sujeta a emisiones de CO; en funcién del mix eléctrico empleado
(Teixeira and Sodré, 2018). Morrissey et al. también determinan la importancia de la etapa de
recarga de los EVs respecto a su impacto medioambiental, asi como el andlisis de la intensidad
de carbdn de las tecnologias que componen el sistema de generacion eléctrica (Morrissey et
al., 2016). Weiss et al. afirman que dicha intensidad determinara la idoneidad medioambiental
de la introduccion de EVs respecto a la reduccion neta de emisiones CO; sobre los vehiculos
tradiciones de combustién (ICEVs, por sus siglas en inglés “Internal Combustion Engine
Vehicles”) (Weiss et al., 2015).

La literatura cientifica muestra como el método Well-to-Wheel (WtW) ha sido
ampliamente usado para analizar las emisiones totales netas de los EVs en funcion del sistema
de generacidon y compararlas con las correspondientes a los ICEVs (Athanasopoulou et al.,
2018; Ke et al., 2017; Qiao et al., 2019). Esta metodologia considera el proceso completo de
energia en los vehiculos, desde la extraccidon de las materias primas hasta la conduccién. Asi, el
andlisis incluye dos etapas: Well-to-Tank (WtT) y Tank-to-Wheel (TtW) (Kosai et al., 2018).

Woo et al. analizan las emisiones provocadas por los EVs teniendo en cuenta el mix
eléctrico de 70 paises, asi como las de los ICEVs, ambas mediante WtW. Los resultados
muestran como los paises con tecnologias mas contaminantes son los que tendrian mayores
emisiones CO, provocadas por EVs. En ciertos paises, estas emisiones superarian incluso a las
provocadas por los ICEVs (Woo et al., 2017). Moro y Lonza realizan un estudio similar, en este
caso aplicando la metodologia WtW a todos los paises de la Union Europea. El andlisis
considera también la intensidad de carbdn correspondiente a los importaciones/exportaciones
de energia entre paises y como afectan a los mix eléctricos resultantes (Moro and Lonza,
2018). Ehrenberger et al. realizan la comparacién de emisiones entre ICEVs y EVs mediante
W1tW para los cuatro paises con mayores ventas de coches privados (Alemania, Estados
Unidos, China y Japdn) y para el pais con mayor introduccion de renovables en su mix eléctrico
(Noruega) (Ehrenberger et al., 2019).

Todos los autores afirman asi que la descarbonizacion del transporte con la
penetracion de los EVs sélo podrd conseguirse mediante la introduccion de energias
renovables, para asi asegurar el desarrollo sostenible de las comunidades (Shen et al., 2019).
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Diversas investigaciones han analizado como estas variaciones en los modelos
energéticos afectarian a las emisiones provocadas por los EVs. Dong et al. presentan un
modelo dindmico experimental para simular las emisiones de ICEVs y EVs bajo ocho ciclos de
conduccién teniendo en cuenta la evolucidon de los escenarios de generacién de los lugares
bajo estudio (Europa, China y Japdn) (Dong et al., 2019). Van den Broek et al. usan el modelo
MARKAL para simular los escenarios de generacién eléctrica que permitan reducir las
emisiones de CO; asociadas al transporte en Paises Bajos en un 15% y 50% para 2020 y 2050
respectivamente sobre los niveles de 1990 y considerando la introduccién prevista de EVs en
dicho pais (van den Broek et al., 2008). Jochem et al. utilizan el modelo PERSEUS-NET-TS para
simular cuatro escenarios de generacidn eléctrica que permitan alcanzar los niveles de
reduccion de didxido de carbono en el transporte pronosticadas en Alemania para 2030 con la
penetracion de EVs (Jochem et al., 2015).

Impacto sobre la red eléctrica

Respecto a la introduccion de EVs, los estudios prevén que se produzca de forma
exponencial a corto-medio plazo en los paises desarrollados (Muneer et al., 2015). La demanda
eléctrica podria verse aumentada, si las recargas de EVs coincidieran temporalmente con los
actuales picos de demanda, lo cual generaria graves impactos sobre las redes eléctricas
(Clairand et al., 2018; Deb et al., 2018; Galiveeti et al.,, 2018). De este modo, la literatura
cientifica propone la planificacion de estrategias de recarga y desarrollo de microrredes con
integracién de energias renovables para evitar estos aumentos en la demanda y sus negativas
consecuencias sobre la red eléctrica (Gong et al., 2018; Ortega-Vazquez et al., 2013).

La mayoria de las investigaciones estan basadas en el concepto “desplazamiento de
consumo”. Este método consiste en el traslado de parte de la demanda eléctrica producida
durante los periodos de consumo pico hacia otros periodos con menor demanda,
principalmente hacia periodos valle (Lépez et al., 2015). Se consigue asi una cobertura total de
la demanda, la cual se ha aplanado, sin implicaciones negativas sobre la red eléctrica. Su et al.
aplican este concepto al caso de estudio de Nueva Zelanda en 2030-2040, donde se prevé una
penetracion exponencial de EVs. A partir del comportamiento de recarga de los EVs,
determinan una serie de estrategias de recarga basadas en restricciones de tiempo para el
aplanamiento de la curva de demanda tras la introduccion de EVs (Su et al., 2019). Liu et al.
estudian la planificacion energética de los paises noérdicos europeos en 2050, donde
pronostican que toda la flota de coches particulares sea eléctrica. Aplican la metodologia
desplazamiento de carga a partir de estrategias temporales de recarga de EVs que consideran
el precio spot (Liu et al., 2014). Limmer y Rodemann analizan estrategias de recarga de EVs en
electrolineras (EVCS, por sus siglas en inglés “Electric Vehicle Charging Station”) basadas en
precios dinamicos. Su objetivo es doble: maximizar los beneficios de los operadores de las
estaciones y reducir los picos de demanda eléctrica (Limmer and Rodemann, 2019). Otras
estrategias de recarga proponen ajustar esta curva de demanda a la produccién eléctrica con
una alta contribucion de renovables. La participacion predominante de este tipo de
tecnologias en el mix eléctrico se ha establecido como necesaria para asegurar una
introduccion sostenible de los EVs. Por ejemplo, Colmenar-Santos et al. presentan una
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estrategia de recarga para estos vehiculos contemplando el escenario de energias renovables
pronosticado para Europa en 2050 (Colmenar-Santos et al., 2019).

Figura 2. Desplazamiento de consumo. Fuente: (Su et al., 2019).

Por otro lado, el desarrollo de microrredes basadas en energias renovables a través de
HRES permitira también reducir la presién sobre la red eléctrica causada por la introduccién
prevista de EVs, contribuyendo ademas al desarrollo sostenible de las comunidades (Quddus
et al.,, 2019; Wu et al.,, 2021). Varios articulos cientificos muestran su idoneidad sobre
instalaciones comunes de recarga, como es el caso de EVCS. Asi, Dominguez-Navarro et al.
determinan la configuracién de HRES para EVCS que optimiza el coste actual neto de la
instalacion a partir del algoritmo de optimizacién genética (Dominguez-Navarro et al., 2019).
Savio et al. se centran en el andlisis de potencia de un HRES con recursos solares fotovoltaicos,
conexién a red y apoyo de baterias para alimentar a una electrolinera de recarga rdpida. Los
resultados experimentales verifican los flujos de corriente y balances de potencia previamente
simulados mediante MATLAB/Simulink (Savio et al.,, 2019). Tulpule et al. realizan una
comparacién econdmica y medioambiental entre una estrategia de recarga controlada y otra
no controlada en una electrolinera con aportacion de renovables y conexion a red para dos
casos de estudios en Estados Unidos: Columbus (Ohio) y Los Angeles (California) (Tulpule et al.,
2013).

1.2.2. Paises en desarrollo

Por otro lado, la pobreza energética se ha identificado como el mayor problema
energético asociado a los paises en desarrollado. Este problema queda enmarcado en la
inaccesibilidad de los habitantes a la electricidad y a sistemas energéticos limpios para cocinar,
especialmente en las zonas rurales (apartado 1.1).

Acceso a la energia eléctrica

En cuanto a la inaccesibilidad a la energia eléctrica, la literatura cientifica muestra
como las energias renovables suponen una solucién medioambiental al problema. Estas
energias provienen de recursos naturales abundantes, ilimitados y accesibles para los
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habitantes de la regidn en cuestion, como el sol, viento, mareas, etc, a partir de los cuales es
posible generar energia eléctrica de forma limpia (Ramirez Delgado et al., 2013). Respecto a las
comunidades aisladas de la red eléctrica, la mayoria se ubican en Africa, Sudamérica y el
sudeste Asiatico (IEA, 2017a). En estas zonas, los niveles de irradiacién anuales son muy
elevados, lo que convierte a la energia solar fotovoltaica en un tipo de tecnologia renovable
idéneo para electrificacion rural (Joshi et al.,, 2019). Ademads, el coste de este tipo de
instalaciones es cada vez mas econémico, debido a la estandarizacién y reduccion de coste de
sus elementos, asociados a la economia de escala (Baurzhan and Jenkins, 2016) .

A partir del afo 2000, numerosos estudios de electrificacién rural mediante energia
solar fotovoltaica fueron implementados en regiones de Africa (Hurtado et al., 2015; Moner-
Girona et al., 2006; Njoh et al., 2019; Photovoltaics Bulletin, 2003; Wassie and Adaramola,
2021a). También en Sudamérica (Diaz et al., 2011) y sudeste asiatico (Mainali and Dhital, 2015;
Palit, 2013). Los recursos edlicos abundantes en algunas poblaciones de estas zonas también
propiciaron el uso de pequefios aerogeneradores para electrificacion de zonas aisladas (Leary
et al., 2019; Lépez-Gonzalez et al., 2020). Ademas, se encuentran algunas instalaciones rurales
basadas en sistemas aislados de biomasa (Pinheiro et al., 2011).

Sin embargo, el uso de un Unico tipo de energia renovable en estas instalaciones
aisladas muestra su dependencia en otros sistemas (principalmente, sistemas de
almacenamiento o grupos electrégenos) en los momentos en los que los recursos renovables
no estan disponibles. Un gran numero de estudios cientificos, asi como la Agencia
Internacional de Energia (IEA, 2017a), han demostrado la idoneidad de utilizar HRES para la
electrificaciéon de zonas aisladas de la red eléctrica (Kartite and Cherkaoui, 2019). Estos
sistemas, combinan los distintos tipos de recursos renovables presentes en la regidn
correspondiente, de forma que las limitaciones de un tipo de tecnologia quedan cubiertas con
el resto de fuentes. Los HRES incluyen también sistemas de respaldo propios de instalaciones
renovables convencionales, como las baterias o grupos electrégenos. Sin embargo, la
hibridacion del sistema permite reducir en gran medida su dependencia en dichos sistemas de
apoyo (Goel and Sharma, 2017).

Desde 2008 aproximadamente, se han llevado a cabo numerosos estudios de
electrificaciéon rural mediante HRES. El objetivo general de estos estudios ha tenido
tradicionalmente un cardcter tecno-econdmico: dimensionar el HRES de acuerdo con los
recursos disponibles en la comunidad, asegurando la fiabilidad del sistema y al menor coste
posible.

Muralikrishna and Lakshminarayan determinan que la combinacidn solar-edlica-
baterias es la opcidn econdmica y técnicamente mejor para la electrificacion de las aldeas
remotas de Tamil Nadu (India), de acuerdo a una serie de condiciones: distancia a la red
eléctrica superior a 50 km, energia requerida diaria menor a 75 kWh/dia y coste de los paneles
inferior a 1.515 $ (1.28 €). Ademds, anuncian también que el Coste Compensado de la Energia
(LCOE, por sus siglas en inglés “Levelized Cost of Energy”) del HRES es menor que si la
instalacion estuviera formada Unicamente por recursos solares o edlicos (Muralikrishna and
Lakshminarayana, 2008). Abbas y Hassan establecen que un HRES formado también por
energia solar y edlica, respaldado en este caso por un grupo electrogeno diésel, permitiria
proporcionar energia eléctrica para uso doméstico y suministro de agua a 200 habitantes en la
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poblacién remota de Rakhi Gaj (Pakistan) con un coste de energia menor que el de una
instalacion Unicamente formada por recursos solares, edlicos o por grupo electrogeno (Abbas
and Qadeer-Ul-Hasan, 2015).

En los estudios de Bhandari et al. (Bhandari et al., 2014) y Ma et al. (Ma et al., 2014),
focalizados en la electrificacidon de las aldeas rurales de Thingan y Kolkhop, en Nepal y de una
isla remota de Hong Kong respectivamente, sefialan que el respaldo de recursos
hidroeléctricos para los HRES solares y edlicos supone una solucidon econdmicamente efectiva
para estos sistemas e idoénea debido a su caracter totalmente renovable. Remarcan también
gue no todas las comunidades tienen posibilidad de incluir respaldo hidroeléctrico por sus
caracteristicas orogréficas. Mostofi y Shayeghi afiaden a esta combinacién las baterias de
hidrogeno para la electrificacion de 12 aldeas rurales de la zona Meshkinshahr, en Iran,
anunciando que el coste por unidad de energia generada por el HRES disminuye al incluir los
recursos hidroeléctricos (Mostofi and Shayeghi, 2012).

El respaldo de sistemas de biomasa para HRES con recursos solares y edlicos aparece
también en gran parte de la literatura cientifica. Dhass y Santhanam establecen que esa
combinacion (solar-edlica-biomasa) es la que presenta un menor LCOE para la electrificacion
de la poblacidn aislada de Pongalur en Tamilnadu (India). Ademas, los costes del ciclo de vida 'y
unitarios resultan menores para el HRES que para un sistema renovable convencional (Dhass
and Harikrishnan, 2013). Sharma y Goel determinaron que esa combinacién de recursos
presentaba el menor coste de energia, el menor coste actualizado neto y el menor coste de
operacion para las aldeas rurales de Odisha (India). En este estudio se muestra también la
reduccion de emisiones CO; respecto a la electrificacion Unicamente con un generador diésel:
83.04% (Sharma and Goel, 2016).

Relacionado con este ultimo aspecto, las investigaciones sobre HRES han mostrado sus
beneficios medioambientales. Azoumah et al., establecen que un HRES solar (18 kW,)-diésel
(35.5 kW) para electrificacion de aldeas rurales de Burkina Faso (Africa) es capaz de reducir
hasta 445 toneladas de CO; en comparacidn con un generador diésel convencional (38.5 kW)
(Azoumah et al., 2011). El HRES solar-edlico-diésel-bateria estudiado por Rohaniy Nour para el
area remota de Ras Musherib (Abu Dhabi) reduce las emisiones de CO, en un 37% en
comparacién con un generador diésel Unico (Rohani and Nour, 2014).

Ademas, el acceso a la electricidad conseguido mediante HRES en poblaciones remotas
genera una serie de beneficios socio-econémicos sobre la poblacidon: mayor acceso a la
educacion, generacion de empleo, reduccién de contaminacién...(Mandal et al., 2018).

Acceso a sistemas energéticos limpios para cocinar

En cuanto a la inaccesibilidad a sistemas energéticos limpios para cocinar, las
denominadas Estufas para Cocinar Mejoradas (ICS, por sus siglas en inglés “Improved Cooking
Stoves”) mediante Gasificacion de Biomasa (ICS-G) han tratado de resolver dicha problematica
(Chica and Pérez, 2019). Estas estufas son sistema de cocina cerrados cuyo disefio mejora la
eficiencia térmica del proceso (mejor combustidn, transferencia de calor y reduccién de
humos) empleando biomasa para la combustién (Mehetre et al., 2017). Esta biomasa
corresponde en la gran mayoria de casos a residuos agricolas, cuya quema tradicional era
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responsable del 40% de las emisiones de CO,, 32% de CO, 20% de particulas finas suspendidas
y 8% de otras emisiones enviadas hacia la atmésfera (CCA, 2014; Ministry of Agriculture, 2012).
Se emplea asi un combustible renovable, facilmente accesible, con impacto climatico neutro y
socialmente viable.

Aunque el primer programa de desarrollo de ICS data de 1950 (Rahman, 2010), no fue
hasta mediados de 1980 cuando estos planes focalizaron la investigacion en las necesidades de
los consumidores: reduccidn de humos, seguridad de los usuarios, eficiencia térmica y uso de
biomasa. Entre ellos, destaca el programa indio “Programa Nacional Indio sobre Chulhas
mejoradas”, que concluyd con la introduccion de cerca de 35 millones de ICS en India entre
1983 y 1985 (Hanbar and Karve, 2002). Por otro lado, el plan chino “Programa Nacional Chino
sobre Estufas Mejoradas” introdujo cerca de 129 millones de ICS entre 1982 y 1992,
principalmente en zonas rurales, siendo considerado uno de los programas mas exitosos en
este dmbito (Smith et al.,, 1993). Finalmente, en 2010 se lanzé “la Alianza Global para las
Estufas de Cocina Limpias”. Liderada por las Naciones Unidas, el objetivo de esta alianza fue la
introduccion de estos sistemas en cerca de 100 millones de hogares en la década de 2020
(Lindgren, 2020).

Estos programas quedan recopilados en los estudios (Kshirsagar and Kalamkar, 2014) y
(Manoj Kumar et al., 2013). En este ultimo, Kumar et al. muestran también el desarrollo
tecnoldgico y de disefio que han sufrido estas estufas desde sus origenes hasta la actualidad
(Manoj Kumar et al., 2013). Mehetre et al. hacen una amplia revisién y comparacion de los
protocolos a nivel mundial de las ICS-G, de los diferentes modelos y de los avances que se han
producido en las mismas (Mehetre et al., 2017). Patriti et al. estudian los efectos que la
contaminacion de las cocinas tradicionales de biomasa provoca en los usuarios y su mitigacion
mediante las ICS-G (Pratiti et al., 2020). Vahlne y Ahlgren muestran también la implicacion
politica necesaria para llevar a cabo una transicion ecoldgica hacia las ICS-G en las
comunidades rurales (Vahlne and Ahlgren, 2014).

Ademads, numerosos estudios muestran los positivos resultados econdmicos,
medioambientales y sociales tras introducir ICS-G en poblaciones rurales en vias de desarrollo:
Etiopia (Wassie and Adaramola, 2021b), Iran (Rasoulkhani et al., 2018), India (Jeuland et al.,
2020), Ghana (Dickinson et al., 2019), Pakistan (Harijan and Ugaili, 2013) o Peru (Fandifio-Del-
Rio et al., 2020) entre otros.

1.3. Objetivos

El objetivo principal de esta tesis doctoral es el estudio de sistemas renovables
avanzados que permitan resolver los problemas energéticos principales enmarcados en el
contexto de desarrollo de las comunidades, para asi favorecer su crecimiento sostenible.

Los objetivos especificos de la tesis se detallan a continuacion:

e Identificacion de los principales problemas energéticos de paises desarrollados frente
a los de paises en desarrollo y revision del estado del arte sobre soluciones renovables
a la problematica identificada.

11
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1.4.

Planificacién energética renovable y de estrategias de recarga para alcanzar una
descarbonizaciéon del transporte electrificado en paises industrializados.
Caracterizacion de HRES en EVCS para conseguir una introduccién sostenible de EVs en
comunidades avanzadas.

Caracterizacion de HRES para permitir el acceso a la electricidad a comunidades
aisladas en desarrollo.

Caracterizacion de ICS-G para permitir el acceso a sistemas energéticos limpios de
cocina en zonas remotas en desarrollo.

Estructura

El trabajo presentado corresponde a una tesis doctoral por compendio de articulos

cientificos. De este modo, cada publicacion puede ser leida de forma auténoma, ya que

contiene los apartados necesarios para su completa comprension: introduccién, metodologia,

resultados y conclusiones. Sin embargo, el conjunto de los mismos conforma un trabajo

completo sobre el estudio de sistemas renovables avanzados para el desarrollo energético

sostenible.

La tesis estd compuesta por 5 capitulos. Al tratase de una tesis doctoral internacional,

la mayor parte del trabajo se ha redactado en inglés. En concreto, los capitulos 2, 3, 4y 5 se

presentan en inglés, mientras que el capitulo 1 se presenta en castellano.

La estructura de la tesis se muestra a continuacion:

Capitulo 1. Introduccidn.

1.1.

1.2.

1.3.
1.4.

Problematica energética.
1.1.1. Relacidn entre el nivel de desarrollo de los paises y el uso de la energia.
Antecedentes.
1.2.1. Paises desarrollados.
1.2.2. Paises en desarrollo.
Objetivos.
Estructura.

Chapter 2. Scientific publications.

2.1.

2.2,
2.3.

2.4.
2.5.

2.6.

Assessing transport emissions reduction while increasing electric vehicles and
renewable generation levels.

Light electric vehicle charging strategy for low impact on the grid.

Multicriteria design and experimental verification of hybrid renewable energy
systems. Application to electric vehicle charging stations.

Microrredes hibridas, una solucidn para paises en vias de desarrollo.

Hybrid assessment for a hybrid microgrid: A novel methodology to critically analyse
generation technologies for hybrid microgrids.

Sustainable Cooking Based on a 3 kW Air-Forced Multifuel Gasification Stove Using
Alternative Fuels Obtained from Agricultural Wastes.
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Chapter 3. General discussion of the results.

Chapter 4. Conclusions.

4.1. Goals fulfilment.
4.2. Main contributions
4.3, Future research lines.

Chapter 5. Bibliography

El capitulo 1 realiza una introduccidn a la tesis doctoral presentada. En primer lugar, se
analiza la problematica energética a la que se enfrentan los diferentes paises en funcién de su
nivel de desarrollo. En segundo lugar, se revisa el estado del arte de los sistemas energéticos
renovables empleados hasta la fecha para tratar la problematica identificada. A continuacion,
se definen los objetivos a alcanzar con este trabajo. Finalmente, se muestra la estructura
general de la tesis presentada por compendio de articulos.

El capitulo 2 muestra las seis publicaciones cientificas que conforman la presente tesis
por compendio de articulos. A continuacidn, se muestra el resumen de dichas publicaciones.

Por un lado, las publicaciones cientificas 1, 2 y 3 se centraron en el uso de sistemas
renovables avanzados para solucionar la principal problematica identificada en los paises
desarrollados: el negativo impacto del transporte tradicional sobre el medioambiente.

La primera publicacién “Assessing transport emissions reduction while increasing

electric vehicles and renewable generation levels” (Bastida-Molina et al., 2020a) presenta una
metodologia nueva que permite evaluar la sostenibilidad de los EVs. Asi, calcula el balance
neto de emisiones CO, de EVs e ICEVs a través de la herramienta Well-to-Wheel (WtW). A
continuacién, desarrolla un proceso iterativo sobre la contribucién necesaria de energias
renovables en el mix eléctrico para alcanzar unos ciertos niveles de reduccién de emisiones. Se
aplicé al caso de estudio de Espafia para un futuro a medio plazo.

El articulo ha sido publicado en la revista “Transportation Research Part D: Transport
and Environment”, del grupo Elsevier. De acuerdo con Journal Citation Reports (JCR) 2019 de
Web of Science, la revista tiene un factor de impacto de 4.577 y se ubica en el cuartil Q2 de la
categoria “Transportation Science and Technology” (10/36). En el ranking SCImago (SJR) 2019
de Scopus se ubica en el cuartii Q1 de las categorias “Environmental Science” y
“Transportation”.

La segunda publicacidn “Light electric vehicle charging strategy for low impact on the

grid” (Bastida-Molina et al., 2020b) muestra una metodologia para evitar el impacto negativo
sobre la red eléctrica de una masiva introduccién de EVs. El método traslada los incrementos
de demanda eléctrica provocados por la introduccion de EVs hacia las zonas valle,
contemplando tres estrategias de recarga: en casa, en edificios publicos y en EVCS. El caso de
estudio analizado corresponde a Espafia en un futuro a medio plazo.

El articulo ha sido publicado en la revista “Environmental Science and Pollution
Research”, del grupo Springer. De acuerdo con JCR 2019, la revista tiene un factor de impacto
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de 3.056 y se ubica en el cuartil Q2 de la categoria “Environmental Sciences” (99/265). En SIR
2019 se ubica en el cuartil Q2 de la categoria “Pollution”.

La tercera publicacién “Multicriteria design and experimental verification of hybrid

renewable energy systems. Application to electric vehicle charging stations” (Bastida-Molina et
al.,, 2021) introduce una nueva metodologia ponderada y multicriterio basada en criterios
técnicos, econdmicos y medioambientales para el disefio de HRES en EVCS. Incluye ademas
una etapa de validacion experimental. El caso de estudio de esta publicacién corresponde a la
ciudad de Valencia (Espafia).

El articulo estd actualmente aceptado en la revista “Renewable Energy”, del grupo
Elsevier. De acuerdo con JCR 2019, la revista tiene un factor de impacto de 6.274 y se ubica en
el cuartil Q1 de las categorias “Green and Sustainable Science and Technology” (9/41) y
“Energy and Fuels” (19/112). En SIR 2019 se ubica en el cuartil Q1 de la categoria “Renewable
Energy, Sustainability and the Environment”. Durante el proceso de publicacién, el trabajo
esta disponible en el repositorio online “arXiv”, en la categoria “Electrical Engineering and
Systems Science”.

Por otro lado, las publicaciones cientificas 4, 5 y 6 se focalizaron en el uso de sistemas
renovables avanzados para solucionar la principal problematica identificada en los paises en
desarrollo: pobreza energética (inaccesibilidad a la electricidad y sistemas de cocina limpios).

La cuarta publicacién “Microrredes hibridas, una solucidon para paises en vias de

desarrollo” (Bastida-Molina et al., 2020c) presenta una metodologia de facil aplicacion en el
disefo de HRES para electrificacion de zonas aisladas en desarrollo por técnicos no expertos en
la materia. Se aplicé al caso de estudio de la aldea Masitala (Malawi).

El articulo ha sido publicado en la revista “Técnica Industrial”, del Colegio Oficial de
Ingenieros Técnicos y de Grado de Valencia. Esta revista esta indexada en Google Académico,
EBSCO, Dialnet, Latindex, ICYT, Rebiun y Compludoc.

La guinta publicacidn “Hybrid assessment for a hybrid microgrid: A novel methodology

to critically analyse generation technologies for hybrid microgrids” (Ribo-Pérez et al., 2020)
propone una metodologia novedosa para evaluar todos los criterios influyentes sobre el disefo
de HRES para electrificacion de zonas aisladas en desarrollo. El método incluye andlisis del
contexto, revision de la literatura y la aplicacion de la herramienta multicriterio (MCDM, por su
siglas en inglés “Multi Criteria Decision Making) Analytic Network Process (ANP). El caso de
estudio analizado corresponde a la comunidad rural “El Santuario”, situada en el Corredor Seco
Mesoamericano de Honduras.

El articulo ha sido publicado en la revista “Renewable Energy”, del grupo Elsevier. De
acuerdo con JCR 2019, la revista tiene un factor de impacto de 6.274 y se ubica en el cuartil Q1
de las categorias “Green and Sustainable Science and Technology” (9/41) y “Energy and Fuels”
(19/112). En SIR 2019 se ubica en el cuartil Q1 de la categoria “Renewable Energy,
Sustainability and the Environment”.

Por ultimo, la sexta publicacién “Sustainable Cooking Based on a 3 kW Air-Forced

Multifuel Gasification Stove Using Alternative Fuels Obtained from Agricultural Wastes”
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(Hurtado Pérez et al., 2020) realiza una comparacidon termodinamica, econdmica y
medioambiental entre las estufas para cocinar tradicionales (TCS, por sus siglas en inglés
“Traditional Cooking Stoves”) e ICS-G, asi como de un combustible tradicional (carbéon) y el
propuesto en la publicacién (briquetas). Utiliza dos métodos de testeo (Water Boiling Test y
Controlled Cooking Test). Se centra en el caso de estudio de Bandudu, situada a 409 km de
Kinshasa (Republica Democratica del Congo).

El articulo ha sido publicado en la revista “Sustainability”, del grupo MDPI. De acuerdo
con JCR 2019, la revista tiene un factor de impacto de 2.576 y se ubica en el cuartil Q2 de la
categoria “Environmental Sciences” (120/265). En SJR 2019 se ubica en el cuartil Q2 de las
categorias “Renewable Energy, Sustainability and the Environment”, “Environmental Science”
y “Energy Engineering and Power Technology”. Este articulo ha sido también publicado en un
capitulo del libro “Prime Archives in Sustainability” de la editorial Vide Leaf.

El capitulo 3 realiza una discusion general sobre los resultados obtenidos a partir de
esta tesis por compendio de articulos.

El capitulo 4 muestra las conclusiones extraidas de este trabajo cientifico. En primer
lugar, se analiza la consecucién de los objetivos planteados. Seguidamente, se presentan las
principales contribuciones de esta tesis doctoral al conocimiento cientifico. Finalmente, se
indican las futuras lineas de investigacion derivadas de la tesis.

Por ultimo, el capitulo 5 presenta la bibliografia completa de la tesis doctoral.
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This chapter presents the six scientific publications that compose this doctoral thesis.

2.1. Assessing transport emissions reduction while increasing electric
vehicles and renewable generation levels

Transportation Research Part D 85 (2020) 102560

M TRANSPORTATION
: RESEARCH

Contents lists available at ScienceDirect

Transportation Research Part D

EFI.SEVIER journal homepage: www.elsevier.com/locate/trd

»

. * . * . * - - Check for
Assessing transport emissions reduction while increasing electric i
vehicles and renewable generation levels
Paula Bastida-Molina , Elias Hurtado-Pérez, Elisa Pehalvo-Lopez,

Maria Cristina Moros-Gomez

Instituto Universitario de Investigacion en Ingenieria Energetica (Institute for Energy Engineering), Universitat Politecnica de Valencia, Valencia,

Spain

ARTICLEINFO ABSTRACT

Keywords: Electric Vehicles (EVs) appear as an environmental solution for transport sector since they emit
Electric vehicle zero emissions while driving. Nonetheless, the carbon intensity (CI) of the energy sources

CO0, emissions
Electricity system
Renewable sources
Well-to-wheel

involved in the electricity generation system could seriously compromise this solution. Hence,
this study proposes a methodology to verify the sustainability of the sector by the introduction of
EVs. By means of the “Well-to-Wheel” tool, it compares emissions generated by two fleets: one
based on internal combustion engine vehicles (ICEVs) and another one that also contemplates
different EVs penetration levels. This methodology develops an iterative process on the contri-
bution of renewable sources to the electricity generation system until a certain level of emissions
reduction is achieved. The needed evolution of the CI for the electricity system is therefore
deduced. The methodology has been applied to Spain by the mid-term future, given these country
policies for both a high penetration of EVs and a progressive introduction of renewable sources in
its elecuicity system. Results indicate that the current Spanish electricity mix allows for a
reduction in CO» emissions by the introduction of EVs, but a 100% renewable system will be
needed for reductions up to 74 million tons per year. This research is a first-ever study to relate
the forecasted Spanish environmental policies, in terms of urban tansport and configuration of
the power system, with a sustainable introduction of EVs in the urban fleet. Hence, this paper
would be very helpful for policy makers on evaluation of the requirements for a transport fleet
electrification.
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Assessing transport emissions reduction while increasing
electric vehicles and renewable generation levels

Paula Bastida-Molina®’, Elias Hurtado-Pérez!, Elisa Pefialvo-Lopez!, Maria Cristina Moros-
Gémez!

YInstituto Universitario de Investigacidn en Ingenieria Energética (Institute for Energy Engineering),
Universitat Politécnica de Valencia, Valencia, Spain

* Corresponding author: paubasmo@etsid.upv.es

Abstract

Electric Vehicles (EVs) appear as an environmental solution for transport sector since
they emit zero emissions while driving. Nonetheless, the carbon intensity (Cl) of the energy
sources involved in the electricity generation system could seriously compromise this solution.
Hence, this study proposes a methodology to verify the sustainability of the sector by the
introduction of EVs. By means of the “Well-to-Wheel” tool, it compares emissions generated by
two fleets: one based on internal combustion engine vehicles (ICEVs) and another one that also
contemplates different EVs penetration levels. This methodology develops an iterative process
on the contribution of renewable sources to the electricity generation system until a certain
level of emissions reduction is achieved. The needed evolution of the Cl for the electricity system
is therefore deduced. The methodology has been applied to Spain by the mid-term future, given
these country policies for both a high penetration of EVs and a progressive introduction of
renewable sources in its electricity system. Results indicate that the current Spanish electricity
mix allows for a reduction in CO, emissions by the introduction of EVs, but a 100% renewable
system will be needed for reductions up to 74 million tons per year. This research is a first-ever
study to relate the forecasted Spanish environmental policies, in terms of urban transport and
configuration of the power system, with a sustainable introduction of EVs in the urban fleet.
Hence, this paper would be very helpful for policy makers on evaluation of the requirements for
a transport fleet electrification.

Keywords

Electric vehicle, CO, emissions, electricity system, renewable sources, Well-to-Wheel.
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Variables
F(t)

r(i,t)

Fregys, ()
Fiegysg (£)

fo (i), 0)
Frys(6)

Fr(t)

g

P(k,t)
Emycgys, (t)
d(i,t),d(,t)
Creevs (i t)
Emycgys, (t)
Emgy,(t)
Xetect (J, 1)
Cetect (. 1)
Xnyp (, t)
Chyp () )
Emgys etect (t)
Emgys pyp(t)
Emz(t)

Gum ()

s(t)

Syer (£)

Parameters
t

AT

CI (k)
emyy ey (0)

emyew ()

LRSI(f)

Total fleet evolution.

Rate of total fleet growth (%).

Fleet of ICEVs without EVs penetration.

Remaining fleet of ICEVs with EV's penetration.

Rate of EVs penetration (%).

Fleet of EVs with EVs penetration.

Total fleet of ICEVs and EVs with EVs penetration.

Emissivity of the electricity system (g CO,/kWh).

Participation of each power source in the electricity generation (%).
Emissions due to Ficgys, (t), (g CO2).

Annual travel distances (km).

Fuel consumption for ICEVs (I/km).

Emissions due to Ficgys,(t), (g CO2).

Emissions due to Fgy(t), (g CO2).

Fraction of electrical contribution for EVs (%) °.

EVs electricity consumption per kilometre (kWh/km) °.

Fraction of hybrid contribution for EVs (%) °.

Fuel consumption for EVs (I/km)®.

Emissions generated due to the electrical behaviour of EVs (g CO;) °.
Emissions generated due to the hybrid behaviour of EVs (g CO;) ®.
Total emissions generated by Fr(t), (g CO,).

Allowable maximum value of g(t), (g CO/kWh).

Degree of sustainability due to the substitution of ICEVs by EVs (%).
Reference value of s(t), (%).

Time interval for the study

Carbon intensity of each power source (g CO,/kWh).
WtW emissivity for ICEVs (g CO,/L).

WtW emissivity for EVs with hybrid behaviour (g CO/L)°®.

Level of renewable sources introduction.
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Indices

i Index for ICEVs vehicles type, i = {1, 2, 3, 4}, specifically 1: gasoline car,
2: diesel car, 3: diesel bus, 4: gasoline motorcycle.

j Index for EVs vehicles type, j = {1, 2, 3, 4 }, specifically 1: BEV car, 2: HEV
car, 3: PHEV car, 4: BEV bus; 5: HEV bus, 6: PHEV bus, 7: BEV
motorcycle.

f Index for LRSI, f={1, 2, 3, 4, 5}

k Index for the power source in electricity generation, k = {1, 2, 3, 4, 5},
specifically 1: coal, 2: nuclear, 3: oil, 4: natural gas, 5: renewable.

@: Electrical behavior of EVs related to BEVs and PHEVs partly.

b: Hybrid behavior of EVs related to HEVs and PHEVs partly.

1. Introduction

Unlike traditional vehicles powered by internal combustion engine (ICEVs), electric
vehicles (EVs) generate zero emissions while they are driven on the roads: “zero tailpipe
emissions” (Driscoll et al., 2013; Morrissey et al., 2016; Teixeira and Sodré, 2018). However, a
raise in the emissions due to the electricity generation system to cover the increase of electricity
demand by the EVs could appear (Alvarez Fernandez, 2018; Manjunath and Gross, 2017). This
emission increase would mainly depend on the electricity mix structure. Therefore, the carbon
intensity (Cl) of the technologies involved in the electricity generation mix of every country
would determine the environmental profitability degree of introducing EVs in relation to the net
total CO; emission savings (Weiss et al., 2015).

Well-to-Wheel (WtW) analysis has been widely used to assess total carbon emissions
reduction in transport sector (Athanasopoulou et al., 2018; Ke et al., 2017; Qiao et al., 2019;
Woo et al.,, 2017). This approach considers the whole process of energy flow, from the fuel
generation to the vehicle driving, dividing the whole process in two clear separate steps: Well-
to-Tank (WtT) and Tank-to-Wheel (TtW) processes. An exhaustive study (Woo et al.,, 2017)
analyses the WtW for EVs considering the generation mix of 70 different countries and compares
the results with the equivalent emissions of ICEVs. Results show that countries with the highest
Cl power sources are also the ones with highest EVs’ emissions. Even in some countries,
emissions are higher than the ones generated by the corresponding ICEVs. Other study (Moro
and Lonza, 2018) makes a similar analysis, applying WtW methodology to each European Union
Member State. This research also considers the Cl content of electricity trades between
countries. Besides, it calculates how total Cl of the power mix of a country decreases when
importing low Cl electricity from another region and the other way round. WtW method has
been also applied to specific countries or regions to calculate CO, emissions when introducing
EVs. For instance, (Onn et al., 2018) analyses the current Malaysia’s case of study, (Ehrenberger
et al., 2019) studies the four countries with highest passenger car sales (Germany, the United
States, China and Japan) together with a highly renewable energy country (Norway). (Wu and
Zhang, 2017) makes a comparison between both developed and developing countries and finally
(Canals Casals et al., 2016) focuses on European countries.

All of these studies present comparisons between emissions produced by EVs with their
current country electricity generation mix and the ones generated by ICEVs. They all try to

20



Chapter 2. Scientific publications

determine whether the introduction of EVs is a clean solution or not, coming all to the same
view: CO; savings when introducing EVs only happen in the cases where high Cl sources are not
the main representative ones in the electricity system. China emerges in this context as the
global largest EVs market, with 1.2 million EVs sold in 2018 (Zheng et al., 2019) due to its
appealing EVs incentive policies (Zheng et al., 2020). However, the main use of coal for electricity
generation in this country (Dong et al., 2019) also foresees the highest CO, emissions projections
for this country with EVs introduction. Study (Wang et al., 2019) specifically states that the large-
scale development of EVs in China maintaining its current power structure would be equivalent
to replace oil with coal in the system, which would result in carbon emissions increasing.
Research (Liu et al., 2018) also forecasts the key role that fuel economy regulations will play in
the short-term future of China together with the lower reliance of the power system on fossil
fuel in the long-term. After China, Japan would suffer the highest CO, emissions for EVs, as (Dong
et al., 2019) states. Japan, together with other countries such as South Korea or Taiwan, depend
on the import of fuels through maritime transportation. This situation affects not only the
energy mix of these countries, but also the complexity and WtW analysis (Choi and Song, 2018).
So far, all the published studies claim the global necessity of moving towards a more renewable
electricity system to meet decarbonization by EVs introduction (Shen et al., 2019). Particularly,
(Spangher et al., 2019) equates the large effect of grid decarbonization with increasing EVs fleet.
Moreover, (Hoekstra, 2019) identifies the assumption of an unchanged electricity mix over the
coming years as a traditional error factor while forecasting EVs emissions reduction in a country.
The study (Dong et al.,, 2019) addresses this traditional error. Namely, (Dong et al., 2019)
presents an experimentally vehicle dynamic model to simulate ICEVs and EVs consumption
under eight driving cycles to determine CO, emissions of both types of vehicles considering the
projected emissivity evolution of the countries under study (Europe, China and Japan) until year
2040. Three main results are presented in this study. Firstly, the enhancement of both EVs and
ICEVS’ technologies will lead to a reduction in carbon emissions along the years, being ICEVs’
emissions always higher than EVs’ ones. Secondly, China is expected to produce the highest CO,
emissions due to its power grid composition projections. Finally, the difference between CO;
emissions from ICEVs and EVs gets smaller under highway conditions and higher under urban
driving conditions.

Other methodologies have also analysed the influence of electricity structure systems
regarding EVs emissions using energy models. For instance, research (van den Broek et al., 2008)
uses the MARKAL model to generate a quantitative scenario for electricity and cogeneration
sectors in the Netherlands, which allowed them to stablish strategies to achieve, in comparison
with 1990 levels, 15% and 50% CO, emissions reduction in 2020 and 2050, respectively. Another
study (Jochem et al.,, 2015) employs the energy model (PERSEUS-NET-TS) to analyse four
different methods to evaluate CO, emissions in Germany by 2030, revealing differences up to
0.55 kg/kwh.

The existing literature only makes quantitative analyses of EVs carbon emissions and,
although some studies consider the effects of a changeable electricity mix along the years, these
researches lack the possibility of forecasting the detailed evolution of the power system
structure needed to guarantee all the time a specific level of emissions reduction. This detailed
evolution of the power system has been the focus of our investigation. Hence, our paper
proposes a methodology to assess the time evolution of the renewable sources introduction in
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the electricity system in order to get, for a particular penetration of EVs in the fleet, a particular
level of decrease in the CO; emission. This method also determines the limit emissivity of the
power system to ensure a zero emissions introduction of EVs in a particular fleet. The
methodology will evaluate the possibility to reach a sustainable transport sector by combining
EVs penetration and renewable participation in the electricity system.

Other researches have also proposed methodologies to evaluate changes in the energy
mix with the introduction of EVs, but they present a series of limitations that the current paper
has tried to cope with. Research (Choi et al., 2018) analyses the initial consumers’ preferences
while selecting a vehicle and evaluates their change in preferences according to various
electricity generation mix scenarios together with their environmental impact. Their results
indicate that BEVs’ market share could be promoted up to 10% and reduce GHG up to 5% by
2026. The evaluation period of this research represents an imminent future (2026), while our
paper establishes a longer evaluation period: up to 2040. Moreover, research (Choi et al., 2018)
presents four pre-established different energy mix scenarios whose composition does not
depend on the level of CO, emissions reduction achieved with the penetration of EVs, unlike our
study where the introduction of renewable sources clearly depends on two carbon emissions
constrains related to the introduction of EVs. Research (Shamshirband et al., 2018) presents a
methodology to optimally schedule the charging/discharging process of EVs with two main
objectives: minimize costs of the system and reduce CO; emissions. Such methodology is applied
to distributed networks that integrate renewable resources. This application differs from the
one presented in this paper, since the horizon of our work extends to the configuration of all the
national grid and renewable resources are introduced according to CO, emissions restrictions
provoked by EVs. Study (Kobashi et al., 2020) proposes a techno-economic analysis of a city-
scale energy system with rooftop PV, batteries and EVs with storage possibilities for Kyoto in
Japan. The dimension applicability of such research focuses just on distributed networks for
cities and includes only solar PV as renewable resources. Moreover, it makes an analysis of a fix
temporary scenario, without including any renewable energy evolution according to the
introduction of EVs. However, our study includes the configuration of the entire national grid
and contemplates all different types of renewable energies, not just solar PV. Hence, our
methodology is scalable to the scenario in question. Besides, our paper develops the evolution
of the energy system configuration according to carbon dioxide emissions boundaries generated
by the penetration of EVs. Furthermore, other studies have used the methodology Life cycle
assessment (LCA) to evaluate carbon emissions impacts of the introduction of EVs. For instance,
research (Burchart-Korol et al., 2020) makes a LCA of EVs battery charging in all the 28 European
Union countries considering the current and the projected electricity mix structure until 2050.
Despite the valuable information that could be extracted from this work, it does not indicate the
total evolution that carbon dioxide emissions would suffer along this period since the work does
not considered the remaining quantity of ICEVs and the projected EVs to be included in the fleet.
Moreover, the introduction of renewable sources does not answer to CO, restrictions when
introducing EVs, but to projected plans. Otherwise, our paper includes an energy model that
allows a changeable introduction of renewable sources in the energy mix according to the CO;
emissions reduction constrains due to EVs introduction. Besides, the methodology considers
two different fleets to obtain the carbon dioxide emissions reduction: one formed only by ICEVs
and another one formed by ICEVs and EVs. In both cases, the evolution of the quantity of such
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vehicles lies in forecasted data. Finally, our work employs the methodology WtW instead of LCA
to assess carbon emissions reduction. Despite LCA is a more precise technique that considers
more stages in the vehicles’ life when analyzing its environmental suitability, WtW is the most
widely used method for policy support in road transport (Moro and Helmers, 2017). According
to (Moro and Helmers, 2017), WTW methodology is used for instance by the European Union
for the Fuel Quality Directive and for the Renewable Energy Directive, in the USA, the
Environmental Protection Agency bases its regulatory actions on the WTW approach of the
GREET model, and also in China, WTW is used to assess policy options.

Having said that, we have not found any work in the literature that relates the
introduction of renewable sources in the electricity mix with a double level of CO, constraints
restriction when introducing EVs: a first level that ensures a net CO, emissions introduction of
EVs and a second level that ensures a CO, emissions reduction with such introduction.
Specifically, the limit electricity system emissivity (first constraint), which guarantees a net CO;
emissions introduction of EVs, remains unexplored in the rest of the literature, to the best of
our knowledge. Additionally, as far as we are concerned, no other studies include a comparison
between emissions generated by two possible fleets: one completely formed by ICEVs and
another one that also includes EVs. Beyond this, the method is completely scalable and true to
reality since it considers the complete replacement of ICEVs cars, motorcycles and urban buses
by EVs, including all the different types: BEVs, PHEVs and HEVs.

The methodology has been applied to the Spanish case study in the mid-term future,
until 2040. Figure 1 (IEA, 2016) and Table 1 (DGT, 2017) provide a general caption about the
electricity generation system and fleet composition of the country, respectively.

19,6%

6,7%

11,5%

35,1%

Coal = Fuel » Natural Gas = Nuclear = Solar +Wind = Biomass = Hydropower

Figure 1. Current Spanish power system composition.

Table 1. Current Spanish fleet composition.

Gasoline car Diesel car Gasoline motorcycle Diesel bus

9820553 13038663 3201831 14986

Spain is expected to get a large contribution to CO; transport emissions reduction due
to the environmental policies proposed in the regulatory draft (IDAE, 2020) by the Ecological
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Transition Spanish Ministry (PNIEC, 2019). This regulatory draft emerges for the first time in
2018 with three general goals: to ensure compliance with the Paris Agreement’s objectives (UE,
2015), enhance the decarbonization of the Spanish economy and introduce a sustainable
development model capable of mitigating climate change. In line with these three objectives,
the draft presents two main fields of application: sustainable mobility and renewable electricity
generation system.

Regarding the former, the draft prohibits by 2040 the sale and registration of light
vehicles which produce carbon dioxide emissions, and its circulation by 2050. This measure
enhances the renovation of the current aged ICEVs fleet in Spain, which has an average age of
12.4 years, whereas the European average age states at 10.8 years (ANFAC, 2018). Moreover,
the Spanish regions with more than 50000 inhabitants are obliged to create spaces with low
emissions before 2023, enhance the public transport and electrify urban buses. This draft also
boosts the installation of recharge point for EVs, making it obligatory in the coming years for
petrol stations with high shares, new construction buildings and non-residential existing
buildings with more than 20 parking places. To ensure such mobility transition in a sustainable
way, the Spanish Government has introduced financial aids, specifically the so called Plan Moves
(ETECNIC, 2020). This Plan includes economical aids to buy EVs (only BEVs and PHEVs, together
with hydrogen vehicles) and to install recharging points for such vehicles.

With reference to renewable generation, this regulation aims to achieve a 74%
renewable sources introduction in the electricity generation mix by 2030 and a 100% renewable
one by 2050. Moreover, the draft includes highly environmental-restrictive policies to coal
power stations, which practically imply their upcoming closing (BOE, 2019). Besides, a stepped
close of nuclear power plants is foreseen as another future measure for the Spanish ecological
transition (Spanish Nuclear Industry Forum, 2019). Finally, the regulatory draft (PNIEC, 2019)
includes a “just transition strategy” with a series of regulatory measures to reduce negative
economic impacts in energy sectors that do not fit in the ecological transition.

Both effects, a large penetration of EVs and a change in the electricity mix with a growing
introduction of renewable sources, make Spain an ideal case study for urban transport emissions
reduction. Our study includes five different levels of renewable sources introduction (LRSI) in
the Spanish power system, which reflect the previously described regulatory plans.

This research is a first-ever study to relate the forecasted Spanish environmental
policies, in terms of urban transport and configuration of the power system, with a sustainable
introduction of EVs in the urban fleet by using a novel methodology based on carbon emissions
constraints for the electricity generation system. Hence, this paper would be very helpful for
policy makers on evaluation of the requirements for a transport fleet electrification.

The paper is organized as follows: section 2 presents the methodology, section 3
describes the application to Spain by the mid-term future and section 4 provides the results and
discussion of this application. Finally, the paper concludes in section 5.
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2. Methodology

A methodology has been developed to determine the reduction in CO, emissions due to
the penetration of EVs in the transportation fleet. The method establishes the needed Cl factor
of the electricity generation system to provide, at any time along that evolution, a specific level
of emissions reduction. Figure 2 represents the flowchart of the proposed methodology,
whereas Table 2 define both input and output data.

Table 2. Inputs and outputs

Inputs Outputs

to Ficgys, (t)

tp Fregys, ()
AT Fiys(0)
F(to) Fr(t)

r(i,t) g(®)
fp(i,j,t) Emycpys, (t)
P(k,t) Emycpys, (t)
CI (k) Emgy,(t)
9(to) Emgysetect (t)
(i, t), d(,t) Emgyg pyp (L)
crcevs(i, 1) Em(t)
emyw (1) G1im ()

Xetect (J, 1) s(t)

Cetect Uiy ) LRSI(f)
Xnyp U, )

Chyp (, )

emytw ()

Sref (t)
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Inputs
(Table 1)

]
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Obtain Emyceye . gys (t)
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reduction

No

Outputs
(Table 1)

Figure 2. Flowchart of the proposed methodology.
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Once the total urban fleet evolution in the considered time period is defined (eq.(1)),
the methodology distinguishes two different situations. The first one is a conservative case
where the fleet includes only ICEVs without any EVs penetration. This fleet is given by eq. (2)

F(t) = z F(i,t — AT) - 1(i, £) (1)

2
Fiegys,(t) = F(t) )

The second situation reflects the introduction of EVs in the urban fleet. Therefore, it
would include the remaining quantity of ICEVs (eq. (3)) together with the different types of EVs
introduced (eq. (4)): Battery Electric Vehicles (BEVs), Hybrid Electric Vehicles (HEVs) and Plug-in
Hybrid Electric Vehicles (PHEVs) (Ke et al., 2017). Finally, eq. (5) determines the total fleet in this
situation:

Ficpysp (0) = Z Z F(t) - (1 — (i), t)) (3)
j i
Fevs(®) = Y > F@© £, 0) (@)
7 1
Fr(t) = Ficpysp (£) + Feys(t) (5)

The second stage of the methodology calculates the total CO, emissions generated by
the two above-mentioned urban fleets in order to deduce the impact on carbon emissions due
to the penetration of EVs. It results of utmost importance to clarify that CO, emissions calculated
in this section correspond to the real emissions, not to the equivalent CO; emissions remaining
to greenhouse gases.

The Well-to-Wheel (WtW) method is used to assess these carbon dioxide emissions
(Edwards et al., 2007; Ke et al., 2017). The WtW analysis comprises two consecutive stages: the
Well-to-Tank stage (WtT), where the emissions due to the processes for extraction,
transportation, treatment and provision of the required fuel (electricity in the case of EVs) to be
used by the fleet are calculated, and the Tank-to-Wheel stage (TtW), which determines the
emissions while driving the vehicles. Table 3 reflects the flowchart of the WtW method.

Table 3. WtW method.

Stages ICEVs EVs

Extraction and processing of raw materials

Transportation and storage

Well to Tank Gasoline / diesel refining Electricity generation
Power delivery system Power transmission and
(truck, pipelines) distribution (power grid)
Tank to Wheel Driving process Driving process
(fuel combustion)
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Therefore, depending on the vehicle characteristics, both WtT and TtW emissivity
acquire different values (Woo et al., 2017). For vehicles depending totally on fossil fuels, like
ICEVs, or partially as HEVs and PHEVs, their WtT and TtW emissivity depends on the type of fuel
used: gasoline or diesel. For vehicles depending on electricity, exclusively in the case of BEVs
and partially for the PHEVs, WtT emissivity depends on the emissivity of the electricity system
(eq. (6)). Moreover, it is the only factor to consider: TtW emissivity acquires null value in this
case since driving process involves zero-emissions (Jochem et al., 2015; Manjunath and Gross,
2017; Teixeira and Sodré, 2018).

gt) = 2 P(k,¢t) - CI (k) (6)
k

Eg. (7) determines the emissions generated by the urban fleet transport based
exclusively on ICEVs:

Emycgys,(t) = Xi Ficpys, (i, t) - d(i, t) - ciepys (i, t) - emyypy (D) (7)

In the case of a fleet with EVs in different penetration levels, eq.(10) determines the
total CO; emissions. It includes the emissions due to the remaining quantity of ICEVs (eq.(8)),
and the corresponding to the EVs (eq.(9)) with two components: the electrical behaviour of BEVs
and PHEVs partially and the hybrid behaviour of HEVs and PHEVs partially.

Emycpys(t) = Z Ficpvsp (L) - d(i, £) - ciepys (i, t) - emyyey (D) (8)
7

EmEVs(t) = Zj xelect(j: t) ’ FEVs(i: t) ' d(iv t) ' Celect(iv t) ' (9)
9@ + Xjxnyp (G, 6) - Feys(, 1) - A, 6) - cpyp (i, t) -
eMyew () = EMgys erect (£) + EMgyg pyp (£)

Emp(t) = Emycpys, (t) + Emgys(6) (10)

The introduction of EVs is intended for a decarbonisation of the transport sector.
However, the presence of high-Cl sources in the electricity generation system could produce the
opposite effect: an increase in CO, emissions. The methodology calculates the allowable
maximum value of the electricity system emissivity (gim, €g. (12)), below which there will be a
positive effect in the reduction of CO, emissions. This parameter indicates the upper boundary
for the electricity system emissivity of the country under study that ensures a net CO, emissions
introduction of EVs. This value is deduced by imposing a null value to the CO; emission balance
given by eq.(11) as the difference between the emissions saved by the EVs penetration and the
produced ones by the electricity consumption.

{EmICEVso ®) - [EmICEVsF(t) + Emgys nyp (f)]} - {EmEVs,elect(t)} =0 (11)

9 (t) _ EmICEVSO(t) - EmICEVSF(t) - EmEVS,hyb(t) (12)
o 2 Xetect U, t) * Fgys(j, £) - d(f, £) - Cerect (i, )
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The degree of sustainability due to the substitution of ICEVs by EVs can be determined
by the relative reduction in CO, emissions, which is calculated by eq. (13):

Emycpys, (£) — Emycpys, (£) — EMgys etece (£) — EMgys pyp (£) (13)
Emycgys, (t)

s(t) =

The methodology includes an iterative process in order to verify at any time two
constraints: first, to determine an electricity generation system with an emissivity below the
maximum value and, in the second place, given a certain level of emissions reduction, find the
corresponding electricity generation system.

3. Case study: Spain by the mid-term future

This paper applies the previously explained methodology to the Spanish case study by
the mid-term future: from 2016 to 2040. Spain foresees an ever-increasing electrification of the
urban fleet in the medium-term, together with a stepped introduction of renewable sources in
the electricity system (IDAE, 2020). This chapter describes the effect of both implications
regarding EVs introduction, namely BEVs, PHEVs and HEVs.

3.1. Fleet evolution

The research focuses the methodology on the Spanish urban transport fleet, including
therefore three types of vehicles: cars, motorcycles and urban buses. Although in different
proportion, the three types of vehicles have traditionally used fossil fuels like gasoline or diesel
(ICEVs). In 2015, 43% of the cars were gasoline cars and 57% diesel cars, whereas diesel urban
buses and gasoline motorcycles had a presence of 99% each (DGT, 2017). Following historical
data (DGT, 2017), shown on Figure 3, a linear extrapolation was made to estimate the expected
rate of growth of these ICEVs until 2040 (Table 4). This fleet does not include the introduction
of EVs and conforms the first case fleet (Case 1). According to the methodology, this fleet would
also match the total urban fleet evolution and consequently, the rate of growth of ICEVS would
also match the rate of growth of the total fleet. Due to the unrepresentative influence of
gasoline urban buses and diesel motorcycles, they are not considered in this research.
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Figure 3. Spain ICEVs’ historical data. (a) Cars. (b) Motorcycles. (c) Urban buses.
Table 4 . Spain ICEVs initial fleet and rate of growth. Case 1.
Gasoline car Diesel car Gasoline motorcycle Diesel bus
2016 Initial fleet 9820553 13038663 3201831 14986
2020 11.6 11.6 11.3 4.5
2024 R ¢ 6.6 6.6 11.1 4.3
2028 f;i:h 6.5 6.5 10 4.1
2032 & %) 5.8 5.8 9.1 4.0
2036 ° 5.5 5.5 8.3 3.9
2040 5.2 5.2 7.7 3.7

Regarding EVs, in 2018 electric cars, electric urban buses and electric motorcycles
represented just a 1%, 1.7% and 0.4% of their corresponding fleet respectively (DGT, 2017; REE,
2018). Despite this small influence, their registrations have experienced a large increase since
2014 (ANESDOR, 2019; ANFAC, 2018), like Figure 4 shows:
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Figure 4. Registrations of EVs in Spain. (a) Cars. (b) Motorcycles. (c) Urban buses.

This trend forecasts a high penetration of EVs in the Spanish fleet for the medium-term
future, also motivated by the environmental policies documented on (IDAE, 2020; PNIEC, 2019)
and the aged current fleet of LEVs (12.4 years) (ANFAC, 2018) and partially urban buses (8 years)
(Spanish Ministry of Development, 2016). The draft, proposed by the Ecological Transition
Spanish Ministry, forbids the sale and registration of light vehicles producing CO, emissions by
2040, and their driving by 2050. Considering both phenomena, we propose the second case fleet
(Case 2), which contemplates the introduction of EVs with different rates of penetration. These
rates are now defined and Figure 5 details them.

Regarding cars, BEVs are expected to suffer an exponential growth in the coming years.
Despite their slow growth of registrations during last years (Figure 4 (a)), the above mentioned
prohibition would make BEVs cars the only legal ones to be sold and registered by 2040 and to
be driven by 2050, so that an exponential increase of their fleet is awaited. Referring to HEVs
cars, their current trend of registration (Figure 4 (a)) together with their wide proven technology
forecasts a considerable and almost linear penetration of this kind of cars for the coming years.
However, as they generate CO, emissions, their contribution to the fleet is expected to decrease
in the last years of the studied period due to (IDAE, 2020; PNIEC, 2019) environmental
restriction. With reference to PHEVs cars, their rate of registrations during last years is similar
to the BEVS' (Figure 4 (a)), so we consider their introduction would match BEVs’ one for the first
period considered. Nonetheless, as PHEVs cars also generate CO, emissions, their sale and later
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driving prohibition would determine the decrease of their fleet during the last years of the
period. Finally, the penetration levels of BEVs, HEVs and PHEVs cars would be higher replacing
diesel ICEVs cars than gasoline ones. This consideration relates to the recent environmental
policies restricting the use and registration of diesel cars (IDAE, 2020) due to the air quality
damaging NOx particles that they generate.

When talking about electric motorcycles, only BEVs should be considered (ANESDOR,
2019). Their expected growth follows a similar behavior to that of BEVs cars’, since they are also
light vehicles and restriction (IDAE, 2020) affects them too. Therefore, an exponential
introduction of BEVs motorcycles is forecasted. However, it would be stronger than BEVs cars’
since this type of EVs is the only one expected for motorcycles (Figure 4 (b)).

Referring to urban buses, the above described prohibition would not affect them since
they are heavy vehicles. On the one hand, this situation would make HEVs buses fleet increase
in a linear way during all the period, considering their registration historical data trend. On the
other hand, BEVs buses would experience a higher introduction than HEVs due to their
independence on fossil fuels and the increasing environmental conce ms, despite their slow
registration growth in the recent years (Figure 4 (c)). With regard to PHEVs, currently there are
not urban buses of this nature. Nevertheless, their good performance in the pilot project of
Gothenburg (Sweden) (Hu et al., 2013) enhanced our decision on considering their slow and
linear introduction in the studied period.
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Figure 5. Rates of EVs penetration. (a) Cars. (b) Motorcycles. (c) Urban buses.
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The forecasted penetration of EVs hereby presented answers also to the European
regulations in terms of electric mobility. The legislation stablishes the maximum emissions limit
in 95 g CO,/km for new vehicles from 2020 (UE, 2019). From 2025, the minimum share of EVs
for manufactures will increase up to 25% and in 2035 the sale and registration of EVs will be
forbidden. According to this general framework, some European countries have fixed future
objectives about the penetration of EVs in their societies, for example Norway and Germany.

On the one hand, Norway stands as the first country to have stablished a 100% electric
mobility plan for the coming future (Ingeborgrud and Ryghaug, 2019), where the EVs’ sales
represented a 52.17% of the market share in 2017. Their mobility plan stablishes that all the
light vehicles and urban buses should be transformed to EVs before 2025. The hereby-presented
study for Spain follows the same trend (a complete transformation of light electric vehicles and
urban buses into EVs), but stablishes this objective by 2040. Authors considered this further
scenario concerning the low percentage of EV’s sale in 2017 (0.69% of the market share) (ANFAC,
2018).

On the other hand, Germany also stands as another European country with an ambitious
plan to achieve electric mobility. The German Government initiated the National Development
Plan (The German Federal Goverment, 2009) in 2009, with the target of achieving one million of
EVs in 2020. This goal was finally delayed to 2023. Moreover, the German Government has
recently approved a financial package of 130.000 million of euros to boost the purchase of BEVs
(PHEVs and HEVs are not included). This measure drives the development of BEVs, since these
EVs are the only ones to produce zero emissions while riding, unlike HEVs or even PHEVs. This
aim matches the general trend of the study presented in this paper, where the introduction of
BEVs increases in the highest percentage.

3.2, Fleet input parameters

The application of the methodology to the case of Spain requires the definition of the
fleet input parameters: consumption data, rate of electrical and hybrid contribution, annual
travel distances and WtW emissivity. Moreover, this research distinguishes between the nature
of the vehicles, taking cars, motorcycles and urban buses into consideration due to their ever-
increasing electrification in urban environments (Mutter, 2019; Scarinci et al., 2019; Zheng et
al., 2019).

Consumption data for the vehicles were obtained after an extensive scientific review:
(Huo et al., 2015, 2010; Shen et al., 2014; Wu et al., 2012) for cars and motorcycles and (Gallet
et al., 2018; IDAE - UE, 2019; IDAE, 2006; Wu et al., 2019) for urban buses. Regarding ICEVs,
studies (Tietge et al.,, 2016a) and (Tietge et al., 2016b) revealed the significant difference
between certified consumption values and the real ones due to high demanding conditions of
current roads, showing an increasing divergence between them along the years. Specifically,
these researches showed the evolution of both certified and real consumption data of a broad
range of ICEVs along these last years, also affected by the enhancement of engine technologies.
Finally, a linear extrapolation made on such data allowed authors to stablish an increase of 35%
in the certified fuel economy of ICEVs for 2040. Regarding EVs, studies (Huo et al., 2015; Shen et
al.,, 2014) also reflected the higher consumption of such vehicles under real conditions in
comparison with laboratory conditions. However, the improvement of the technologies for EVs
is not expected to happen in a wide range due to its innovative character (Dong et al., 2019;
Huo et al., 2010), which led to a final increase of 45% in the certified consumption data for EVs.
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Table 5 reflects these consumption data, for both ICEVs and EVs, expressing fuel consumption
in 1/100 km and electrical consumption in kWh/100 km. Additionally, authors reflected these
data in equivalent units (kWhee/100km) in Table 6 to enable the comparison of consumption
values, according to (Academic Press, 2017).

Referring again to EVs, particularly to PHEVS, their double behaviour determines the
necessity of defining the rate of electrical and hybrid contribution to the consumption of each
vehicle. In this paper, we have assumed an homogenous hypothesis, where both the hybrid and
electric operation have the same weight: 50% (Ke et al., 2017). Table 5°shows this parameter.

The average annual travelling distances for each type of vehicles (cars, motorcycles and
urban buses) corresponded to official registered data. Hence, Spanish databases (INE, 2018) and
(Spanish Ministry of Development, 2016) were used to determine light EVs and urban buses’
annual travel distances respectively. Lastly, Table 5 reflects these data.

Table 5. Fleet parameters. Note: 1/100 km for fuel consumption and kWh/100 for electrical consumption.

Cars
Motorcycles
Urban Buses

Distance Consumption
(km/year)
ICEV gasoline ICEV diesel BEV HEV gasoline  HEV diesel PHEV®
(1/100 km) (1/100km) (kWh/100 km) (1/100km) (1/100km) (kWh/100 km) (I/100km)
12500 9 5.7 20 5.1 -2 20.0 5.1
6300 4.2 -2 9.1 -2 -2 -2 -2
143000 -2 37.1 160 -2 27.5 160 27.5

2: not considered due to its irrelevant presence (ANESDOR, 2019; ANFAC, 2018).

b: assuming 50% for both the hybrid and electric operation (Ke et al., 2017).

Table 6. Fleet parameters. Note: kWheq/100 km for consumption data.

Distance Consumption (kWheq/100 km)
(km/year)
ICEV gasoline ICEV diesel BEV HEV gasoline  HEV diesel PHEV®
(electric) (fuel)
Cars 12500 82.3 56.8 20 46.6 -2 20.0 46.6
Motorcycles 6300 38.4 -@ 9.1 -@ -@ -2 -2
Urban Buses 143000 -2 370 160 -3 274.2 160 274.2

3, b: equal to Table 5.

Emissions for vehicles dependent on fossil fuels (ICEVs, HEVs and PHEVs partly) just
depend on the kind of fuel used: gasoline or diesel. Research (Woo et al., 2017) made a
thoughtful study of JEC's Well-to-Wheel CO, emissions data (Hass et al., 2014) to determine
such parameters. JEC arises as one of the most complete and updated source, since it compiles
European data and researches from different European entities: EUCAR (European Council for
Automotive R&D), JRC (Joint Research Center of European Comission) and CONCAWE
(CONservation of Clean Air and Water in Europe). Hence, (Woo et al., 2017) establishes that
WtW emissivity for gasoline is 2778.2 g CO,/L (WtT: 2314.4 g CO,/L and TtW: 463.8 g CO,/L) and
for diesel it rises until 3241.3 g CO,/L (WtT: 2676.9 g CO,/L and TtW: 564.4 g CO,/L). Table 7
finally summarizes WtW emissivity for each kind of vehicle dependent on fuels.
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Table 7. WtW emissivity for vehicles dependent on fossil fuels (g CO,/L).

ICEV gasoline ICEV diesel  HEV gasoline  HEV diesel PHEV®
Cars 2778.2 3241.3 2778.2 - 2778.2
Motorcycles 2778.2 -a -2 -2 -2
Urban Buses -2 3241.3 -2 3241.3 3241.3

2: not considered due to its irrelevant presence (ANESDOR, 2019; ANFAC, 2018).
b: partly dependent on fossil fuels.

Conversely, WtW emissivity for vehicles dependent on the power system (BEVs and
PHEVs partly) vary with the structure of the electricity generation system. Hence, section 3.3
describes different configurations for the system depending on the degree of renewable sources
introduction.

3.3. Levels of renewable sources introduction in the electricity mix

Unlike vehicles dependent on fossil fuels, the configuration of the power system directly
affects emissions for vehicles dependent on electricity: BEVs and PHEVs partly. In this research,
we propose five different levels of renewable sources introduction (LRSI) in the Spanish power
system to achieve a net decrease in CO, emissions by the introduction of EVs. Hence, the
configuration of the system moves from the current one to a total renewable configuration. This
evolution answers to the forecasted composition of the power system considering the
environmental policies proposed by the Spanish Government (PNIEC, 2019). This plan aims to
achieve a 74% renewable sources introduction in the electricity generation mix by 2030 and a
100% renewable one by 2050. Moreover, the decision making process for each LRSI lies not only
in the just mentioned draft, but also in the historical evolution of electricity generation and
primary sources contributions to the Spanish electricity system (IEA, 2016), represented by
Figure 6 and Figure 7 respectively.
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Figure 6. Evolution of electricity generation in Spain.

The first level of renewable sources introduction (LRSI (1)) that we studied corresponds
to the current and real one for Spain, with a 27.1% of renewable sources contribution.

LRSI (2) includes an electricity mix derived from the first LRSI where coal resource has
null influence, being its contribution supported by the rest of the power sources in a balanced
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way, except for nuclear. Therefore, renewable sources have a presence of 38.8%. This LRSI (2)
reflects the decreasing trend of coal contribution (Figure 7), mainly caused by the expected
progressive close of thermal power plants. The process matches European Environmental
Requirements 2010/75/UE (UE, 2010) together with the higher CO, right of emission price (BOE,
2019) and gradual decarbonization of Spanish electricity generation system (IDAE, 2020; PNIEC,
2019). Moreover, the exclusion of nuclear power plants in redistribution of coal’s influence
among other sources is in line with no increasing nuclear power plants generation, also reflected
in the static growing of nuclear contribution to the mix (Figure 7). Besides, Ecological Transition
Spanish Ministry and main electric companies reached an agreement of gradually closing all
nuclear power plants in the country (Spanish Nuclear Industry Forum, 2019).

Hence, LRSI (3) reflects this situation with an electricity mix derived from the second
LRSI, where also nuclear generation is removed by the year 2028. Its contribution would be
covered by renewable resources, which would follow their increasing trend in the Spanish
primary sources contributions (Figure 7). This growth answers to the long-term objective of
achieving a complete renewable electricity generation mix in a stepped way and also to the first
proposed percentage of renewable sources introduction: 74%.

In line with this trend, LRSI (4) derives from the third LRSI and eliminates oil contribution
to the electricity mix, being renewable sources responsible for covering its contribution.

Finally, LRSI (5) arises with a 100% renewable sources contribution, achieving a total
descarbonizated electricity generation mix (IDAE, 2020; PNIEC, 2019).

Table 8 reflects all the Spanish environmental policies hereby presented.

Table 8. Spanish environmental policies for the ecological transition.

Gradual introduction of renewable sources in the electricity mix
Spanish climate change draft law (PNIEC, 2019)

2030: 74% of renewable contribution to the mix

2050: 100% renewable contribution to the mix.

Gradual close of thermal power plants

European Environmental Requirements European Emissions Trading Scheme (UE,
2010/75/UE (UE, 2010) 2020)

Restrictive limits for the industrial Restrictive CO; right of emission prices.
emissions of thermal power plants.

Adaptation before 2020.

Gradual close of nuclear power plants

Agreement between Ecological Transition Spanish Ministry and main electric
companies (Spanish Nuclear Industry Forum, 2019)

Progressive close until 2040.

Table 9 summarizes the contribution of each energy source to the electrical mix of Spain
for every LRSI. Although the total renewable generation increases with each LRSI, the
contribution of each individual renewable source to the total renewable production remains
constant irrespective of the LSRI analysed. Such contribution matches current renewable
sources data of (IEA, 2016), also represented in Figure 8.

Every LRSI studied in this paper results completely achievable due to the high presence
of renewable resources in the country. Specifically, south-east Spanish regions present more
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than 1950 annual solar peak hours and vast desert zones to install solar PV systems (Bastida-
Molina et al., 2019), whereas more than 118.000 km? of the Spanish territory enjoy from suitable
wind resources (80 m, speed > 6 m/s) and the total available potential biomass results in
18.715.358 ton/year (IDAE, 2019). Besides, Spain has currently 876 MW of hydropower plants
(Acciona, 2020).

Table 9. Contribution of each power source.

Coal Nuclear oil Natural Gas Renewable
(%) (%) (%) (%) (%)
LRSI (1) 19.6 35.1 6.7 11.5 27.1
LRSI (2) 0 35.1 9.6 16.5 38.8
LRSI (3) 0 0 9.6 16.5 73.9
LRSI (4) 0 0 0 16.5 83.5
LRSI (5) 0 0 0 0 100
13,28%
' 26,57%
60,15%
Hydropower Solar PV + Wind Biomass

Figure 8. Contribution of each renewable source to the total renewable electricity generation.

Cl of each power source will determine the emissivity of the power system due to each
configuration (eq. (6)), which also will match WtT emissivity for BEV and PHEV partly. A wide
study on Cl considering an average value for each source is available on (Turconi et al., 2013;
Woo et al., 2017) and Table 10 summarizes the results . The different Cl for each renewable
source together with its weighted contribution to the total renewable generation (Figure 8) will
finally establish the ClI for the total renewable generation.

Table 10. Cl of each power source.

Renewables
Coal Nuclear Oil Natural Gas Solar PV Wind Biomass Total
Min 660 3.1 530 380 13 3 1 10.29
Cl
(g COL/kWh) Max 1370 35 890 1000 190 41 130 161.52
Average  942.33 12.23 773.8 533.17 65.05 17.63 51.02 58.69
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Table 11. Emissivity for each LRSI (g CO,/ kWh).
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Figure 9. Contribution of each power source and emissivity for different LRSI.
4, Results and discussion

This section presents the results for the application of the submitted methodology to
the Spanish case in the mid-term future. Two different scenarios were analyzed. On the one
hand, the first one corresponds to a conservative situation where only a net emissions balance
with the introduction of EVs is looked for (Huo et al., 2015; Moro and Lonza, 2018) along the
period of study. Although on-going environmental changes make this situation an almost
difficult to happen in the future (IDAE, 2020; PNIEC, 2019), it shapes an interesting point of
comparison with the second scenario in regard of sustainability. On the other hand, the second
scenario contemplates not only a net CO, emissions balance, but also a considerable reduction
in emissions with the penetration of EVs. We propose a progressive degree of decrease in these
reductions along the period of study for scenario 2 (Table 12).

Table 12. Syt (%)

Scenario 1 Scenario 2
2016 0 0
2020 0 10
2024 0 20
2028 0 30
2032 0 40
2036 0 55
2040 0 70
4.1. Fleet into consideration

Following the methodology proposed in this paper and the constrains presented for the
case study, we can deduce the total number of vehicles conforming the urban fleet along the
period of study. Figure 10.a. represents the evolution of the fleet that does not include EVs (case
1), whereas Figure 10.b. does for the fleet that considers EVs (case 2). In both cases, the total
fleet presents the same linear growth where cars’ influence is the highest one, meanwhile urban
buses’ influence becomes the lowest. Despite the linear growth of ICEVs for the first case, the
second case indicates how this kind of vehicles decreases in almost a linear way when EVs are
introduced, so that the latter would finally represent 93% of the total urban fleet by 2040.
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Figure 10. Fleet’s evolution. (a) Case 1. (b) Case 2.

4.2, CO; emissions and sustainability verification
Scenario 1

The application of the iterative methodology explained in section 2 to the first scenario,
where only a net CO; emissions balance with the introduction of EVs was looked for, indicates
that the current emissivity of the system (LRSI (1)) matches this condition for the entire interval.
Hence, the electricity emissivity could remain constant along the period of study.

Regarding total CO, emissions, Figure 11 illustrates the contribution of each type of
vehicle to the emissions generated by the urban transport along the period of study. For the first
case where no EVs are considered (Figure 11.a), both diesel and gasoline cars would clearly
generate the highest quantities of carbon dioxide emissions in a similar proportion. For the
second case, which considers the penetration of EVs in the urban transportation system (Figure
11.b) again cars would have the highest contribution to the CO, emissions, but in this case, the
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different nature of these vehicles should be analyzed. ICEVs cars would generate the largest
guantities of CO, emissions during almost the whole period, although with a decreasing trend
due to their also decreasing rate of growth. Meanwhile, BEVs cars would increase their
contribution to the emissions following their exponential rate of penetration, overtaking diesel
cars’ emissions by 2034 and gasoline cars’ by 2038. PHEVs and HEVs would also have a
considerable influence on emissions during the middle term of the period, following therefore
their trend of penetration. Results also reflect the great influence of cars on emissions, being its
contribution 92% of the total CO, emissions for urban transport.
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Figure 11. CO, emissions. Scenario 1. (a) Case 1. (b) Case 2.

Taking up the inherent condition to this first scenario about just searching for a net
emissions balance in case 2, results from Figure 12 reveal that the current Spanish power system
(LRSI (1)) ensures this condition even for an important introduction of EVs. The allowable
maximum value of the electricity system emissivity (gim), decreases from 1493 to 1121 g
CO2/kWh and remains higher than the real emissivity of the current system (318 g CO,/kWh)
along the entire period. The restriction gim(t) > g(t) is verified along the interval, so that no
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increases in LRSI become necessary. Hence, the introduction of EVs in such scenario leads to a
progressive reduction in urban transport CO, emissions (Figure 13). By 2040, carbon dioxide
emissions savings acquire their maximum value for this first case: 56 million tons, which
represent a sustainability factor of 58%.
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Figure 12. Emissivity of the electricity system. Scenario 1.
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Figure 13. CO, savings and sustainability. Scenario 1.

Scenario 2

Scenario 2 considers a progressive CO; emissions reduction with EVs penetration.
Therefore, a stepped introduction of renewable sources into the electrical system is required to
match sustainability restrictions (Table 12). Finally, LRSI (5) takes place by 2040, which
corresponds to a 100% renewable power system.

Referring to the total carbon dioxide emissions results, Figure 14 reflects the quantity of
CO; emissions generated by each type of vehicle. The results from the first case (Figure 14.a),
where EVs are not considered, do not vary from scenario 1. However, outcomes from the second
case, which contemplates EVs introduction into the urban fleet (Figure 14.b) remain constant
for all the vehicles types except for the ones dependent on the electricity mix: BEVs and PHEVs.
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Besides, in this second scenario again cars contribute the most to CO, emissions generation.
Both phenomena are reflected particularly during the last years of the period in study: although
the emissions of ICEVs gasoline cars are the highest during this last period, the sustainable
enhance of the power system decreases the generation of CO, emissions for BEVs cars in 82%
compared to scenario 1. The same happens to PHEVs cars, although in a softer way due to its
partial dependence on the electrical system, so that this reduction becomes 26%.
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Figure 14. CO, emissions. Scenario 2. (a) Case 1. (b) Case 2.

The current electrical system, with an emissivity of 318 gCO,/kWh, is already sustainable
enough to hold the introduction of EVs in the urban fleet, like results from scenario 1 revealed
(Figure 12). However, the second scenario of this research studies concurrently a stepped
introduction of renewable sources in the power system to match some reference degrees in
emissions reduction (Table 12). Hence, the emissivity of the electricity system would become
lower with every LRSI introduction, like Figure 15 reflects. Finally, LRSI (5) takes place by 2040,
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which corresponds to a 100% renewable power system. With this progressive enhance of the
power system, emissions generated by the urban transport would experience a considerable
reduction with the penetration of EVs (Figure 16). The highest decrease takes place in the last
year of study, 2040, where BEVs experience the largest introduction together with the most
sustainable LRSI: 100% of renewable sources. By this year, the savings in carbon dioxide
emissions acquiere the value of 74 million tons, which match a sustainability factor of 77%.
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Figure 16. CO, savings and sustainability. Scenario 2.

Figure 17 and Figure 18 finally summarize the improvements about moving towards a
100% renewable electricity mix together with the introduction of EVs in the rates of penetrations
assumed in these simulations, where by 2040, 93% of EVs are expected to comprise the urban
fleet. The emissivity of the electricity system would progressively reduce from 318 gCO,/kWh to
58.7 gCO,/kWh in the second scenario, which represents a decrease of 82% compared with the
constant value of scenario 1 (Figure 17). Besides, the penetration of EVs proposed in the second
scenario leads to higher levels of CO, emissions reduction compared with scenario 1.
Particularly, the highest decrease takes place in 2040, which corresponds to a 45% and 18
millions tons of carbon dioxide emissions reduction from scenario 1. Moreover, the
sustainability factor also enhances in a 33% in scenario 2 for that year (Figure 18).
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4.3. Implications on the reshaping of the electricity load curve and different kinds
of charging

The massive introduction of EVs in a society could lead to several problems in the power
grid, which have been analysed in various studies. For instance, (Clement-Nyns et al., 2010)
demonstrates that a relevant penetration of EVs in the distribution system provokes voltage
drops and voltage deviations, which reached 10.3% in the examined case study. Moreover,
(Shafiee et al., 2013) states that charging EVs increases the distribution load and consequently
the power losses. Besides, such process also increases daily peak load. Hence, (Su et al., 2019)
illustrates how the EVs’ demand in New Zealand would increase each year, with the
consumption concentrated in peak hours. These peak loads are expected to rise until reaching
a critical point in 2040, where the highest peak demand would exceed the installed generation
capacity of New Zealand in 2018. Considering these issues, several researches have proposed
strategies to minimize the impact of EVs in the grid. Their common purpose lies in reshaping the
expected electricity demand curve, reducing peak loads and aiming to achieve an almost flat
curve. For instance, (Bastida-Molina et al., 2020) proposes a methodology to recharge EVs based
on the use of temporal valleys and avoiding peak demand hours in the daily electricity demand
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to minimize the impact on the grid. This method provides a scheduled optimization of the
distribution of recharge between three different recharge strategies: home, public buildings and
electrical stations. (Liu et al., 2014) also proposes a timed charging strategy based on spot price
for the European Nordic Region, whereas (Limmer and Rodemann, 2019) focuses the reschedule
of the recharging activities on dynamic pricing.

Thus, integration of EVs in the grid has been widely addressed. However, there is scarce
research regarding the introduction of EVs for public transportation, such as electric buses (EBs).
This integration results of utmost importance, since the use of only EVs passenger cars could
result in high road congestion (He et al., 2019). Charging systems result vital for the introduction
of EVs in public transportation. Hence, four different types of recharging methods arise for EBs:
fast plug-in charging, wireless charging, battery swapping stations and pantograph systems.
Plug-in charging method corresponds to the traditional method used to recharge private EVs,
with three levels of recharge: slow, medium and fast. Due to the high battery capacity of EBs
(around 400 kWh), EBs use fast levels of recharge. The wireless charging method allows for
battery recharging without connectors, so that EBs have the opportunity to recharge fast and
frequently while they are on the roads (Yang et al., 2018). Battery Swapping Stations include
stations where users can change their discharged battery for a charged one, so that the recharge
becomes faster (Sarker et al., 2015). Finally, the Pantograph System allows EBs to quickly be
recharged at bus stops through an automatic connecting system (OPPCharge, 2019).

Some studies have developed load predictions for EBs depending on the charging
method. For instance, study (Dai et al., 2014) proposes the forecasting for Battery Swapping
Stations based on stochastic modelling, with statistical data of travel patterns. This research also
uses neural networks, uniform distributions and Gaussian models to model the hourly number
of EBs, starting charging time, travel distance and charging duration. Another study (Mohamed
et al., 2017) used a real-time simulation to model EBs in transit networks, considering the transit
constraints of Belleville, Ontario and Canada. Besides, (Zhang, 2018) studied a short-term
prediction for EBs charging stations using a hybrid model, which combined a least squares
support vector machine, fuzzy clustering and wolf pack algorithm. Hence, we find in the
literature strong models to deal with the different recharging methods for EBs and their load
predictions. These kinds of charging and their different load curves could have an impact on the
CO; emissions of EBs, depending on the period of the day.

5. Conclusions

This paper introduces a methodology that verifies the sustainable introduction of EVs in
terms of CO, emissions. By means of the “Well-to-Wheel” (WtW) tool, it makes a comparison
between emissions generated by two fleets: one completely formed by ICEVs and another one
that contemplates the introduction of EVs: BEVs, HEVs and PHEVs. Main contributions of this
methodology are the following.

e Firstly, the method determines the sustainability of the power system in question to
ensure at least a net emissions balance while introducing the fleet of EVs.

e Once this first step is verified, the methodology is able to establish a particular level of
emissions reduction through a sustainability factor.
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e Lastly, this research proposes a stepped introduction of renewable sources in the power
system to achieve last mentioned goals. Hence, different levels of renewable sources
introduction (LRSI) take place.

The methodology has been applied to the case study of Spain for the medium-term
future, until the year 2040. This country is currently experimenting an ecological transition,
where two environmental policies stand out: a progressive electrification of the urban transport
sector and a stepped introduction of renewable sources in the electricity mix until 2050. We
applied therefore the proposed methodology to the Spanish urban transport. The study
proposes five different electricity generation systems, moving from the current electrical system
to a total renewable one. Finally, two scenarios for the application of the methodology to the
Spanish case were studied: one in which only a net emissions balance is looked for and another
one in which also a particular sustainability degree in terms of emissions reductions is proposed,
both regarding the introduction of EVs in the urban fleet.

Results for scenario 1 indicate the following:

e The emissivity of the system, 318 g CO,/kWh, remains lower than the limit one, which
decreases from 1493 to 1121 g CO,/kWh along the period in study.

e Although no reference degree in emissions reduction was proposed in this scenario, a
final net emissions decrease would take place. The highest value is forecasted by 2040
and corresponds to 56 CO, million tons and a sustainability factor of 58%.

Despite the suitability of the current system, results for scenario 2 reveal the following:

e Emissivity of the system decreases for each LRSI, so that the lowest value of 59 g
CO»/kWh in 2040 matches a reduction of 82% compared to scenario 1.

e This improvement would directly affect EVs dependent on the power system: BEVs and
PHEVs. For instance, BEVs cars’ contribution to CO; in 2040 decreases by 82% compared
to scenario 1, meanwhile PHEVs cars’ does by a 26% since they only depend partly on
the electrical system.

e CO; savings and sustainability factor in this last scenario acquire the value of 74 million
tons and 77% respectively.

Finally, this study has verified that the penetration of EVs in the Spanish society arises
as a completely environmentally friendly solution in terms of CO; savings, more effective as the
renewable sources acquire more influence in the electrical mix and with the highest penetration
of BEVs among EVs. Further studies will focus on the possible electrification of interurban
transport, together with the possibility of replacing trucks transport by electric trains and their
environmental impact.
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2.2. Light electric vehicle charging strategy for low impact on the grid
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Abstract

The alarming increase in the average temperature of the planet due to the massive emission of greenhouse gases has stimulated
the introduction of electric vehicles (EV), given transport sector is responsible for more than 25% of the total global CO,
emissions. EV penetration will substantially increase electricity demand and, therefore, an optimization of the EV recharging
scenario is needed to make full use of the existing electricity generation system without upgrading requirements. In this paper, a
methodology based on the use of the temporal valleys in the daily electricity demand is developed for EV recharge, avoiding the
peak demand hours to minimize the impact on the grid. The methodology assumes three different strategies for the recharge
activities: home, public buildings, and electrical stations. It has been applied to the case of Spain in the year 2030, assuming three
different scenarios for the growth of the total fleet: low, medium, and high. For each of them, three different levels for the EV
penetration by the year 2030 are considered: 25%, 50%, and 75%, respectively. Only light electric vehicles (LEV), cars and
motorcycles, are taken into account given the fact that batteries are not yet able to provide the full autonomy desired by heavy
vehicles. Moreover, heavy vehicles have different travel uses that should be separately considered. Results for the fraction of the
total recharge to be made in each of the different recharge modes are deduced with indication of the time intervals to be used in
each of them. For the higher penetration scenario, 75% of the total park, an almost flat electricity demand curve is obtained.
Studies are made for working days and for non-working days.
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Abstract

The alarming increase in the average temperature of the planet due to the massive
emission of greenhouse gases has stimulated the introduction of electric vehicles (EV), given
transport sector is responsible for more than 25% of the total global CO, emissions. EV
penetration will substantially increase electricity demand and, therefore, an optimization of the
EV recharging scenario is needed to make full use of the existing electricity generation system
without upgrading requirements. In this paper, a methodology based on the use of the temporal
valleys in the daily electricity demand is developed for EV recharge, avoiding the peak demand
hours to minimize the impact on the grid. The methodology assumes three different strategies
for the recharge activities: home, public buildings and electrical stations. It has been applied to
the case of Spain in the year 2030, assuming three different scenarios for the growth of the total
fleet: low, medium and high. For each of them, three different levels for the EV penetration by
the year 2030 are considered: 25%, 50% and 75%, respectively. Only light electric vehicles (LEV),
cars and motorcycles, are taken into account given the fact that batteries are not yet able to
provide the full autonomy desired by heavy vehicles. Moreover, heavy vehicles have different
travel uses that should be separately considered. Results for the fraction of the total recharge
to be made in each of the different recharge modes are deduced with indication of the time
intervals to be used in each of them. For the higher penetration scenario, 75% of the total park,
an almost flat electricity demand curve is obtained. Studies are made for working days and for
non-working days.
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1. Introduction

During the last years, climate change has become one of the most worrisome problems.
The huge quantity of greenhouse gases emitted to the atmosphere is leading to a dangerous
temperature increase, whose negative effects are duly documented (Akitt, 2018).

Transport sector, with almost a quarter of the total carbon dioxide emissions, is one of
the most polluting sectors (Bjerkan et al., 2016; Hasan et al., 2019; Teixeira and Sodré, 2018).
Besides, transport depends mostly on fossil fuels whose reserves are finite and could be
exhausted in a short or medium term. Both phenomena, environmental impact and finite
reserves, have motivated the electrification of the transport sector (Adnan et al., 2017; Dijk et
al.,, 2013). The balance between the CO, emissions due to the generation of a surplus of
electricity to supply EV and the emissions avoided by the use of these EV could be highly
favorable (Canals Casals et al., 2016; Morrissey et al., 2016), making EV an environmental
solution for transport. Therefore, a high penetration of EV in the transport sector is taking place.

The electrical behavior of this kind of vehicles lies in both their electrical charge
depleting and recharging electrical demand, which are hugely affected by the EV driving cycle
and the state of the battery. Regarding the EV driving cycle, the study (Zhao et al., 2018a)
develops a methodology to construct an EV urban driving cycle for analyzing the differences in
estimated EV energy consumption. It is based on the general topological structure of the studied
urban roads and their traffic flow. Authors apply the methodology to the city of Xi’an as a case
of study. Finally, the application of the developed driving cycle together with other international
driving cycles to the city revealed that when the latter are used, energy consumption errors
increase up to 21.17%. The research (Zhao et al., 2018b) goes a step further and proposes a
methodology based on a k-means and a support vector machines hybrid clustering algorithm to
select the most representative EV urban driving cycle. The application of the methodology to
Xi’an EV urban driving cycle effectively matches the speed-time driving pattern of the real-world
cycle, proving therefore the feasibility of the method. Referring to the state of batteries, Zhang
et al (Zhang et al., 2019) focus their study on the accurate estimation of the State of Charge
(SOC) of lithium-ion batteries, which are widely used for energy storage in EV. Their novel
methodology allows for an optimization of the noise information by means of an “ant-lion”
optimizer algorithm. Results verify the suitable noise optimization making use of the developed
algorithm, so that SOC of batteries could be accurately estimated with error ratios lower than
1%. Another research (Wang et al., 2019) develops a diagnosis of the state of health of lithium-
ion batteries based on charge transfer resistance and taking different temperature and SOC
parameters as inputs. The study leads to a battery state of health estimation method that
eliminates the need of controlling the temperate and SOC of batteries during the measurement.

After the analyses of EV electrical behavior, different studies (Ahmadi et al., 2012; Deb
et al., 2018; Galiveeti et al., 2018; Gong et al., 2018) claim that a massive introduction of EV
would create negative impacts on the grid, leading to new power network challenges (Clairand
et al., 2018). With this problem in mind, several studies have lately proposed different solutions
to minimize the impact of EV on the grid (Wang and Chen, 2019).

One study has focused on the reshape of electricity load demand from EV recharge in
the case of a high expected introduction of EV (Lopez et al., 2015). The study for EV penetration
in New Zealand (Su et al., 2019) shows how the EV demand would increase each year with the
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consumption concentrated in peak hours, particularly at the end of the day. Under these
circumstances, peak loads increase until arriving to a critical point in 2040 when the highest peak
demand would exceed 2018 New Zealand installed generation capacity. Other studies, applied
to Brazil (Baran and Legey, 2013) and to the European Nordic Region (Liu et al., 2014), reach the
same conclusion: the electricity demand due to the introduction of EV would substantially
increase peak loads, with the corresponding negative impacts on the electricity network and the
installed capacity of those regions.

EV recharging processes tend to have a random behavior (Dang, 2018; Mao et al., 2019;
Ortega-Vazquez et al.,, 2013) when compared to traditional electricity load profiles, but no
limitations measures have been yet applied to control those recharging processes due to the
recent appearance of EV in transportation. Nowadays, users freely choose the charging time to
recharge their batteries, so the process schedule is a self-personalized one (Dang and Huo,
2018). This uncontrolled situation is the responsible for an overlapping between EV charging
loads with the grid peak loads that could increase the requirements at the peak periods.
Therefore, scheduling the different recharging options is completely necessary to avoid peak
demand increases with the consequent grid problems (Sundstrom and Binding, 2012).

Although several studies have analyzed the impact of EV introduction in the grid, just
only a few have based their investigation on scheduling the recharge activities. One of this is the
above mentioned in New Zealand (Su et al., 2019), based on time restrictions to be applied to
private and utility EV and electric buses. Following these constraints, The European Nordic
Region study (Liu et al., 2014) considers also a timed charging strategy based on the spot price,
but this method is applied only for EV passenger cars. Reschedule of the charging processes
based on dynamic pricing is studied and applied to a case of study in Germany (Limmer and
Rodemann, 2019).

None of these studies consider real drivers recharging patterns, that should be the basis
for real recharging strategies, and can be included in three different categories: recharge at
home, electrical stations or public buildings (Danté et al., 2019; IDAE, 2012; Martinez-Lao et al.,
2017; REE, 2018; Wang and Infield, 2018). The aim of this paper is to deduce an optimization
methodology to avoid peak demand hours by the introduction of EV. This methodology is based
on the use of electricity demand temporal valleys and provides an optimization of the
distribution of recharge between the three different recharge options.

The methodology considers only the contribution of light electric vehicles (LEV) by
including cars and motorcycles. Main reason for this limitation lies in the different recharging
behavior and travel use of heavy vehicles, like trucks or buses. Furthermore, the currently
available batteries are not yet able to provide the full autonomy desired for heavy vehicles.

This methodology has been applied to the case of Spain in the year 2030, assuming three
different scenarios for the growth of the total fleet: low, medium and high. For each of them,
three different levels for the LEV penetration are considered: 25%, 50% and 75%, respectively.
Spain is one of the countries where a large-scale introduction of LEV is expected to happen in
the near future. This is because the recent Climate Change and Energy Transition draft proposed
by the Spanish Government (PNIEC, 2019) forbids by 2040 the registration and sale of any light
vehicle which emits CO,. Some previous studies have addressed the effect of EV on the grid for
this country or some of their regions. For instance, in (Ceballos Delgado et al., 2016) the impact
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of EV on the distribution network is analyzed for Spain, Chile and Colombia. The impact of
charging EV on the distribution grid of a region in Spain (Barcelona) is detailed in (Valsera-
Naranjo et al., 2012) with emphasis on the importance of mobility variables when studying this
impact. Despite the importance of all these studies, a scheduling of the EV charging has not been
yet studied. This research gap and the forecasted high introduction of LEV in Spanish society,
make 2030 Spain case study a certainly suitable one to prove the feasibility of the suggested
methodology.

This paper is organized as follows: the developed methodology is described in section 2;
the case of study with the application to Spain in the year 2030 with different degrees of LEV
penetration including results and discussion is presented in section 3; finally, some general
conclusions are presented in section 4.

2. Methodology

In this section, a LEV recharging strategies optimization methodology is presented. This
methodology is based on the reschedule of LEV recharge using temporal valleys in the electricity
demand curve and its distribution between the different options for recharging. A brief overview
of the methodology is shown on the flowchart at the Figure 1.

Input parameters
(year, country, LEV intro)
| T

¥ ]
Determine LEV fleet Determine daily .electrlmty | | | Defln.e d|fferent.
demand curve without LEV recharging strategies
Define electricity demand Establish optimal recharge L Optimally reschedule
increase periods recharging strategies
|
|«
N
A Calculate daily electricity
:E demand curve due to LEV
Check
Calculate total daily . ¥
L flattening
electricity demand curve .
improvement

Figure 1. Flowchart of the proposed methodology.

The recharge approach starts with the determination of the expected LEV fleet using
data from different official sources and its extrapolation to the year under consideration. The
electricity demand from the calculated LEV fleet is determined and distributed along the optimal
recharging periods deduced from the valleys in the total electricity daily demand curve. By
adding this total electricity demand to the LEV demand, a final daily demand curve is obtained
and its possible flattening is analyzed to check how much the initial demand curve has been
affected. Once an adequate flattening is obtained, the distribution of the total LEV electricity
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demand between the different recharging methods (home, electrical stations and public
buildings) is optimized.

2.1. LEV fleet

During these last years, almost every developed country has experimented a large-scale
introduction of LEV (Baran and Legey, 2013; Canals Casals et al., 2016; REE, 2018). This trend is
ever increasing now, so that forecasting LEV fleet in a long term becomes a difficult data to
obtain, but critical for the determination of the impact on the electrical grid.

To determine the LEV fleet, the methodology considers four different vehicle types (Al-
Alawi and Bradley, 2013; Martinez-Lao et al., 2017): pure electric cars (PEC), hybrid electric cars
(HEC), pure electric motorcycles (PEM) and hybrid electric motorcycles (HEM). From the
extrapolation of the historical data (DGT, 2017) for light combustion cars (LCC) and motorcycles
(LCM), and the assumption of penetration factors for each of the different considered LEV, the
total LEV fleet (N+) is deduced for the particular year under consideration:

4
NT = ZNI =
i=1

(1)

+

2 4
frec(to) - Z pi(to) fLem(to) Z pi(to)‘
i=1 i=3

where: N; represents the fleet for the different types of LEV i (i=1 (PEC); i=2 (HEC); i=3 (PEM) and
i=4 (HEM)); fcc(to) and fcm(t) are the extrapolated values in the year t,, of the different LCC
and LCM, respectively, and p; is the penetration factor of the different types of electric vehicles
i

Hence, the nature (cars/motorcycles) of the introduced LEV matches the nature of the LCV
replaced. Therefore, the introduction of electric cars (PEV and HEV) would influence LCC,
whereas electric motorcycles (PEM and HEM) would affect LCM.

2.2, Electricity demand increase

The electricity demand from the total LEV fleet will be given by:
Agp=Y1(Cy - fpy - aa)i - N;j (2)

where the electrical consumption of each type of electric vehicle is affected by three factors: the
average certified electrical consumption (C,); a real increase consumption factor (f;,) over
those certified values, and the average annual travel distance (d,).

Values for all these parameters are summarized in Table 1. C, can be obtained from the
review of the certified consumption for a large quantity of existing and planned LEV models
(Luca de Tena and Pregger, 2018). However, different studies (Tietge et al., 2016a, 2016b; Zhao
et al., 2018a) claim that those average certified consumption values differ from the real ones,
since values obtained under the tested conditions are lower than those obtained under real road
conditions due to the low demanding conditions of the former tests. Factor f}, is deduced by
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using extrapolated data from (Tietge et al., 2016b). Averaged annual traveling distances, d, ,
could be deduced from (INE, 2018).

Table 1. LEV electrical consumption parameters

Ca fh d,
(kwWh/100 km) (km/year)
PEC 13.7 1.67 12563
HEC 4.6 1.67 12563
PEM 6.3 1.67 6302
HEM 2.1 1.67 6302
2.3. Total daily electricity demand curve

To deduce the total daily electricity demand curve, we should add to the demand from
the different sectors (industry, residential, commercial and services, agriculture and fishing), the
demand due to the LEV recharge. This sectorial demand curve can be calculated by assuming
that its shape is unchanged in the future and only a multiplying factor for the entire profile, due
to the increase in demand, should be applied. This factor (M) is given by eq. 3

_Ey (3)

where E; corresponds to the total forecasted electricity demand for the year into
consideration and Ey, ' to the electricity demand for the current year.

Historical data from official sources contain information about the electricity consumed
in each country along the years. For instance, in the case of Spain, (REE, 2017a) contains national
electricity consumption data from 1990 to our days, with the possibility of different period
visualizations (diary, monthly, yearly) or locations selection (regions, peninsula, national).
Therefore, Ey is directly obtained from the historical data of the country in question, whereas

Ey corresponds to a lineal extrapolation of them to the year under study.

Besides, load users’ patterns present considerable differences between working and
non-working days (REE, 2017b), so two different predicted daily demand curves should be
determined in the methodology application.

Once the sectorial demand profiles are deduced, the distribution along the day of the
electricity demanded by the LEV is made in accordance with a distribution function deduced
from those profiles. This distribution function (P(t)) is given by:

P (1) = (Do(®) — Dg)/ [ (Do) = Do) -t (4)

where D (t) is the sectorial daily demand profile for the considered year and ﬁo is the maximum
value on that profile.
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Typical total sectorial electricity demand profiles for working and non-working days are
presented in figure 2, together with the corresponding distribution function for the LEV
electricity demand deduced using eq.4.

50 0,12 50
45 0,11 a5
a0 01 a0

w
w«

Electricity demand (GW)
N w
w o

0,09
35

0,08
30

\,,_',_/ 0,07
25

Distribution function

0,08 e SSNES
20 0,05 20
0,04
15 15
0,03
10 10
0,02
5
5 0,01
0 . 0 0
8888888883888888888888¢&88 888888888888888888888888
SrNMsuieordagddgIRERE3gI8E erANmMInEerOagoadlIfSSE2RRNR
Time (h) Time (h)
—o~Demand P(t) —s—Demand P(t)

(a) (b)
Figure 2. Sectorial demand profile and deduced LEV recharge distribution functions for working (a) and non-working

(b) days

The distribution of the LEV electricity demand along the day is deduced by using this
distribution function.

Diev(t) = Agp - P(Y) (5)

Therefore, the total electricity demand profile will be given by:

Dr(t) = Dgy(t) + Do (1) (6)

Using this approach, the total daily electricity demand curve is expected to be a flatter
one. To verify this effect, a flat factor Fy is calculated as:

_ 1 24Dg(t)
K= fo Dr de (7)

Figure 3 displays the application of this methodology to the distribution of the demand
of electricity from LEV, assuming this demand as a 50% of the total one. There is a clear
improvement in the flattening of the profile, without any increase in the peak demand value, by
displacing the LEV charge to the valleys in the demand curve.

60

0,12
0,11
0,1

0,09
0,08
0,07
0,06
0,05
0,04
0,03
0,02
0,01

Distribution function



Chapter 2. Scientific publications

w B B g
W
n
|
]
o

[=)
n
A Y

o

Electricity demand (GW)
= N N w w
(%2 w

10
s M
0
Q0 000000000 CO0O 00O 0000009
2222222022000 Q0Q0202000022e20Q
O N M 1D OO AN MWLM OO O A MNM
L I B B I I B I I I B o B o B
Time (h)

~® Initial Demand —e—Demand with LEV ~ —&—LEV charge

Figure 3. Demand curve flattening

2.4, LEV recharging strategies

An optimal distribution of the LEV electricity demand could be obtained using the above-
described methodology. However, another barrier needs to be considered regarding the
different recharging strategies for LEV (Dang, 2018; Desai et al., 2018; Liu et al., 2014; Su et al.,
2019). These strategies would consider the recharging behavior of the users, which basically are:
recharging at home, electrical stations or public buildings (Danté et al.,, 2019; IDAE, 2012;
Martinez-Lao et al.,, 2017; REE, 2018; Wang and Infield, 2018) and should optimize the
distribution of the required demand between these options.

2.4.1 Recharge at home

This type of recharging mode corresponds to the users who would recharge LEV in their
garages while they are at home. Hence, recharging hours are related to working schedules of
citizens. During working days, most of the citizens using this option would connect their LEV as
soon as they arrive home from their work and would disconnect them next morning before going
back to work. During non-working days, the most remarkable period of recharging would still be
night hours. However, daily hours would experiment an increase, since some people stay at
home on these days.

According to (IDAE, 2012; Martinez-Lao et al., 2017; REE, 2018), given the high number
of available hours for recharge, this strategy corresponds to a slow mode of recharging. Hence,
the recharger unit to supply a complete charge in about 8 hours could be based in a system with
a maximum intensity of 16 A at 230 V.

2.4.2 Recharge at electrical stations

Recharging at electrical stations involves users who would specifically stop in a public
point because they want the LEV batteries quickly be recharged, so that they can continue with
the trip. Electrical stations would be equivalent to current petrol stations (Alhazmi et al., 2017;

61



Chapter 2. Scientific publications

Bagher Sadati et al., 2019) with a quick recharging mode (IDAE, 2012; Martinez-Lao et al., 2017;
REE, 2018). Hence, the charge duration should be about 30-45 minutes, and the recharger
should be able to supply around 400 A at 400 V.

2.4.3 Recharge in public buildings

Refilling LEV batteries in public buildings like parking, supermarkets, shopping centers,
etc., during the periods owners are developing other activities corresponds to this type of
recharge. This strategy corresponds to an semi-quick mode of recharging (IDAE, 2012; Martinez-
Lao et al., 2017; REE, 2018) with a standard charge duration of about 2 hours, and the recharger
should supply 64 A at 400 V.

An adequate splitting between these three recharging options should cover the
obtained distribution of the total LEV electricity demand, as eq. 8 indicates.

Diey(t) = H(®) + E(Y) + P(D) (8)

Being H(t), E(t) and P(t) the contributions to the demand from home, electrical
stations and public buildings, respectively. Each of these contributions depend on their daily
recharging probability profiles, as eq. 9 to 11 indicate.

H(t) = Dgy(® - pr(® (9)
E(t) = D gy (D) - pe(t) (10)
P(t) = Drgv(D) - pp(D (11)

where py, (1), pe(t) and py,(t) are the daily recharging probability profiles for home,
electrical stations and public buildings, respectively.

For each case, these parameters arise as proportional contributions to the daily pattern
for each recharging option, as eq. 12 to 14 show.

__ o

Pn(®) = (e o (12)
_ e

PV = {5reerm (13)
— p®

Pe(®) = {Grem e (14)

where h(t), e(t) and p(t) represent the daily patterns for home, electrical stations and
public buildings strategies, respectively. These patterns would match not only the typical
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recharging schedule from each strategy (section 2.4.1, 2.4.2 and 2.4.3) but also the way of life
of users for the specific region under consideration, to deduce from each country official data.

3. Case of study: Spain in 2030

As an application of the developed methodology for the optimization of the impact on
the grid due to the penetration of the LEV, this study has been addressed for the case of Spain in
the year 2030. In 2018, there were 25.500 electric cars and 12.350 electric motorcycles (REE,
2018), which represented just a 1% of the total Spanish light transport fleet. Despite this small
presence, the introduction of LEV in Spain has experimented a big growth in the last few years
and even a bigger increase is forecasted for the medium term. In this study, we are assuming
three different scenarios for the growth of the total LCV fleet: low, medium and high, as detailed
at figure 4. For each of them, three different levels for the LEV penetration by the year 2030 are
considered: 25%, 50% and 75%, respectively.
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Figure 4. Scenarios for the growth of LCV in Spain. (a) LCC. (b) LCM.

3.1. LEV fleet

Following the methodology proposed in this paper, we can deduce the total number of
electric cars and motorcycles by applying an increasing factor to the values deduced from the
extrapolation to the year 2030 of the historical data available for LCV in Spain (DGT, 2017). Table
2 shows the LEV fleet composition for the different penetration levels in each of the assumed
scenarios with the assumption of an equal distribution between pure electric and hybrid

vehicles.
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Table 2. LEV fleet composition for the different scenarios

Number of vehicles (millions)

Scenario LEV fraction PEC HEC PEM HEM
(%)
25 2,8 2,8 0,4 0,4
Low 50 5,6 5,6 0,8 0,8
75 8,4 8,4 1,2 1,2
25 3,7 3,7 0,6 0,6
Medium 50 7,4 7,4 1,2 1,2
75 11,2 11,2 1,7 1,7
25 5,9 5,9 0,9 0,9
High 50 11,8 11,8 1,9 1,9
75 17,7 17,7 2,8 2,8
3.2. Electricity demand increase

If no LEV were introduced in Spain, the total sectorial electricity demand in the year 2030
would be around 279 TWh, deduced from a lineal extrapolation to that year of the electricity
consumption in Spain during the period 2013-2017 (REE, 2017a). This represents an increase of
10,3% in relation to the last available data for 2017.

The increases in electricity demand due to the LEV introduction are calculated by using
eq.2 with values from the table 1. Results for the different penetration levels in each of the
assumed fleet scenario are summarized in table 3 and figure 5.

Table 3. LEV Electricity demand

LEV electricity demand

Scenario  LEV fraction Annual Daily Increase
(%) (TWh) (GWh) (%)
25 11,1 30,5 4,0
Low 50 22,2 60,9 8,0
75 33,4 91,4 12,0
25 14,7 40,3 5,3
Medium 50 29,4 80,7 10,6
75 44,2 121,0 15,8
25 23,5 64,3 8,4
High 50 46,9 128,5 16,8
75 70,4 192,8 25,2
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Figure 5. Total electricity demand

A maximum increase of 25,2% is obtained for the most demanding scenario: 75% LEV
penetration for a high growth of the total light vehicle fleet.

3.3. Total daily electricity demand curves

Nowadays, current load patterns for electricity users present considerable differences
between working and non-working days (REE, 2017b). Therefore, two different predicted 2030
Spanish daily demand curves have been used in this study. If these demand profiles are the same
all along the year, we can distribute the total electricity LEV consumptions between working and
non-working days, by considering the total number of days for each type along the entire year.
The profile for the deduced daily electricity demand in each case is deduced by applying the
probability distribution function of eq.4.

Assuming for the year 2030 the conservation of the sectorial electricity demand curve
shape existing at 2017 (REE, 2017b), we can upgraded it by application of the multiplication
factor of the total demand deduced in paragraph 3.2. By adding the two demand profiles:
sectorial and LEV demand ones, we obtain the total daily demand profile, both for working and
non-working days. Figures 6 to 8 display those demand curves for the three scenarios under
consideration.
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Figure 6. Total demand profiles in the low growth scenario. (a) Working day. (b) Non-working day.
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Figure 7. Total demand profiles in the medium growth scenario. (a) Working day. (b) Non-working day.
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Figure 8. Total demand profiles in the high growth scenario. (a) Working day. (b) Non-working day.

To quantify the effect of the LEV penetration with this controlled recharging method,
the flat parameter for each profile is calculated by using eq. 7 and, together with the maximum
demand power, the obtained values are compared with the corresponding ones for the initial
profile. Results are presented in Table 4 for working days where it can be deduced that in all the
scenarios a flatter profile than the initial one is obtained. The maximum value of the electricity
demand is preserved for most of the cases and only in the higher penetration for the medium
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growth and in the intermediate and high penetration for the high growth scenario is necessary
an increase of power in the electricity system. Similar behavior is obtained for the case of non-
working days as table 5 shows.

Table 4. Profile flattening of the demand profile for working days.

Initial demand curve Total demand curve
Scenario Maximum Flat factor  LEV fraction (%) Maximum Flat factor
(GW) (GW)
25 37,8 0,917
Low 37,8 0,883 50 37,8 0,950
75 37,8 0,984
25 37,8 0,928
Medium 37,8 0,883 50 37,8 0,972
75 39,5 0,973
25 37,8 0,954
High 37,8 0,883 50 40,4 0,960
75 42,1 0,985

Table 5. Profile flattening of the demand profile for non-working days

Initial demand curve Total demand curve
Scenario Maximum Flat factor LEV fraction (%) Maximum Flat factor
(GW) (GW)
25 31,8 0,900
Low 31,8 0,860 50 31,8 0,940
75 31,8 0,980
25 31,8 0,913
Medium 31,8 0,860 50 31,8 0,966
75 32,9 0,983
25 31,8 0,944
High 31,8 0,860 50 33,5 0,975
75 36,0 0,983

3.4. LEV recharging strategies

Different studies boosted by the Spanish Government have been carried out in relation
to LEV recharging strategies (home, electrical stations and public buildings). Based on these
studies (AECC, 2018; DGT, 2019; Eurostat, 2018), the daily recharging probability profiles for
each of them are deduced (Figure 9), as well as the contribution of each option to the total LEV
demand (Figures 10 to 12).
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Figure 11. Electricity contributions to LEV demand for medium growth scenario. (a) Working day. (b) Non-working

day.
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Figure 12. Electricity contributions to LEV demand for high growth scenario. (a) Working day. (b) Non-working day.

For the low and medium growth of LEV, the recharge is mainly concentrated in the night
hours by using the home option and no increase in the peak value of the total electricity demand
is required. When this growth increases, it is also possible to obtain a flat profile after several
iterations of the method, where an increase in the peak value is given. Moreover, the
contribution of every recharge option remains constant compared to the other scenarios.
Numerical results for the different contributions are detailed in table 6 and relative
contributions to the total recharge from the different options are presented in figure 13.
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Table 6. Power and energy requirements for the different recharge options in working/non-working days

Home

Electrical stations
(Working/Non working day ) (Working/Non working day ) (Working/Non working day )

Public buildings

Scenario LEV fraction Max Power Total Energy Max Power Total Energy Max Power Total Energy
(%) (GW) (GWh) (GW) (GWh) (GW) (GWh)
25 2,56/1,74 16,91/13,79 0,85/0,69 6,73/7,88 0,8/0,88 6,84/8,80
Low 50 5,11/3,48 33,82/27,59 1,71/1,39 13,45/15,76 1,60/1,75 13,68/17,60
75 7,67/5,22 50,73/41,38 2,56/2,08 20,18/23,64 2,41/2,63 20,51/26,40
25 3,39/2,30 22,40/18,27 1,13/0,92 8,91/10,44 1,06/1,16 9,06/11,66
Medium 50 6,77/4,61 44,80/36,54 2,26/1,84 17,82/20,88 2,13/2,32 18,12/23,31
75 10,16/6,91 67,20/54,81 3,39/2,76 26,73/31,32 3,19/3,48 27,18/34,97
25 5,39/3,67 35,66/29,09 1,80/1,47 14,19/16,62 1,69/1,85 14,42/18,56
High 50 10,78/7,34 71,33/58,18 3,60/2,93 28,37/33,24 3,38/3,70  28,85/37,12
75 16,17/11,01 106,99/87,27 5,40/4,40 42,56/49,87 5,08/5,54 43,27/55,68
22% ,
mHome * Electrical stations  ® Public buildings m Home © Electrical stations  ® Public buildings
(a) (b)
Figure 13. Relative contributions of each recharging mode. (a) Working day. (b) Non-working day.
4, Conclusions

The foreseeable high penetration of light electric vehicles (LEV) in the transport fleet of
any country generates an increase in electricity demand, whose daily distribution should be
optimized to avoid a substantial increment of the peak value in the existing electricity demand
curve prior to the LEV penetration. This optimization would help to avoid the requirement for
uploading of the actual installed power in the country. A methodology to optimize the daily
distribution of this LEV electricity demand has been developed in this work. This methodology
is based on the distribution of the LEV recharge by following an inverse trend when compared
with the initial electricity consumption from the other demand sectors, apart from transport.
The electricity consumption for LEV recharging is assigned to each time interval by the
application to this recharge process of a distribution function, deduced from the initial demand
curve by giving high priority to the valleys and maintaining as much as possible its peak value.
Flattening of the total electricity demand curve is analyzed and the methodology iterates until a
fixed improved value is obtained with the minimum impact of the initial peak value. The
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obtained LEV demand distribution is later divided among the different recharging options, such
as: home, electrical stations and public buildings. The distribution probability along the day for
the use of these different recharge options is deduced from reliable studies about driving
patterns. In this way, an optimal scenario for recharge is deduced and its application should be
addressed from the development of tariff structures and social campaigns.

This methodology has been applied to the case of Spain by the year 2030 assuming three
different scenarios for the growth of the light vehicle fleet, that to say: cars and motorcycles,
with a low, medium and high growth, respectively. For each of these scenarios, three different
levels of penetration for the electric vehicles were considered: 25%, 50% and 75% of the total
fleet. Considering the different driving behavior and electricity consumption for working and
non-working days, two different initial electricity demand profiles were used, deduced from the
database of official organizations, and extrapolated to 2030. Results from the methodology
indicate an improvement in the profile flattening up to reach 0,972, maintaining the peak value
in the initial value of 37,8 GW. Only in the case of the medium growth scenario with 75%
penetration and the high growth with 50% and 75% LEV penetrations was necessary to increase
the peak value in a 5%,7% and 11.4%, respectively, but with high flattening in all of them, higher
than 0,95, so the peak value was maintained almost all the time along the day. The allocation of
the recharge between the different systems: home, electrical stations and public buildings, is
dominated by the home option in all the scenarios, with a share in the order of 50% of the total
demand, concentrated in the night hours.

This study has verified that it is possible a high penetration of LEV in the fleet of Spain
by 2030 without increasing peak load, making use of the temporal valleys and optimally
rescheduling the electricity demand increase among the different recharging options.
Governments should play a key role when applying this methodology. Adequate policies should
be carried out in order to ensure the installation of the required recharging points of any of the
options, different taxes of recharging depending on the hour, subsidies for recharging during
nights at home, etc. Future research will explore how these incentives would affect the expected
recharging contributions. Moreover, future works will also study how the electricity demand
increase could be covered with renewable energy sources, with the support of the grid or just
in island configuration. Additionally, the methodology has been oriented to the search for flat
profiles, but it could be applied to other requirements on the profile shape, such as to obtain
the maximum exploitation of the generation profiles coming from renewable sources, such as
solar photovoltaic.
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Abstract

The installation of electric vehicle charging stations (EVCS) will be essential to promote
the acceptance by the users of electric vehicles (EVs). However, if EVCS are exclusively supplied
by the grid, negative impacts on its stability together with possible CO, emission increases could
be produced. Introduction of hybrid renewable energy systems (HRES) for EVCS can cope with
both drawbacks by reducing the load on the grid and generating clean electricity. This paper
develops a methodology based on a weighted multicriteria process to design the most suitable
configuration for HRES in EVCS. This methodology determines the local renewable resources and
the EVCS electricity demand. Then, taking into account environmental, economic and technical
aspects, it deduces the most adequate HRES design for the EVCS. Besides, an experimental stage
to validate the design deduced from the multicriteria process is included. Therefore, the final
design for the HRES in EVCS is supported not only by a complete numerical evaluation, but also
by an experimental verification of the demand being fully covered. Methodology application to
Valencia (Spain) proves that an off-grid HRES with solar PV, wind resources and batteries support
would be the most suitable configuration for the system. This solution was also experimentally
verified.
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1. Introduction

By the end of the 20" century, climate change became one of the most disturbing global
issues. The exorbitant amount of greenhouse gases (GHG), especially CO, emissions, sent to the
atmosphere is leading to an environmental destruction, whose effects could be very detrimental
for the nature and, as a consequence, for our society (Akitt, 2018; Dino and Meral Akgil, 2019).

Transport sector has traditionally depended on fossil fuels, which are non-renewable
resources and the main responsible for CO, emissions (Woo et al., 2017). For instance, almost
93% of the global transport consumption in 2017 derived from oil products (IEA, 2017b).
Moreover, around 23% of total CO, emissions in the world were generated by this sector
(Teixeira and Sodré, 2018). Due to two different reasons: finite oil resources and environmental
concerns, efforts have focused on the electrification of the transportation sector (Dijk et al.,
2013). Hence, a high penetration of EVs is expected to happen in almost all developed
countries in a short/mid-term future (Liu et al., 2014; Su et al.,, 2019). Despite the
environmental suitability of these vehicles while riding on the roads, two drawbacks arise in
this context. On the one hand, the extra electricity generated to cover EVs demand could lead
to an increase of CO, emissions depending on the carbon intensity (Cl) of the power sources
involved in the electricity generation system (Alvarez Fernandez, 2018; Manjunath and Gross,
2017). On the other hand, this electricity increase could create negative impacts on the grid
when recharging strategies remain unscheduled, concentrating the electrical consumption in
peak demand hours (Bastida-Molina et al., 2020b; Deb et al., 2018; Dixon et al.,, 2020;
Galiveeti et al., 2018). The use of microgrids with integration of renewable sources to recharge
EVs emerges as a solution to cope with the two previously mentioned difficulties (Wu et al.,
2021). First, the low Cl of the renewable sources would decrease the CO, emissions generated
during the electricity generation stage. Secondly, the pressure on the grid would decrease due
to the demand reduction by using these microgrids (Quddus et al., 2019). These microgrids,
known as Hybrid Renewable Energy Systems (HRES), combine the potential of different
renewable sources: solar photovoltaic, wind generators, biomass gasifiers, etc., with the
possibility to be supported by the grid or by other dispatchable resources as batteries, diesel
generators or even hydrogen system in the most cutting-edge systems.

Currently, the number of electric vehicle charging stations (EVCS) is very limited and far
enough to cope with the expected introduction of electric vehicles (EVs) in the coming years. In
fact, the concerns of being unable to find an EVCS to recharge the EVs emerges as one of the
highest barriers for the users to acquire this kind of vehicles (Xie et al., 2018). Therefore, the
development of fast recharging strategies together with the integration of renewable sources
result essential to the integration and acceptance of EVs in our society. Several studies have
addressed these topics. For instance, Huang et al. (Huang et al., 2019) developed a novel
Geographic Information System to select the optimal location for the installation of new
renewable EVCS depending on the current number of charging stations and renewable
potentials, with the aim of minimizing the life cycle cost of the EVCS. Regarding the design
process for the configuration of the HRES for EVCS, Dominguez-Navarro et al. (Dominguez-
Navarro et al., 2019) used a genetic algorithm to determine the HRES configuration for EVCS
that maximizes the profit measured by its Net Present Cost (NPC), selecting finally a
configuration with renewable generation and storage resources. Chowdhury et al. (Chowdhury
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etal., 2018) studied the incorporation of a HRES for EVCS supported by the grid at the University
Campus in Dhaka (Bangladesh), achieving a 21% of renewable generation and reducing GHG
emissions by 52.9 tCO,/year. They used software HOMER® (HOMER, 2020) for the optimization
process, looking for the lowest NPC configuration. Study (Vermaak and Kusakana, 2014)
presents the configuration design process of an energy storage HRES in a rural community of
the Democratic Republic of Congo with no access to the electrical grid for the recharge of electric
Tuk-tuks (a traditional means of transport of the Democratic Republic of Congo). The installation
of this HRES enhances the replacement of the traditional combustion engine Tuk-tuk vehicles by
electric ones, together with the future deployment of EVs in these rural areas. Similarly, research
in (Nizam and Wicaksono, 2019) boosts also the use of off-grid HRES systems for EVCS in rural
remote areas. Namely, this research discusses the best configuration option for an EVCS in
Labuhan Bajo (Indonesia) considering three types of batteries for energy storage: Lead Acid, Li-
lon (NCA) and Lithium Ferro Phosphate (LFP).

The methodologies presented in these above-mentioned studies only rely on economic
parameters to design the HRES configuration for EVCS. However, other studies indicate that
more parameters have to be considered for the system optimisation. For instance, Karmaker et
al. (Karmaker et al., 2018) used also the HOMER ® code to decide the configuration of the HRES
in an EVCS, but analized also the technical, economic and environmental feasibility of the
selected configuration. Rashid et al. (Rashid et al., 2019) focus the study on the electrical
production and cost analysis, whereas Tulpule et al. (Tulpule et al., 2013) included
environmental impacts, together with economic ones, in the design.

Another important issue to consider in the application of HRES to EVCS is the
experimental validation of any optimized design. There are very few studies in this direction. In
particular (Losev et al., 2020; Savio et al., 2019) state that, despite the suitability of numerical
methodologies, the experimental verification of the HRES configuration ensures its reliability
and real implementation. Research (Losev et al., 2020) describes the experimental results of a
fast EVCS based on solar PV, wind sources and fuel cells and the necessity of implementing these
systems in many remote regions of Russia with grid-connection problems. Research (Savio et al.,
2019) focuses on the power system analyses of a microgrid that combines solar PV, utility grid
and batteries to supply a fast charging EVCS. The experimental results verify the current flow
and power balance of the system that were previously calculated with a simulation software.

Hence, this paper proposes a novel methodology that tries to cope with both aspects:
to develop a weighted iterative multicriteria process based on economic, environmental and
technical parameters to design the configuration of HRES in EVCS, and the experimental
validation of the deduced designs by using a power balance and State of Charge (SOC) boundary
criteria. The method is based on a previous characterization stage of the system in terms of
energy by determination of the electricity demand of the EVCS and the evaluation of the local
energy resources.

The study includes the application of the developed methodology, including the
experimental verification, to Valencia (Spain). This region is expected to have a step mobility
transition to EVs according to the Electric Mobility Plan (“Electric Mobility Plan,” 2017),
approved in 2017 by the Valencian Ministry of Sustainable Economy, Productive Sectors, Trade
and Work. The plan aims to achieve an increasing penetration of both EVs and recharging points:
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2030 EVs and 105/350 fast/semi-fast recharging points by the year 2020; 78.100 EVs and
210/950 fast/semi-fast recharging points in the year 2025 and 260.000 EVs and 270/2100
fast/semi-fast recharging points by the year 2030. Moreover, this Plan is framed within the
Valencian Climate Change and Energy Strategy 2030 (GVA, 2017), which looks for the reduction
of the GHG emissions, the inclusion of renewable sources in electricity generation and the
energy efficiency enhancement by 2030. This legal framework boosts the installation of fast
recharge points for the expected EVs fleet in the Comunidad Valenciana. Moreover, the
renewable supply of such stations arises also as an environmental breakthrough to achieve, in
line with that Strategy 2030. In this context, the application of the methodology presented in
this paper for the design of a HRES for EVCS in the roads of Valencia has a remarkable interest.

The paper is organized as follows: section 2 presents the methodology, section 3
describes the case study of Valencia and section 4 provides the results and discussion of this
application. Finally, the paper conclusions are outlined in section 5.

2. Methodology

This section presents the methodology developed to design a Hybrid Renewable Energy
System to supply the electricity demand of EVCS. The method contemplates four different
stages. The first one comprises the electricity demand modelling of the EVCS, together with the
evaluation of the local energy resources analysis to determine the renewable technologies to be
considered. The second phase makes an initial predesign of the system based on the NPC
optimization by using the HOMER® software. Then, all the obtained configurations are evaluated
and ranked in the third stage by using a multicriteria process that takes into account the
technical, economic and environmental aspects for each of them. Finally, the last phase of the
methodology addresses the experimental validation of the best-positioned configurations.
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Figure 1. Flowchart of the proposed methodology.
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2.1, Electricity demand of electric vehicles charging stations

EVCS demand depends on total amount of EVs refilling their batteries in the station and
on the power consumption of each of these EVs. Regarding the first factor, this methodology
establishes atemporary curve for each type of EV recharging in an EVCS: Battery Electric Vehicles
(BEVs) and Plug-in-Hybrid Electric Vehicles (PHEVs), considering also their nature (cars and
motorcycles). Taking a base fleet affected by two rates (penetration and recharge of EVs in the
station (Bastida-Molina et al., 2020b)), the method determines each curve making use of eq.(1):

. . . (1)
n(i,t) = N(t) - f(@) -r(D)

where n(i,t) is the number of EV of type i ( i=1 for BEV cars, i=2 for PHEV car and i=3 for BEV
motorcycle) recharging at time t; N(t) represents the total number of vehicles on the road
passing by the EVCS at that time, f(i) represents the fraction of these vehicles being electric and
r(i) is the rate of those EVs needing recharge.

Referring to the second factor, the capacity of the battery, together with its state of
charge (SOC) and the time duration of the recharging process determine the power demand of
each EV type while recharging (Karmaker et al., 2018). This power demand is given by eq.(2):

Cpar(@) - [SOCyax — SOC] (2)
T ()
Where Pgy, (i) corresponds to the power demand of EVs; Cp, (i) represents the capacity
of the EVs’ batteries; SOCy 4, is the maximum level of the batteries’ state of charge; SOC

corresponds to the real level of the batteries state of charge and T (i) represents the time
duration of the recharging process.

PEV(i) =

Finally, the power demand of the EVCS, Pgycs(t) arises as the electrical demand of
every type of EV recharging there, like eq.(3) indicates:

Peves(t) = Z (i, t) - Pyy (i) 3)

4

2.2, Local energy resources evaluation

At this stage, the methodology should determine the availability of renewable resources
to be included in the HRES for EVCS. This implies the determination, for the place where the
EVCS will be located and with the highest possible resolution, of some parameters: the solar
irradiation and the clear index average (Hansen and Xydis, 2020), wind speed measured at the
wind turbine height (Chowdhury et al., 2020), the sustainable biomass production availability
(Singh and Balachandra, 2019), etc.. Moreover, the necessity to support the system with
batteries, the grid or with a generator should be also considered as potential back up to
guarantee the reliability of the HRES in the EVCS.

2.3. Predesign of the HRES

HOMER® Pro software (HOMER, 2020) is a well-known and widely used tool in the design
of HRES, including its application to EVCS (Nizam and Wicaksono, 2019; Rashid et al., 2019). With
the information of the technological options and the local resources to include in the HRES as
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an input to HOMER®, a list of different configurations for the system, ranked by their NPC, is
obtained.

Despite the importance of the economic factor, the design of HRES for EVCS should also
rely on environmental and technological criteria (Karmaker et al., 2018). In line with this
consideration, the present method utilizes the software HOMER® only in a predesigning phase
of the HRES for the EVCS.

2.4. Multicriteria assesment

After the pre-design stage of the HRES, all the configuration options proposed by
HOMER® are rank ordered using the methodology proposed in this section (2.4), based on a
weighted multicriteria assessment of environmental, economic and technical parameters. This
section describes the parameters and the multicriteria methodology.

2.4.1. Environmental criteria

The introduction of EVs is intended for a decarbonisation of the transport sector
(Bastida-Molina et al., 2020a; Driscoll et al., 2013; Teixeira and Sodré, 2018). However, a
recharge of these vehicles exclusively based on the grid could even lead to an increase of the
emissions, depending on the carbon intensity (Cl) generation mix of the grid (Alvarez Fernandez,
2018; Bastida-Molina et al., 2020a; Manjunath and Gross, 2017). Hence, this methodology
proposes two factors to assess the environmental suitability of using a HRES for the EVs recharge
in EVCS: CO, emissions reduction and renewable generation degree.

CO; emissions reduction (EmR)

This parameter determines the relative reduction in carbon emissions while using a
HRES instead of the grid alone to supply the EVCS. CO, emissions reduction (EmR) can be
obtained using eq. (4) .

_ [Egrid 'ggrid] — [Exgres * 9ures] (4)

EmR
[Egrid ' ggrid]

Where Eg.;4 is the electricity demanded to the grid if the EVCS has no any HRES support;
Jgria is the emissivity of the electricity from the grid; Eyzgs is the electricity provided to the
EVCS from a HRES, and  gyrgs is the emissivity of the electricity from the HRES.

Specifically, the emissivity for the HRES (gyres) corresponds to a weighted combination
of the generation resources of the system, which depend on their energy generation influence

(eq. (5)).

_ \C Enees; o (5)
9HRES = F
— ZHRES
Epres = 2j EHRES]-- (6)
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Being EHRES]. the electricity provided by the component j of the HRES and g; its specific

emissivity.

Extreme values for EmR are 0 (no renewable sources in the HRES) and 1 (full renewable
system without any CO, emission), as eq. (7) indicates:

(7)
EmR € {0,1}

Renewable generation degree (ReG)

The contribution of renewable sources to the electricity consumption of the EVCS is
another significant factor when analysing the environmental behaviour of the system (Hurtado
etal., 2015). Eq (8) determines this parameter (ReG), where not only the renewable contribution
to the HRES take part, but also the renewable percentage of the electricity taken from the grid
by the HRES.

2r Enggs, + xr - EHRES grig (8)

ReG =
Enres

Being Eyggs, the electricity coming from the renewable source r of the HRES, EHRESgn-d
the electricity taken by the HRES from the grid and x, the fraction of renewable contribution in

EHRESgn'd-

ReG values are in the interval 0 (when no renewable sources are involved in the HRES
and in the electricity grid) and 1 (if all the electricity used by the HRES, including the grid, is
generated with renewable sources), as eq. (9) reflects:

ReG €{0,1} (9)

2.4.2. Economic criteria

The importance of a thorough economic analysis for the design of the HRES EVCS
appears in a wide range of researches (Nizam and Wicaksono, 2019; Vermaak and Kusakana,
2014; Xu et al., 2020). In this methodology, the economic study uses the levelized cost of energy
(LCOE). This is a widely used parameter to compare and evaluate different electricity generation
procedures (Hansen, 2019; Ribd-Pérez et al., 2020; Zhang et al., 2020). The LCOE indicates the
average total cost of building and operating the corresponding energy system per unit of total
electricity generated along its lifetime (Corporate Finance Institute, 2020), as eq. (10) shows:

2' t:n(lt]+0&Mt]+Ft])
J&t=1 (1+7r)t (10)

_(E
imy s

LCOE =
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Where I;j, 0&M;; and Fjrepresent the investment cost, operation and maintenance
cost and fuel cost respectively of each generation resource j at the time t into consideration of
the lifetime of the system (n), whereas r corresponds to the discount rate.

The methodology introduces a normalized LCOE (NLCOE) to compare the LCOE for an
EVCS supplied by the grid (LCOEgn-d) with the LCOE for an EVCS supplied by the HRES in study
(LCOEygEs), as eq. (11) indicates:

LCOE;,i4
NLCOE = ——97C
LCOEypEs (11)
Hence, an economic factor (EcF) for the multicriteria analysis can be defined as:
EcF= Min (1; NLCOE) (12)

Moreover, EcF values range in the interval of 0 (for very high LCOEyggs ) and 1 (if the
HRES has a lower LCOE that the grid one), as eq. (13) shows:

EcF € {0,1} (13)

2.4.3. Technical criteria

The technical study comprises two remarkable parameters: the security of supply and
the adequacy sizing of the system.

Security of supply (SS)

This factor evaluates the guarantee of electricity supply taking into account the different
combination of generation sources and back-up systems in the HRES for EVCS (Ribé-Pérez et al.,
2020), as eq. (14) indicates.

ss=1-) (1-£) (14
j
Being fjthe reliability of the generation source j.

For non-dispatchable generation sources, i.e.: solar PV and wind generation, we can
consider the magnitude of the energy contribution related to the demanded one and the
fraction of the time these sources are available, as eq. (15) indicates.
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E; (15)
f; = Min [1; —J L5
EEVCS

Where E; represents the electricity provided by the non-dispatchable sourcesin
question, Egy s is the total electricity demanded by the EVCS and §; corresponds to the fraction
of hours that the source is available.

For dispatchable electricity sources, such as the grid and the backup generator, eq. (16)
determines their feasibility as follows:

: b
fj = Min [1; PEVCSJ - 6 (16)

Where P; represents the generator maximum power and the contracted power from
the grid, and Pgy s corresponds to the maximum power of the EVCS. Values for the security
factor §; are available for diesel generators (Hidalgo Batista and Villavicencio Proenza, 2011) and
for the grid (Kruyt et al., 2009; Sovacool and Mukherjee, 2011).

In the case of the storage battery bank, the feasibility factor can be defined as:

Ep

EEVCS

(17)

fb=Minl1; J-Sb

Being E;, the nominal capacity of the battery bank and &, the security factor, also
available in (Bastida-Molina et al., 2020c).

SS values are in the interval of 0 (when the system cannot ensure the electricity supply
at all) and 1 (if the security of supply is completely assured), as eq. (18) reflects:

5S €{0,1} (18)

Electricity sizing adequacy (ESA)

Finally, this last parameter assesses the adequacy of the system in relation to its power
sizing. Systems should be designed in such a way that they cover all the demand requirements,
but the minimum excess of generation, as eq. (19) indicates.

E
ESA = Min ll; ﬂ] (19)
HRES
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ESA values are in the interval of 0 (when the power sizing is not adequate at all) and 1
(If its power sizing is completely achieved), as eq. (20) indicates:

ESA €{0,1} (20)

2.4.4. Multicriteria assessment

In this stage, the proposed methodology evaluates all the configuration possibilities
obtained in the predesigning phase with HOMER® Pro Software for the HRES EVCS in question.
For this evaluation, the methodology applies a weighted multicriteria assessment on each of
these configurations based on the above-explained criteria. Hence, a merit figure (CP) is
deduced for each configuration option.

Table 1 shows the evaluation criteria together with their corresponding weighting
factors. Moreover, eq. (21) describes the multicriteria evaluation for each configuration, where
constraint (22) applies.

Table 1. Criteria and weighting factors for the evaluation.

Criteria Weighting factor
. COz emissions reduction (EmR) OlEmR
Environmental .
Renewable generation degree (ReG) OlReG
Economic Economic Factor (EcF) OlecF
Technologic Securllty./ of éu.pply (SS) 0iss
Electricity sizing adequacy (ESA) OlESA
CP = QEmR * EmR + QReG ReG + (270 20 EcF + (225 SS + Qs ° ESA (21)
Agmr T Org + Apcr + Oss + Qgsa = 1 (22)

Finally, once all the configurations have been analyzed, they are ranked in accordance
with their CP values. Hence, the one with the highest value would be the best design solution
for a HRES in an EVCS, based on a complete study of the system including environmental,
economic and technical aspects.

2.5. Experimental verification of the hybrid renewable energy system

The last stage of the methodology consists of an experimental verification of the
selected design for the HRES in the EVCS after the previously explained multicriteria assessment
phase (Pérez-Navarro et al., 2016; Savio et al., 2019). The theoretical design needs to be
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accurately reproduced in a laboratory with all the required technologies. Therefore, a scaled
version of the selected configuration results necessary (Hurtado et al., 2015), being the scale
factor (SF) determined by the capabilities of the experimental system to be used (P;;;), and the
maximum power of the EVCS (Pgy ) as eq. (23) indicates:

P
SF = EVCS (23)

Plab

Consequently, this scale factor affects the EVCS power demand curve, determined in
section 2.1., so that the experimental EVCS power demand (PEVCS exp(t)) is determined by eq.
(24). The power of each generation system (P]) is scaled as well, being the experimental
generation power (P} ) obtained by eq.(25).

Pgycs(t) (24)
Prycs exp(t) = —sF

P;
Pjexp = SF (25)

The methodology imposes two conditions to be satisfied before accepting the system
configuration (Bastida-Molina et al., 2020c; Chowdhury et al., 2020; Hurtado et al., 2015). Firstly,
the EVCS load requirements should be covered at each time of the day, so to reach this goal the
power balance should accept a certain rate of power losses (L) in the system (eq. (26)). Then,
for systems with a storage capacity based on batteries, the state of charge (SOC) of these
batteries should be all the time in the range between the allowed minimum and maximum
values. (eq. (27)).

|Z P] exp (t) - PEVCS exp (t)l <l (26)
Pj exp (t) N
SOCppin < SOC(t) < SOCyay (27)

The fulfilment of these conditions ensures the correct design of the HRES for the EVCS.
If any of them were not met, the methodology includes an iterative process on the selection of
the theoretical design of the system, following the rank order deduced from the multicriteria
assessment.
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3. Case study: Valencia (Spain)

The paper applies the previously explained methodology to Valencia, the capital
province of the Comunidad Valenciana, located in the East of Spain. This region is experimenting
a deep ecological transition in terms of mobility motivated by its Electric Mobility Plan (“Electric
Mobility Plan,” 2017). The plan establishes as final 2030 objective that the EVs represent 25% of
the market share of the Comunidad Valenciana along with establishing one fast recharge point
for every ten EVs. The final achievement of these goals would lead to a considerable GHG
emission reduction, specifically the Plan foresees a total 622.000 tons of CO, emissions
decrease. This Plan is framed within the Valencian Climate Change and Energy Strategy 2030
(GVA, 2017), whose three central goals lie in a reduction of the GHG emissions, the renewable
sources increase in electricity generation and a substantial energy efficiency enhancement by
2030.

This legal framework boosts the installation of fast recharge points for the expected EVs
fleet in the Comunidad Valenciana, namely in the form of EVCS. Moreover, the renewable supply
of such stations arises also as an environmental breakthrough to achieve, in line with the above
mentioned 2030 Energy Strategy. In this context, we decided to apply the methodology
presented in this paper to the design of a HRES for EVCS in the roads of Valencia in an imminent
future. Moreover, this work only considers the recharge of light electric vehicles (LEVs) in EVCS
with possibilities of recharge: BEV cars, PHEV cars and BEV motorcycles. Nowadays, heavy
internal combustion vehicles, like private buses or trucks, represent a 15% of the recharge in
petrol stations located at roads of Valencia (DGT, 2019). However, the currently available
batteries of their equivalent heavy EVs are not yet developed enough to provide the autonomy
desired by these vehicles in roads (Bastida-Molina et al., 2020b). Therefore, it is not realistic to
assume this type of vehicles being recharged at EVCS.

3.1. Electricity demand of electric vehicles charging stations

The determination of the EVCS electricity demand in Valencia could be deduced from
the current flow of light internal combustion engine vehicles (LICEVs) passing by the roads close
to petrol stations in the region. The accurate traffic information for Valencian territory provided
by the Spanish data base (DGT, 2019) allowed us to model the average flow of LICEVs in study,
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Figure 2. Base fleet of LICEVs for Valencia N(t).
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represented by N(t) in eq. (1) (Figure 2). 94% of this fleet was formed by cars and 6 % by
motorcycles.

The rate of penetration of LEVs in this base fleet of LICEVs will match their expected
penetration in the Spanish fleet by an imminent future (Bastida-Molina et al., 2020a): 2.5% for
BEVSs cars, 2.5% for PHEVs cars and 5% for BEVs motorcycles, considering just the LEVs with
possibilities of recharging in EVCS due to their configuration (BEVs and PHEVs) (Zheng et al.,
2020).

Finally, study (Philipsen et al., 2018) claims that the percentage of LEVs passing by the
EVCS that will finally recharge there is expected to be slightly higher than the equivalent
traditional refueling behavior. Hence, this percentage increases up to 6%. Table 2 reflects all
these parameters to be used in eq. (1).

Table 2. Rate of penetration and recharge of LEVs.

f r

(%) (%)
BEVS cars 2.5 6
PHEVS cars 2.5 6
BEVS motorcycles 5 6

For the determination of the power consumption of each type of LEV at EVCs, we made
a detailed analysis on their battery capacity, SOC and required time for recharging at the EVCS,
assuming only a fast recharging mode (Bastida-Molina et al., 2020b; Martinez-Lao et al., 2017).
Regarding the first parameter, researches (Li et al., 2019; Luca de Tena and Pregger, 2018; Sehar
et al., 2017) shed light on the determination of battery capacity for BEVs cars and motorcycles,
and PHEVs cars. Referring to the initial SOC, we took the hypothesis that the SOC for the LEVs
recharging at the EVCS will be 20% (REE, 2018). Table 3 indicates the assumed values for the
different parameters of the full recharge of the different types of EV.

Table 3. LEVs’ recharging parameters

Cbat SOCMax SOC T Pev

(kwh) (%) (%) (min) (kw)
BEVs cars 40 100 20 40 48
PHEVs cars 14 100 20 14 48
BEVs motorcycles 3 100 20 3 48
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Using these data, it is possible to deduce the electricity demand of the EVCS for the
Valencian case study, shown at Figure 3. Maximum power demand is 270 kW, and takes place
during the early morning (from 9:00 to 10:00) and at early night again (from 21:00 to 22:00).
Final contribution of BEVs motorcycles to the electricity demand results in a 6%, in front of 49%
for BEVs cars and 45% for PHEVs cars, respectively.
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Figure 3. Electricity demand in EVCS.
3.2. Generation resources analyses

Valencia is a province located at the East of Spain, next to the Mediterranean Sea. Its
geographical position corresponds to the coordinates 39°28'00”"North 0°22'30"West and it has
an elevation of 16 meter above sea level. The analysis of the renewable potential of Valencia
highlighted solar resources as the most suitable ones, followed by wind resources.

According to PVGIS-CMSAF (PVGIS, 2020), Valencia has an average annual irradiation of
1735 kWh/m?/year with the monthly dependence shown at Figure 4. The highest irradiation
data corresponds to the summer months, reaching the highest values in June and July, with
approximately 7.8 kWh/m?/day. On the contrary, the lowest irradiation values correspond to
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Figure 4. Average solar daily irradiation and clearness index in Valencia.
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the winter months, specifically December and January, with 2.1 and 2.5 kWh/m?/day
respectively. From these data, we can deduce an average solar daily irradiation of 5 kWh/m?/day
and a clearness average index of 0.65.

Moreover, data from (IDAE, 2020b) indicated that the average wind speed of Valencia
is 3.6 m/s, measured at 18 m above the ground. Figure 5 reflects the daily average data for
each month. These values revealed the suitability of wind resources in Valencia, although they
do not have the high potential of the solar resources. The availability of this resource presents
a trend which results ideal for the HRES: solar irradiation offers its highest values during
summer months; meanwhile wind speed reaches the highest data during the winter ones.

Hence, each type of renewable generation would ideally complement the other, helping to the
reliability of the HRES.

Wind Resource
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Figure 5. Wind speed in Valencia.

Regarding back-up systems, grid connection is a feasible possibility for EVCS (Rashid et
al.,, 2019), since Valencia is a complete electrified area. Furthermore, batteries and diesel
generators can be also considered as possibilities to support the HRES, especially if the EVCS is
intended to be off-grid (Vermaak and Kusakana, 2014).

3.3. Inputs for the design of the hybrid renewable energy system

Taking into account the power demand from the EVCS and the availability of solar and
wind resources in Valencia, an initial estimation of the HRES system configuration to be used as
input for the HOMER simulation was defined (Table 4).

Table 4. HRES EVCS components sizing.

Solar PV Wind Grid connection  Diesel Generator Battery
(kw) (kw) (kW) (kw) (kwh)
500 330 270 280 960, 1920, 2880, 4800

To ensure a reliable supply, the maximum acceptable capacity shortage of the system
was established in 10% for the HOMER® simulations. HOMER ® results provided a list with 55
configuration possibilities ordered by their NPC values. Before applying the multicriteria
evaluation, configurations without renewable generation were discarded. Besides, alternatives
including grid and diesel generator were also rejected, considering the generator was not
necessary in the presence of grid. Table 5 summarizes the discarded design options, meanwhile
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Table 6 reflects the 27 selected configuration alternatives to be analysed with the multicriteria
methodology.

Table 5. Discarded design options.

Discarded design scenarios HOMER options Reason
Grid 2
Grid + gen 5
Grid + bat 13, 22, 28, 36
Grid + gen + bat 17, 24, 31, 40 Lack of renewable generation.
Gen + bat 50, 51
Gen 55

Ren + grid + gen 3,7,14 The diesel generator does not contribute to

. 8,12,19, 20, 21,26 energy generation, due to the presence of the

Ren + grid + gen + bat 27,33, 34, 35, 41,42 grid.

gen: diesel generator; bat: batteries; ren: renewable resources.

Table 6. Selected configuration options to be analysed by the methodology.

HOMER Solar PV Wind Grid Generator Battery
Option (kW) (kW) connection (kw) (kwh)

Ren + grid 1 500 0 Yes 0 0

Ren + grid 4 0 330 Yes 0 0

Ren + grid + bat 6 500 0 Yes 0 960
Ren + grid + bat 9 500 0 Yes 0 1920
Ren + bat 10 500 330 No 0 4800
Ren + grid 11 500 330 Yes 0 0

Ren + grid + bat 15 500 0 Yes 0 2880
Ren + grid + bat 16 0 330 Yes 0 960
Ren + grid + bat 18 500 330 Yes 0 960
Ren + grid + bat 23 500 0 Yes 0 1920
Ren + grid + bat 25 500 330 Yes 0 1920
Ren + grid + bat 29 500 0 Yes 0 4800
Ren + grid + bat 30 0 330 Yes 0 2880
Ren + grid + bat 32 500 330 Yes 0 2880
Ren + gen + bat 37 500 330 No 280 4800
Ren + grid + bat 38 0 330 Yes 0 4800
Ren + grid + bat 39 500 330 Yes 0 4800
Ren + gen + bat 43 500 330 No 280 2880
Ren + gen + bat 44 500 330 No 280 1920
Ren + gen + bat 45 500 0 No 280 4800
Ren + gen + bat 46 500 0 No 280 2880
Ren + gen + bat 47 0 330 No 280 2880
Ren + gen + bat 48 0 330 No 280 4800
Ren + gen + bat 49 0 300 No 280 1920
Ren + gen 52 500 330 No 280 0

Ren + gen 53 500 0 No 280 0

Ren + gen 54 0 330 No 280 0
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The application of the multicriteria methodology to the Valencian case study required
the definition of some input parameters regarding the environmental, economic and technical
criteria, as well as the weighting factors.

Environmental criteria

The relative decrease of CO; emissions achieved when using a HRES instead of the
traditional grid for charging vehicles in EVCS together with the renewable generation degree
comprise the environmental factors to assess each design option for the system. Thus, the
emissivity for each renewable source results of utmost importance, as well as the emissivity and
renewable presence for the Spanish grid. A wide study of renewable and non-renewable
sources’ emissivity is available on (Karmaker et al., 2018) and (Bastida-Molina et al., 2020a; IEA,
2016) contain all the information regarding the Spanish electricity mix. Using this information,
Table 7 summarizes the emissivity values to be used.

Table 7. Emissivity for generation sources and renewable contribution to the grid.

Solar PV Wind Diesel Spanish grid
g (g CO2/kWh) 40 20 600 318.1
Xr (%) - - - 27.1

Economic criteria

This paper uses the NLCOE to assess the economic behaviour of each design option,
where the economic modelling of such parameter includes the investment, operation and
maintenance and fuel costs for each element of the HRES, as well as its corresponding discount
rate and the lifetime of the project. A thorough research (Chowdhury et al., 2020; Hurtado et
al., 2015) was made to accurately determine these values for the case study. These are
presented in Table 8.

Table 8. Economic modelling.

Investment cost O&M cost Fuel cost n r
(€/kw) (€/kw) (/L) (years) (%)

Solar PV 1200 40 - - -
Wind 2020 60 - - -
Diesel generator 380 1.52 1.05 - -
Batteries 950°¢ 10¢ - - -
Grid - 0.15° - - -
General project - - - 25 8

ag/h; bGrid power price; “€/unit

Technical criteria

The technical evaluation of the methodology includes an analysis of the power selected
for each power source together with the application of a security coefficient to each one of them
to ensure the feasibility of the system. To determine this security coefficient for dispatchable
technologies, study (Hidalgo Batista and Villavicencio Proenza, 2011) quantifies its value for
diesel generator, and (Kruyt et al., 2009; Sovacool and Mukherjee, 2011) for the Spanish grid.
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Moreover, the security coefficient for batteries matches its depth of discharge according to
(HOMER, 2020). This coefficient varies for non-dispatchable sources, depending on the
number of equivalent hours (1735 for solar PV (PVGIS, 2020) and 1889 for wind in Valencia
(IDAE, 2020b). Table 9 summarises the security coefficient data for each generation source in
the HRES.

Table 9. Security coefficient for the generation sources (J;).

Solar PV Wind Diesel generator Spanish Grid Batteries
(%) (%) (%) (%) (%)
19.8 21.6 85.7 98 70

Multicriteria assessment

The methodology presented in this paper allows users to arbitrarily decide through a
series of weighting factors the importance that each criteria will play during the evaluation
process. In this case of study, we have decided to apply a balanced evaluation process, where
all the criteria have the same weight: 20% each.

4, Results and discussion

This section presents the results for the application of the methodology to the Valencian
case study. Namely, it exposes the selected designs of the HRES in EVCS of Valencia after
applying the multicriteria assessment, together with the experimental validation of such designs
in the Laboratory of Distributed Energy Resources (LabDER) of the Polytechnic University of
Valencia (UPV) (Pérez-Navarro et al., 2016).

4.1. Design of the hybrid renewable energy system: multicriteria assessment

The application of the multicriteria methodology presented in this paper to the
Valencian case study gave rise to a rank ordered list of the design options for the HRES in EVCS.
Table 10 reflects the individual percentage assessment of the environmental, economic and
technical criteria for each option, as well as the final evaluation considering equal ponderation
values for all of them.
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Table 10. Multicriteria assessment of the HRES configurations. Selected designs for the HRES in EVCS.

Configuration HOMER Methodology EmR ReG EcF SS ESA Total
position # position # (%) (%) (%) (%) (%) (%)
Ren + bat 10 1 88,84 100 83,13 83,29 88,85 88,82
Ren + gen + bat 37 2 67,95 91,04 68,56 98,14 80,89 81,32
Ren + grid 11 3 49,05 80,96 88,08 98,44 65,64 76,43
Ren + gen + bat 43 4 56,65 86,83 63,94 96,17 77,15 76,15
Ren + grid + bat 18 5 49,05 80,96 83,13 98,73 65,65 75,50
Ren + grid 6 31,70 57,81 97,79 98,20 88,62 74,83
Ren + grid 1 7 31,11 64,80 100,00 98,26 79,53 74,74
Ren + grid + bat 25 8 49,09 80,97 78,24 99,02 65,66 74,59
Ren + grid + bat 6 9 31,12 64,80 95,68 98,58 79,54 73,94
Ren + grid + bat 32 10 49,11 80,98 74,30 99,31 65,67 73,87
Ren + grid + bat 39 11 49,67 81,18 67,86 99,67 65,91 72,86
Ren + grid + bat 9 12 31,12 64,80 89,86 98,91 79,53 72,84
Ren + grid + bat 16 13 31,71 57,81 83,65 98,54 88,63 72,07
Ren + grid + bat 15 14 31,12 64,80 84,18 99,05 79,54 71,74
Ren + grid + bat 23 15 31,74 57,82 78,70 98,80 88,65 71,14
Ren + grid + bat 30 16 31,76 57,82 75,14 98,80 88,67 70,44
Ren + grid + bat 29 17 31,13 64,81 75,57 99,05 79,55 70,02
Ren + gen + bat 44 18 40,15 81,35 56,60 94,55 72,28 68,98
Ren + grid + bat 38 19 31,76 57,82 67,86 98,80 88,67 68,98
Ren + gen + bat 45 20 0 56,46 47,16 94,71 86,84 57,04
Ren + gen + bat 46 21 0 54,94 45,70 94,71 84,50 55,97
Ren + gen + bat 47 22 0 40,97 39,00 93,33 86,19 51,90
Ren + gen + bat 48 23 0 41,11 38,55 93,33 86,49 51,89
Ren + gen + bat 49 24 0 40,78 38,55 93,33 85,81 51,69
Ren + gen 52 25 0 59,77 25,63 91,30 53,11 45,96
Ren + gen 53 26 0 40,47 23,54 90,30 62,24 43,31
Ren + gen 54 27 0 31,69 22,06 90,01 66,67 42,09

Note: the dimension values (kW or kWh) of each option could be consulted in Table 6.

It is possible to see the difference between the method hereby presented and the one
followed by HOMER® when assessing the alternatives. For instance, the best-valued option of
this method corresponds to the 10" one of the HOMER® ranking, whereas the best-valued
option using HOMER © corresponds to the 7" one of the multicriteria method. These outcomes
result coherent with the behavior of both tools and verify one of the aims of the work:
meanwhile HOMER ® bases its evaluation just on an NPC optimization, the method hereby
presented takes into account every factor that could affect HRES in EVCS, resulting in a more
complete and realist evaluation.

Figure 6 shows the evaluation of each of the multicriteria parameters for each of the
analyzed configurations. Regarding environmental parameters (EmR and ReG), the
configurations with renewable generation and batteries are by far the most influential one. The
configurations that include renewable generation, batteries and the support of diesel
generators result also influential in environmental criteria for the options that use diesel
generator during short periods. However, the design options that use diesel generators during
long time periods have the worst environmental behavior. Alternatives including renewable
generation with the support of the grid are the best economic options (EcF), and they also
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present good technical criteria (SS, ESA). However, configurations with renewable generation
and diesel generators result the worst choice in all the aspects: environmental, economic and
technical.
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mRen +bat ®Ren+gen + bat Ren + grid Ren + grid + bat Ren + gen

Multicriteria evaluation (%)

SS ESA

Figure 6. Multicriteria assessment.

Note: the design options are ordered according to Table 10-Multicriteria methodology.

From the configuration ranking in Table 10 we can deduce the three most suitable
configuration options for the HRES in the Valencia case study. The highest-scored option is
related to an off grid energy scenario that includes renewable generation (500 kW solar PV and
330 kW wind) and the support of a group of batteries (4800 kWh). The second alternative
corresponds to another off grid scenario, similar to the first one, but with the support of a diesel
generator (280 kW). The third-highest scored option finally represents an on-grid scenario,
where the grid supports the renewable generation (500 kW solar PV and 330 kW wind).

Most of the pioneers HRES EVCS’ projects developed in regions where grid connection
results possible tend to rely on such kind of support for the system (Bastida Molina et al., 2017;
Karmaker et al., 2018) mainly motivated by its ease of use, security of supply and economic
performance. However, the multicriteria assessment presented in this paper reveals the
influence that the environmental aspects could play in the selection process favoring off grid
solutions, if possible. Figure 7 presents a comparison among the parameter evaluation for each
of the three most suitable scenarios.
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Figure 7. Selected designs for the HRES in EVCS.

Note: the design options are ordered according to Table 10-Multicriteria methodology.
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The off grid configuration with renewable generation and batteries storage presents the
best environmental behavior, since it does not depend on polluting sources. However, the
second off grid configuration (renewable generation with diesel generator and batteries) is
penalized by the use of the diesel generator. Moreover, the on-grid configuration, given the
dependence of the Spanish electrical mix in some high polluting sources (IEA, 2016), is the worst
in terms of environmental influence, especially referring to CO, reduction. However, this on-grid
configuration arises as the most economic one, having the second off-grid configuration the
lowest economic parameter due to the expenses of the diesel generator and its fuel. On the
contrary, the on grid configuration together with the off grid configuration that includes a diesel
generator have the highest security of supply, since they both count with dispatchable support
sources.

4.2, Experimental verification of the hybrid renewable energy system

To conclude the complete design process of the HRES for EVCS for the case study, the
selected design alternatives through the multicriteria assessment were experimentally validated
in the Laboratory of Distributed Energy Resources (labDER) (Pérez-Navarro et al., 2016) of the
Institute for Energy Engineering of the Polytechnic University of Valencia (Spain). This laboratory
includes a hybrid combination of generation resources (2 kW, solar PV, 1.5 kW wind turbine, 10
kW biomass gasifier, 1.7 kW diesel generator, optimal grid connection and 1.2 kW fuel cell). It
also includes storage systems (12 kWh batteries and 7 kW hydrogen system) and a
programmable load system (from 0.5 to 9.2 kW) that enables to simulate any time dependence
of the demand. Hence, to experimentally validate the suitability of the selected HRES
configurations, they were reproduced in labDER with a scale factor of 1:250.

Each scaled experiment comprise a complete day of simulation for the three most
suitable HRES designs for EVCS. For each simulation, the batteries SOC limits were fixed to 30%
and 100%, according to their discharge limits. Moreover, authors fixed the maximum acceptable
rate of power losses in 5%, considering previous experimental studies in such field (Hurtado et
al., 2015; Pérez-Navarro et al., 2016).

Figure 8 plots the energy balance and SOC results for the highest-scored configuration,
which includes renewable generation and the support of batteries.

At the beginning of the experiment, the demand requirements were the highest.
However, at that period, solar irradiation was still low and wind contribution was practically null.
Therefore, batteries contributed in part to meet electricity demand. Later, solar PV and wind
contribution reached their maximum values. Hence, the HRES was able to meet the EVCS supply
with an excess of energy, which was used to recharge batteries. The SOC of batteries increased
during this period, achieving its full charge status. The highly fluctuating behavior of the wind
generation, characteristic in small wind turbines like the labDER one (Pérez-Navarro et al., 2016),
is also reflected in the power supplied by the batteries and in their SOC. At late afternoon, solar
irradiation started to disappear and wind contribution was low. Finally, at night, both solar and
wind contribution were null and load supply was based exclusively on batteries, reaching their
lowest SOC value at the experiment in the early morning, when solar irradiation was again
available and recharge was initiated again.

These results demonstrated the energy achieved with the HRES in question could cope
with the assumed electricity demand. Moreover, the maximum rate of power losses in this
experiment was 4.5% and the rates of batteries SOC oscillated between 35% and 100%. Hence,
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the experiment met with the limit requirements. Finally, the SOC at the end and at the beginning
of the experiment were similar, about 40%, which ensured the adequacy of the batteries for the
next experimental cycles.
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Figure 8. Experimental validation for the highest-scored configuration. (a) Energy Balance. (b) SOC.

Figure 9 plots the energy balance and SOC results for the second highest-scored
configuration, which includes renewable generation and the support of batteries and a diesel
generator.

The energy balance presented in this experiment is comparable to the previous one,
with one main difference: the contribution of the diesel generator. The generator supplied
energy during 1.5 h, at the beginning of the day. This option is very convenient because it
guarantees the electricity supply during the period where the load demand is highest and solar
irradiation and wind are still very low. Besides, the contribution of the diesel generator led to an
increase of the batteries SOC from 35% to 85%.

The optimal use of the diesel generator demonstrated its suitability for the experiment:
the rate of power losses was 4%, and the battery SOC at the end of the experiment (41%) was
slightly higher than this value at the beginning of the experiment (35%), ensuring therefore the
adequacy of the batteries for future energy cycles.
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Figure 9. Experimental validation for the second highest-scored configuration. (a) Energy Balance. (b) SOC.

Figure 10 plots the energy balance results for the third highest-scored configuration,
which includes renewable generation with the support of the grid.

As Figure 10 reflects, at early morning the grid covered the low solar irradiation at the
period of maximum load demand. Later, there was an excess in generation from solar PV that
was inyected into the grid. During this period, solar irradiation was available and wind
contribution was higher than in the previous configuration checks. Hence, the grid was also
responsible for absorbing the variability of the wind generation. Besides, the grid supplied the
required electricity during the evening and night period. For this experiment, power losses
acquired the value of 4%, meeting therefore the limit conditions.
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Figure 10. Experimental validation for the third highest-scored configuration. Energy Balance.
These experimental results demonstrated the energy balance suitability of the three
selected configurations for the HRES in EVCS, both in the level of power losses and batteries’
SOC limits and with a full time coverage of the load demand.
5. Conclusions

A high penetration of EVCS is expected to happen to cope with the electricity
requirements of the also foreseeable high introduction of EVs in the medium-term future for
almost all developed countries. This electrification of the transport sector arises as an
environmental solution since EVs emit zero emissions while riding on the roads, although careful
attention should be paid to the emissions in the generation of the electricity they need. The use
of microgrids with renewable generation (HRES) in EVCS seems necessary, since this use would
decrease both the Cl content of the electricity generation and the pressure on the grid that the
recharge of EVCS would produce. Choosing the most suitable configuration for HRES in EVCS,
taking into account in its design the different constraints in the technical, economic and
environmental aspects, would be an essential task.

This paper has defined a novel multicriteria methodology that takes into consideration
all the above-mentioned constraints and includes an experimental stage to verify the
configuration of the HRES for EVCS. The methodology, after the determination of the available
renewable resources and the electricity demand of the EVCS, uses HOMER® code to deduce
possible HRES configurations and evaluates them with a new multicriteria analysis, considering
weighted technical, economic and environmental parameters to rank them. Finally,
configurations with the highest scores are experimentally tested to check their reliability, power
balance and SOC range. Hence, the selected final configuration design ensures the suitability of
the HRES for the EVCS, supported not only by a complete numerical evaluation, but also by an
experimental verification.

To illustrate the viability of the methodology, the article applies the method to the case
study of Valencia, the capital province of Comunidad Valenciana, (in the east of Spain). This
province is immersed in a remarkable mobility transition, with the aim of increasing the quantity
of EVs and EVCS, together with a significant introduction of renewable sources in the electricity
generation system.
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Results for the electricity demand modelling of these vehicles in EVCS led to a maximum
load demand of 270 kW that takes place during the early morning (from 9:00 to 10:00 h) and at
early night again (from 21:00 to 22:00 h). On the other hand, the generation resources analysis
revealed the suitability of solar PV and wind resources, with and average solar daily irradiation
of 5 kWh/m?/day and an average wind speed of 3.6 m/s at 18 m, respectively. Regarding back-
up systems, batteries, diesel generator and grid connection were contemplated.

An initial simulation of the system considering both restrictions (generation resources
availability and electricity demand) and making use of HOMER ® resulted in a starting filtered
list of 27 configuration alternatives. These options were later evaluated by means of the hereby
presented multicriteria methodology, with the same weights for the different constraints.
Simulation results indicated that the most suitable configuration for the case study is an off-grid
system with renewable generation and batteries support, followed by another off-grid system
that includes also the support of a diesel generator. The third highest-scored configuration
resulted in an on-grid system with renewable generation.

The selected configurations were experimentally validated in the Laboratory of
Distributed Energy Resources (labDER) at the Polytechnic University of Valencia (Spain). Both
the generation and demand resources were scaled according to the laboratory components with
a factor of 1:250. Results indicated that the demand was fully covered in all the scenarios, with
maximum power losses of 4.5% and SOC of batteries between 35% and 100%.

To conclude, this study provides a methodology that ensures the suitability of the HRES
for the EVCS, supported not only by a complete multicriteria assessment, but also by an
experimental verification. Its application to the case study of Valencia proves the viability of
applying HRES for recharging EVs at EVCSs in a technical, economic and environmental
acceptable way.
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2.4. Microrredes hibridas, una solucion para paises en vias de
desarrollo
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Resumen

Casi el B0% de la poblacidn sin acceso a la electricidad vive en
zonas rurales remotas, dende su dificil accese, gran distancia
y alto coste de conexidn a las redes de transporte instaladas
hacen que la dnica solucidn para alimentar energéticamente a
estas poblaciones sean las micromedes aisladas alimentadas
por sistemnas hibridos renovables (HRES). En este caso de es-
tudio se detalla el proceso de disefio del HRES para abastecer
energéticamente a una pequefia aldea de Malaui (Africa), de-
nominada Masitala, la cual estd asislada actualmente de la red
eléctrica. El HRES consigue cubrir toda la demanda eléctrica
de la poblacidn, estimada en 50 kW de consumo pico, en cual-
quier momento y con total fiabilidad. El sistema aprovecha los
recursos solares, edlicos y de biomasa abundantes en la regidn
para la generacion eléctrica. La combinacion de estos recursos
asegura un mayor rango de cobertura de la demanda eléctrica
que el proporcionado individualmente por cada tecnologia, ya
que las limitaciones de un tipo de energia son cubiertos por los
restantes. Ademas, la disposicién de un grupe de baterias en
el HRES aseguraria la fiabilidad total del sistema. Se consigue
asi dar acceso a la energia eléctrica a Masitala, permitiendo su
desarmollo de una forma sostenible y eficaz.
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rural remote areas, where its difficult access, long disfance and
high cost of connection to installed transport network make isola-
ted micronefworks with hybrid renewable energy systems (HRES)
the unigue solution fo electrically safisfy these communities. In this
case of study, HRES design process to electrically power a small
and isolated village in Malawi (Africa), called Masitala, is detailed.
Al the electrical demand of the population, estimated at 50 kW of
maximum power, can be reliably and in every moment covered by
HRES. The system takes advantage of solar, wind and biomass
plentiful zome resources for electrical generation. The combination
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the one provided by every single fechnology, since limitations of
one energy type are solved by the remaining technologies. Addi-
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the compietely system reliabilify. In this way, it cowd be possible
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Resumen

Casi el 80% de la poblacién sin acceso a la electricidad vive en zonas rurales remotas, donde
su dificil acceso, gran distancia y alto coste de conexidn a las redes de transporte instaladas hacen que
la Unica solucién para alimentar energéticamente a estas poblaciones sean las microrredes aisladas
alimentadas por sistemas hibridos renovables (HRES). En este caso de estudio se detalla el proceso de
disefio del HRES para abastecer energéticamente a una pequefia aldea de Malawi (Africa), denominada
Masitala, la cual esta aislada actualmente de la red eléctrica. EI HRES consigue cubrir toda la demanda
eléctrica de la poblacidn, estimada en 50 kW de consumo pico, en cualquier momento y con total
fiabilidad. El sistema aprovecha los recursos solares, edlicos y de biomasa abundantes en la regién para
la generacidn eléctrica. La combinacién de estos recursos asegura un mayor rango de cobertura de la
demanda eléctrica que el proporcionado individualmente por cada tecnologia, ya que las limitaciones
de un tipo de energia son cubiertos por los restantes. Ademas, la disposicidon de un grupo de baterias
en el HRES aseguraria la fiabilidad total del sistema. Se consigue asi dar acceso a la energia eléctrica a
Masitala, permitiendo su desarrollo de una forma sostenible y eficaz.

Palabras clave

Sistema hibrido renovable, energias renovables, zonas rurales, recursos, solar, eélico, biomasa,
baterias.

Abstract

Almost 80% of the population without access to electricity live in rural remote areas, where its
difficult access, long distance and high cost of connection to installed transport grid make microgrid in
island with hybrid renewable energy systems (HRES) the unique solution to electrically satisfy these
communities. In this case of study, the HRES design process to electrically power a small and isolated
village in Malawi (Africa), called Masitala, is detailed. All the electrical demand of the population,
estimated at 50 kW of maximum power, can be reliably and in every moment covered by HRES. The
system takes advantage of solar, wind and biomass plentiful zone resources for electrical generation.
The combination of all these resources ensures a wider electrical supply range than the one provided
by every single technology, since limitations of one energy type are solved by the remaining
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technologies. Additionally, the group of batteries set out in HRES would guarantee the completely
system reliability. In this way, it could be possible to give electrical access to Masitala, allowing its
development in a sustainable and efficient way.

Key words

Hybrid renewable system, renewable energies, rural zones, resources, solar, wind, biomass,
batteries.

1. Introduccion

El acceso por parte de la poblacién a la electricidad se ha convertido en uno de los indices mas
importantes para el desarrollo de un pais. Tal y como afirman distintas organizaciones como el Banco
Mundial (WB) o Agencia Internacional de la Energia (IEA), el acceso a la electricidad proporciona a los
distintos paises los recursos necesarios para mejorar aspectos clave como educacién, sanidad, redes
de agua, comunicaciones o adaptacidn y mitigacion al cambio climatico. Sin embargo, existe aln cerca
de 1 billén de personas sin acceso a la electricidad (IEA, 2018). De estas, el 80% vive en zonas rurales
aisladas del Africa subsahariana, el sudeste asiatico y Sudamérica principalmente.

Los costes de inversién que tendrian que asumir estas comunidades para poder tener acceso
a la red eléctrica son muy altos, practicamente prohibitivos. Por ello, las microrredes aisladas
alimentadas por sistemas hibridos renovables (HRES, por sus siglas en inglés) se presentan como una
solucidn que permitiria dar respuesta a esta necesidad de las comunidades aisladas de electricidad
(IEA, 2017a). Estos sistemas permiten cubrir la demanda eléctrica de las poblaciones rurales
utilizando recursos renovables abundantes en la regidn, como la energia solar, edlica, biomasa etc. El
uso hibrido y combinado de los distintos tipos de tecnologias supera las restricciones de los sistemas
renovables convencionales, puesto que las limitaciones de un tipo de tecnologia se suplen con las
caracteristicas del resto de fuentes (Kartite and Cherkaoui, 2019). Ademas, los HRES cuentan con el
respaldo de baterias o grupos electrégenos, haciéndolos asi sistemas de elevada fiabilidad.

En los ultimos afios, se han llevado a cabo numerosos proyectos de implantacion de HRES en
poblaciones rurales aisladas de la red eléctrica. Algunos de ellos son el proyecto llevado a cabo en
Necocli- Colombia en 2009, Kinshasa (Republica Dominicana del Congo) en 2012 (Hurtado, Pefialvo-
Lépez, Pérez-Navarro, Vargas, & Alfonso, 2015) o en Choco-Colombia en 2015. Estos proyectos han
verificado la idoneidad de utilizar HRES en zonas aisladas de la red eléctrica, especialmente en
comunidades de Africay Sudamérica, donde las horas de sol y los recursos de biomasa son abundantes.

En este articulo se plantea el disefio de una instalacion que se prevé desarrollar en una
pequefia aldea de Malawi, en Africa, denominada Masitala. Esta comunidad ha sufrido numerosos
problemas agricolas y de sequia en los Ultimos tiempos, lo que ha conducido a una desnutricién
generalizada de la poblacién. La actuacién de William Kamkwanba en 2010 logré salvar a esta pequefia
aldea de una fuerte hambruna, dando a conocer la comunidad en el mundo. Este joven, originario de
Masitala, consiguid construir un molino de viento utilizando restos de chatarra, troncos de arbol,
piezas de automdvil etc. viendo las imagenes de un libro en inglés que encontrd en la biblioteca, sin
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saber él nada de inglés. Con este rudimentario molino de viento fue posible generar una pequeiia
cantidad de energia con la que se logré bombear agua para regar los cultivos, mitigando el hambre de
los habitantes de la poblacién (Dieterich, 2018).

Sin embargo, este pequeno molino es insuficiente y poco fiable para cubrir toda la demanda
energética de la aldea. Ademas, tan sdélo es posible utilizarlo en momentos puntuales de tiempo. Se
considera asi que la aldea esta aislada eléctricamente.

Por ello, se pretende disefiar un sistema hibrido renovable que permita cubrir las necesidades
energéticas de Masitala utilizando recursos solares, edlicos y de biomasa, utilizando como respaldo un
sistema de almacenamiento en baterias.

2. Curva de consumo diaria

El primer paso para poder dimensionar un HRES es conocer la curva de consumo diaria de la
poblacién donde se instalara. Sin embargo, en este caso de estudio no es posible recopilar datos reales,
ya que actualmente la poblacién de Masitala se encuentra aislada de la red. El método que se utiliza
para ello consiste en estimar cudles serian los consumidores principales de Masitala y estimar su curva
de consumo diaria para asegurar asi una calidad de vida digna a sus habitantes (Bhuiyan and Ali Asgar,
2003). Para una aldea como Masitala, se establece que estos consumos serian una biblioteca, una
escuela de educacidn infantil-primaria, una escuela de educacién secundaria, un consultorio médico,
las residencias de los habitantes (70 en total), la red de alumbrado publico y una bomba de extraccion
de agua. Asi, es posible obtener finalmente la curva de consumo total como el sumatorio de cada una
de las curvas de consumo diario de cada consumidor establecido. La Figura 1 presenta el resultado de
la estimacidén. En ella se puede observar que la potencia maxima estimada es de 50 kW a ultima hora
de la noche.
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Figura 1. Curva de consumo total.
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3. Eleccion de las distintas tecnologias

La eleccidn de los distintas tecnologias que compondran el HRES es un punto clave del proceso
de disefo (Mandelli et al., 2016). La demanda de energia estimada para la poblacidn, la abundancia
de los recursos vy la viabilidad técnica y econdmica son los principales factores que se han tenido en
cuenta para ello (Hussain et al., 2017).

El elevado numero de horas solares que se dan en Masitala a lo largo del afio (2362 HSP),
sumado a la facil instalacidn de los paneles solares fotovoltaicos y su precio competitivo hacen que la
energia solar resulte idénea para el HRES. Ademas, se dispone de forma abierta de la herramienta
PVGIS con la cual es posible obtener la curva de radiacidn solar en cada mes del afio.

La ubicacidn de Masitala hace que el viento sea también un recurso abundante en la aldea. El
patron de vientos (direccién, frecuencia...) se obtiene con la herramienta Global Wind Atlas, una
herramienta gratuita y de libre uso. Esto hace que la energia edlica sea una fuente de energia adecuada
también para el sistema, aunque se dispondra en menor medida que la solar por su mayor dificultad
de instalacién, operacién y coste, ayudando al aumento de la fiabilidad del sistema, principalmente en
épocas con mucha nubosidad.

En Masitala existen también especies lefiosas de alto poder calorifico muy abundantes en la
region. Asi, la energia de la biomasa también se va se va a utilizar en el HRES. Sin embargo, va a incluirse
como una tecnologia secundaria, que sélo entrara en funcionamiento en momentos puntuales, ya que
su funcionamiento continuado supondria graves problemas en el equipo de biomasa (obstruccion,
alquitranes...).

Otros posibles tipos de energia a incluir en el HRES podrian ser la energia hidraulica o la
geotérmica. Sin embargo, la gran infraestructura que necesitarian y su elevado coste hacen que estas
tecnologias sean descartadas.

Como sistema de respaldo para almacenar los excedentes de energia cuando el potencial de
generacion supera a la demanda de energia, se decide utilizar baterias. Podria utilizarse también
grupos electroégenos, por su amplia madurez tecnolégica, facilidad de uso e instalacién. Sin embargo,
los grupos electrégenos son descartados por su elevado indice de emisiones contaminantes
(Arabzadeh Saheli et al., 2019).

Tras este breve andlisis, se determina que las fuentes de energia que formaran el HRES serdn
la energia solar, edlica y de biomasa, junto con el respaldo de un grupo de baterias.

4. Descripcion del HRES

En general, el objetivo de cualquier HRES es asegurar que la demanda energética de la
poblacion se cubra con una alta fiabilidad (Pérez-Navarro et al., 2016). Para el caso de estudio, el HRES
debera cubrir la demanda eléctrica de Masitala, a partir de los recursos renovables, contando
adicionalmente con el apoyo de un sistema de almacenamiento en baterias.

El inversor-cargador de bateria bidireccional, “Sunny Island”, es el “cerebro” del sistema.
Permite crear la red aislada de 230-400 V en corriente alterna cuando toma la energia de las baterias.
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Los recursos de generacion solar y edlica estdn conectados a esta red, asi como los consumos de la
poblacién. Por otro lado, el grupo electrégeno del equipo de biomasa estd directamente conectado a
Sunny Island. En los momentos en que actua la biomasa, Sunny Island es capaz de sincronizarse y
conectarse con el grupo electrégeno. En esas situaciones, la red deja de estar formada por Sunny
Island, serd el grupo electrégeno de la biomasa el elemento que determine los parametros de la red
(Figura 2)

Generacion edlica

Generacién solar

Consumos

Generacion s eléctricos
de unny
biomasa Island

SUNNY | ?
ISLAND

-D Red aislada de 230-400 V ca

T ,
— Baterias

Figura 2. Configuracion del HRES

Las posibles situaciones de generacidon-consumo son descritas a continuacién y recopiladas en
la Tabla 1:

e Si con la generacidn solar-edlica fuese posible cubrir toda la demanda eléctrica de Masitala,
sin que se produjesen excedentes de energia, ni la ayuda del grupo electrégeno de la biomasa
ni la de las baterias serian necesarias. No habria tampoco excedentes de energia y Sunny Island
seria el encargado de establecer la red.

e En el caso de que la generacidn solar-edlica pudiera cubrir toda la demanda eléctrica de
Masitala y ademas se produjeran excedentes, con los mismos seria posible cargar las baterias.
En esta situacion ni el grupo electrégeno ni las baterias actuarian. La red la formaria Sunny
Island.

e Latercera situacion que podria darse es que los recursos solares-edlicos no fueran suficientes
para suplir la demanda eléctrica de Masitala. En este caso, podrian ocurrir tres nuevas
situaciones:

o Laactuacion del grupo electrégeno de la biomasa permitiria cubrir toda la demanda,
sin necesidad de que actuaran las baterias. En este caso, seria el grupo electrégeno
quien formaria la red.

o El grupo electrégeno de la biomasa no entra en funcionamiento, sino las baterias. En
este caso, Sunny Island seria el encargado de formar la red.

o Si la demanda de energia es cubierta tanto por el grupo electréogeno de la biomasa
como por las baterias, el grupo electrégeno es quien formaria la red.
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Esta secuencia de funcionamiento coincide con la descrita en la fase de estudio de seleccién
de las distintas tecnologias que formardn el HRES. La demanda energética se cubre con los recursos
solares y edlicos en primer lugar, después con los de la biomasa y, por ultimo, con las baterias.

Tabla 1. Situaciones de funcionamiento del HRES.

SITUACIONES DE FUNCIONAMIENTO. SISTEMA HIBRIDO RENOVABLE
GENERACION
SOLAR Y/O EXCEDENTES DE GRUPO BATERIAS ELEMENTO QUE
. ENERGIA ELECTROGENO FORMA LA RED
EOLICA
Si, cubre la
demanda No No actua No actdan Sunny lIsland
energética
Si, cubre la Si. Carea de
demanda . g, No actua No actuan Sunny lIsland
L. baterias
energéetica
No Si actua No actuan Gru’po
electrégeno
No cubre toda
la demanda No No actua Si actuan Sunny Island
energética
No Si actua Siactuan Gru’po
electrogeno

5. Dimensionado del HRES

El dimensionado del HRES se realiza siempre para el mes mas desfavorable, es decir el mes con
menor produccidn energética, para asegurar una mayor fiabilidad del sistema (Bastida Molina, 2018).
Conocido este mes, es necesario realizar un extenso estudio para determinar los patrones
climatolégicos que podrian darse en la poblacién en dicho mes: cuantos dias suelen ser soleados,
cuantos suelen ser ventosos, cuantos dias suelen ser soleados y ventosos a la vez o la cantidad de dias
seguidos que cumplen estas caracteristicas. La herramienta utilizada para ello ha sido Meteoblue.
Realizando este estudio para Masitala, se establecen finalmente cinco patrones climatolégicos (Figura
3).
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Figura 3. Patrones climatoldgicos.
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Para cada uno de estos patrones climatoldgicos (hipdtesis), se calcula una curva inicial de

produccién solar-eélica (Figura 4). Seguidamente, en cada una de las hipdtesis se afiade la curva de
produccién de biomasa (Figura 5). Para ello, hay que tener en cuenta una serie de caracteristicas,
detalladas a continuacion (Hurtado et al., 2015):

La biomasa debera actuar en los momentos en que haya déficit de energia. Para conocer esos
momentos, se superponen las curvas de produccién solar-edlica con la curva de consumo
diario en cada hipétesis y para todos los dias (Figura 6). Asi, es posible conocer en qué
momentos debe actuar la biomasa.

El nimero de horas de funcionamiento del equipo de biomasa no es fijo, si no que variard en
funcién del dia.

Se debe evitar siempre el funcionamiento intermitente del equipo de biomasa

El sumatorio de los tres tipos de produccién (solar, edlica y biomasa) corresponde a la curva

de produccion total (Figura 7).

Como elemento de apoyo, se ha decidido utilizar baterias, qué actuaran cuando el resto de

tecnologias no sean capaces de cubrir la demanda de energia. Es necesario superponer las curvas de
produccién y de consumo totales (Figura 8) para ver en qué momentos se producen excedentes o
déficits de energia ya que las baterias se cargaran cuando haya excedentes de energia y actuaran (se
descargaran) cuando haya déficit de energia (Figura 9).

Una vez conocida la metodologia, se implementa un proceso iterativo a partir de los datos

iniciales para poder dimensionar el sistema y determinar qué cantidad de recursos de generacion
(solar, edlica, biomasa y baterias) son necesarios. Se considera que el proceso iterativo ha finalizado
cuando en las cinco hipdtesis propuestas se alcanzan los requisitos que se describen a continuacion:

Todos los recursos de generacion no deben ser utilizados en la misma proporcion. El estudio
previo acerca de las tecnologias a introducir en el HRES determind que el recurso mas
abundante debia ser el solar, seguido de la energia edlica y por Ultimo biomasa. La funcién de
apoyo de las baterias, similar a la de la biomasa, hace que estas estén en una proporcién muy
similar a la biomasa.

El equipo de biomasa no puede funcionar de forma intermitente, sino que lo hace en un Unico
periodo del dia.

Para evitar problemas de funcionamiento en las baterias, su energia almacenada nunca puede
bajar por debajo del 30% de la nominal.
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e Lapotencia cargada o descargada instantdaneamente por las baterias debe ser siempre inferior
al 10% de su energia nominal.
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Curva de produccién solar edlica y consumo. Hipétesis 1
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Figura 9. Curva de carga y descarga de baterias. Hipdtesis 1.

Aplicando este proceso, es posible obtener la cantidad de recursos de generacidn y respaldo
que permitirian cubrir la demanda energética de Masitala, cumpliendo los requisitos expuestos en las
5 hipdtesis. De este modo, el sistema estd formado por 1200 placas de 255 W,, 8 aerogeneradores de
10 kW, un grupo electrégeno para la biomasa de 36 kW, 14 lineas en paralelo de baterias de 4620 Ah
cada unay 21 Sunny Island.

Tabla 2. Disefio final del Sistema Hibrido Renovable

Disefio final del Sistema Hibrido Renovable

Energia solar

1200 placas, de 255W, cada placa

Energia edlica

8 aerogeneradores, de 10 kW cada uno

Energia de la biomasa

Grupo electrégeno para biomasa de 36 kW

Baterias

14 lineas en paralelo, capacidad de 4620 Ah cada bateria

6. Conclusiones

El HRES objeto de estudio permitiria solucionar el principal problema que asola actualmente a
Masitala: el aislamiento eléctrico. El uso de recursos renovables que se encuentran de forma muy
abundante (biomasa) o de forma ilimitado (sol, viento) en la poblacidon es aprovechado para dar
solucidn a este gravisimo problema. Los recursos son combinados de forma adecuada en el HRES
dimensionado, que aseguraria la demanda energética de la poblacién en cualquier situacién,
apoyandose de un grupo de baterias para una total fiabilidad. Esto supondria un gran avance
tecnoldgico y social para la poblacidn, que verian como su nivel de vida mejora significativamente en
aspectos tan diversos como sanidad, comunicaciones o educacién, entre otros muchos. Ademas, desde
el punto de vista medioambiental, se consigue alimentar toda una poblaciéon con un balance de
emisiones nulo durante la generacidn eléctrica aprovechando los recursos naturales disponibles.
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Abstract

Eighty per cent of the people without access to electricity live in rural areas. Due to high
investment costs in the grid, the solution to providing electricity to these people will mainly rely
on the installation of islanded hybrid microgrids. Designers need to consider a variety of factors
for the optimal design of hybrid microgrids. However, many of these criteria are qualitative or
uncertain. This paper provides a novel methodology to assess the influence of such criteria in
the design of a Hybrid Microgrid of Renewable Energy Sources (HRES). The method combines
context analysis, literature review and the Analytic Network Process (ANP) through panels of
experts and surveys. The methodology ranked the criteria and helped to design a HRES in an
isolated Honduran rural community in the Mesoamerican Dry Corridor. The study presents a
review and classification of the main criteria and energy technologies considered for the design
of HRESs in rural communities. The most influential factors turned out to be the institutional
support, the possible expansion of the grid to the community and the availability of local energy
resources. Regarding energy technologies, photovoltaic and wind power ranked as the preferred
followed by a biomass gasifier as backup.

Keywords

Hybrid Microgrids, Renewable Energy, ANP, Rural Electrification.

1. Introduction

Access to clean electricity is a key factor in fighting energy poverty and promoting
sustainable development. Organisations such as the World Bank or the International Energy
Agency state that access to electricity improves socio-economic conditions such as the poverty
ratio, health, education, environment and income (Kanagawa and Nakata, 2008). The UN
Sustainable Development Goal 7 (Affordable and Clean Energy) plans to achieve the
electrification of the world’s population by 2030 (UN, 2019). However, around 0.86 billion people
remain without access to it (IEA, 2018). Among them, 80% live in rural areas mainly located in
sub-Saharan Africa, Southeast Asia and South America. Commonly, vast and/or, steep lands
separate these rural communities from the central power grid, resulting in high investment costs
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to connect them. Electrification is understood to cover the basic human demands and community
needs (He and Reiner, 2014; Taele et al., 2007) and this is normally beyond the supply of the
common pico-solar and individual home power systems (Ahmed et al., 2014; Parajuli, 2011).This
situation makes islanded microgrids an optimal solution to securely cover electrical demand
(IEA, 2017a). In fact, the International Energy Agency foresees that microgrids will provide
almost 50% of projected electrification worldwide (IEA, 2017a). Microgrids tend to rely on the
different renewable energy sources available in the communities, supported by back-up
systems (@stergaard et al., 2020). These microgrids combine several technologies and the
literature refers to them as Hybrid Microgrids of Renewable Energy Sources (HRES) (Hurtado
et al., 2015; Scheubel et al., 2017; Wang et al., 2019).

A broad range of studies analyse the feasibility of Hybrid Microgrids of Renewable Energy
Sources (HRES) to electrify remote rural areas. Oduo et al. study the techno-economic viability of
an HRES in a village of Benin (Odou et al., 2020). Their research shows that a hybrid solar PV
system with a battery and the support of a diesel generator provides the lowest cost option.
Ayodele et al. present an HRES optimisation model applied to a village in Nigeria. Wind and solar
PV resources supported by conventional generators and batteries power the HRES (Ayodele et
al., 2019). Das and Zaman show a viable performance of an HRES based on solar PV, diesel and
batteries in a remote community in Bangladesh bearing in mind economic parameters such as
cost of energy and net present cost (Das and Zaman, 2019).

Nowadays, experts accept the feasibility of HRESs for electrifying rural areas.
Nevertheless, to our knowledge no research deals with how to optimally select the technologies
prior to the design based in a diversity of both quantitative and qualitative interrelated criteria.
Drivers like energy resources, climate conditions, project specific viability or energy demands
condition the decision (Hussain et al., 2017). Despite the undeniable importance of these factors,
basing technology selection only on these criteria jeopardises the long-term sustainability of the
project, which also requires social acceptability and community appropriation of it. For instance,
lIskog proposed a set of 39 indicators for rural electrification analysis grouped into five different
dimensions, which contained not only technical or economic sustainability, but also
social/ethical, environmental and institutional sustainability criteria (llskog, 2008). llskog and
Kjellstrom completed this study by scoring 31 of these indicators (llskog and Kjellstrém, 2008).
Katre and Tozzi (Katre and Tozzi, 2018) and Purwanto and Afifah (Purwanto and Afifah, 2016)
also assess the sustainability of HRES regarding these last five dimensions. The first ones proposed
a list of 12 measures and 31 indicators (Katre and Tozzi, 2018). While Purwanto and Afifah
(Purwanto and Afifah, 2016) highlighted the important role that rural communities play on
electrification projects. Lillo et al. (Lillo et al., 2015) shed light on this statement, and incorporated
a Human Development approach to evaluate hybrid electrification projects. This approach relies
on four principles: equity and diversity, sustainability, empowerment and productivity,
emphasising the importance of social and communitarian indicators. Besides, Lhendup rank
ordered different criteria related to rural energy supply based on a score method (Lhendup,
2008). These studies show how non-commonly assessed factors such as institutional regulations
and environmental and social aspects may largely affect HRES projects’ feasibility. Among these
factors, authors identify the social acceptance of the community as a critical factor to ensure the
success of these projects, which cannot take acceptance for granted (Aklin et al., 2018).
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Despite all this research, the way these criteria should inform the selection of HRES
technologies remains unclear (Lillo et al., 2015; Petruschke et al., 2014); particularly how trade-
offs among different objectives in conflict occur. These competing objectives require an
assessment on how each criterion influences the selection of alternative technologies. Prioritising
alternatives based on their performance on multiple criteria is the purpose of Multi Criteria
Decision Making (MCDM) methods. Multi Criteria Decision Making (MCDM) have been able to
successfully prioritise renewable energy alternatives at a system scale. Authors use the method
ELECTRE Ill to select among seven energy strategies for the island of Crete (Greece)
(Georgopoulou et al., 1997); or to conduct an energy resources selection in France (Siskos and
Hubert, 1983). Researchers use another MCDM method, PROMETHEE II, to perform a decision-
making process about four geothermal energy development scenarios for Chios island in Greece
(Haralambopoulos and Polatidis, 2003); or to select from among fourteen renewable energy
technologies in a German case study (Madlener and Stagl, 2005). These and other MCDM
methods demand quantitative, certain and complete information. However, this is not the case
of the social, institutional and other criteria influencing at the first stage of the HRES configuration
previous to its design.

To overcome incompleteness, a series of MCDM methods exist to manage situations of
incomplete, qualitative and uncertain information that may produce disagreements among
decision makers. These MCDM have dealt with social, institutional and other criteria, although
without considering quantitative data (Cherni et al., 2007). The Analytic Hierarchy Process (AHP),
and its development: the Analytic Network Process (ANP) (Gémez-Navarro and Ribo-Pérez, 2018)
derive ratio-scale measurements to allocate resources according to their ratio-scale priorities.
Then, ratio-scale assessments, in turn, enable prioritisations based on trade-offs. Noble uses the
Analytic Hierarchy Process (AHP) to decide among five energy policy scenarios in Canada (Noble,
2004); besides, Chatzimouratidis and Pilavachi apply AHP in another research to select energy
technologies considering quality of life and socio-economic aspects of the beneficiaries
(Chatzimouratidis and Pilavachi, 2008). The AHP drawback is the need to model the reality by
means of independent factors or criteria, although social, economic and technical factors are
normally mutually dependent.

ANP is a development of AHP that allows for complex inter-relationships among the
factors at different decision levels. For that reason, ANP models the prioritisation problem as a
network of criteria and alternatives, grouped into clusters. This provides an accurate modelling
of complex settings and allows handling of the usual interdependence among elements, as in
the selection of technologies for an HRES. Different studies present successful cases of ANP used
to assess energy related issues. Aragonés-Beltran et al. (Aragonés-Beltran et al., 2014, 2010)
present an ANP model to decide over investment variables in both solar PV and solar thermal
plants. ANP methods have also ranked decisions over renewable energy planning (Polatidis et
al., 2006), national renewable portfolios (Kabak and Dagdeviren, 2014), wind farm (Yeh and
Huang, 2014) or solar PV locations (Alami Merrouni et al., 2018). Finally, another ANP study rank
ordered the barriers to the deployment of renewable energy sources in Colombia (Gémez-
Navarro and Ribo-Pérez, 2018). To the best knowledge of the authors no research has performed
such a holistic approach as to consider all influential and interrelated factors, both qualitative
and quantitative, of the HRES design, nor applied ANP to decide energy technologies in this
context.
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This paper provides a novel methodology to assess the influence of the different criteria
to predesign an HRES that combines context analysis, literature review and the Analytic Network
Process (ANP) through a series of panels of experts and surveys. The authors apply the
methodology to a case study based on a real HRES in the Honduran rural community of El
Santuario. The study presents a review and classification of the main criteria and energy
technologies considered in the design of HRESs for rural communities. Moreover, the ANP proves
itself as a viable tool to assess the influence of the criteria and to choose suitable technologies
for the implementation of HRESs in rural contexts. Finally, the paper presents the main findings
of the case study that can provide valuable conclusions to similar projects in the area.

The rest of the paper’s structure is as follows. Section 2 presents the methodology.
Section 3 provides the information on the case study, the stakeholders and the criteria analysis.
The results and discussion arise in section 4, and section 5 concludes.

2. Methodology

The proposed methodology contains three main phases: i) a literature and context
review, ii) the selection of a panel of experts and, iii) the application of the ANP method. The
first two phases are part of the ANP method but require special analysis and need to be case
specific. In this regard, Figure 1 presents the rest of the sub processes and outputs of the
methodology, including the feedback loops with the panel of experts in several stages of the
method. It is important to remark the methodology applies after the full identification of the
project has been carried out. This identification sets the reference terms that will be the
boundaries of the problem: beneficiaries’ own resources, culture, energy demand, social
structure... and most importantly, their agency. This is undergone mainly by the beneficiaries
themselves and the rural development agents, with the support of other actors like policy
makers or project designers. Hence, when applying the methodology to the early design of the
project, each reference term must be met, or consensually changed.
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Figure 1. Methodology proposed. Note: E.T. means Energy Technologies.

2.1. Literature review and context analysis

This phase has the purpose of identifying all eligible energy technologies and all the
relevant criteria for the assessment. This comprises participatory processes with the community,
which hasto agree the project’s terms of reference (including energy needs (GlZ, 2016)), and it
will participate in the selection of the possible technologies. As introduced, different approaches
exist to study the optimal design of an HRES (Erdinc and Uzunoglu, 2012). Besides, some authors
have developed an extensive literature review in the field focusing on rural communities’
applications (Bhattacharyya, 2012; Mandelli et al., 2016; Renewable Energy Agency, 2014;
Shmelev and van den Bergh, 2016). Table 1 presents the combination of the results of these
works, a starting list of 23 initial criteria and 7 different energy technologies for rural
communities. Initial criteria are classified into 5 main clusters: economic, environmental,
institutional, social and technical (Yaqoot et al., 2016).
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Table 1. List of criteria and energy technologies.

Cluster Criteria Description In final selection (see Research
section 3.3)
Investment cost Cost associated with capital-intensive uses at the start of projects, related to Included (Blum et al., 2013)
materials, technologies, civil engineering, etc.
Operation and Cost associated with the day-to-day management and maintenance of the Included (Abaye and Haro,
maintenance cost installation. 2018)
Levelized cost of energy Power source measurement to allow comparisons among different electricity Considered with the (Lai et al.,, 2017)
(LCOE) generation procedures. previous two (Kolhe et al,
Economic 2015)
Institutional support Existing public policies to subsidise installations costs or administration Included including fiscal (Mawhood and
exemptions to accelerate projects’ implementation. policies Gross, 2014)
(Ranaboldo et al.,
2015)
Custom tariff Tax of import/export components of the microgrid from one country to another.  Considered with  (Castillo-Ramirez
institutional support etal., 2017)
Greenhouse emissions Emissions gases into the earth’s atmosphere. They contribute to global warming. Included as environment  (Dutta, 2019)

(Shezan et al,,
2017)

Impact on forests Forest disturbances due to natural phenomena or human actions Included as local (Elisa et al., 2020)
environment
Environmental Noise pollution High levels of noise which disturb people and other environmental conditions. Included as local (Phuangpornpitak
environment and Kumar, 2011)
Visual impact Change in the landscape due to microgrid, so it would not be in line with the Included as local (Tongetal., 2010)
environmental context anymore. environment (Ladenburg, 2009)
Waste Residues produced during operation, or that remain after the main processes have Included as local (Kim et al., 2019)
finished or the main parts have been used. environment
Unclear legal framework  The ambiguity of policies or the absence of them regarding renewable systems. Considered in (Banerjee et al.,

Institutional

High level of corruption

Political will to expand
the grid

Dishonest conducts carried out by the Public Administration or private companies
mainly due to bribes or extortions.

Probability of expansion, in the short or medium term, of the electric grid up to
where the microgrid will be sited.

institutional support
Included

Included

2017)
(Cherni and
2007)
(Rahman et al.,,
2013)

(Odou et al,
2020)

Preston,

(Diego
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Jiménez et al,
2017)

Employment generation Job or business opportunities creation due to the operation and maintenance Included in equal (Vishnupriyan and
tasks of the new equipment. distribution Manoharan,
2017) (Dufo-
Lépez et al., 2016)
Capacity building Individual and communal knowledge and tools provided to the inhabitants in  Included (O and Kim, 2019)
order to ensure correct system management. (Dufo-Lopez et al.,
2016)
Social Equal distribution of Electricity arrival should provide equal opportunities to all the inhabitants Included (Smit et al., 2019)
impacts irrespective of their gender, race or age. (Fernéndez-
Baldor et al,
2014)
Social acceptability A proper assessment and involvement of the community should be carried out. Included (Bhowmik et al.,
Otherwise, people can reject the project. 2018) (Aklin et al.,
2018)
Cohesion to local Renewable energy projects should be in line with the local activities of the Included in social (Joshi et al., 2019)
activities community. acceptability (Nna et al., 2016)
Local energy resource Quantity of natural resources and their electricity conversion potential such as Included (Ristic et al., 2019)
availability wind speed and frequency, solar irradiation, wood availability... (Singh and
Balachandra,
2019)
Technical feasibility Development of technical equipment and knowledge to ensure a correct and Included (Hurtado et al.,
safe operation, and also long-term durability of the installations. 2015) (Chatterjee
and Rayudu,
Technical 2018)
Total energy generation Total energy that should be provided by the system, directly related to the Included (Pérez-Navarro et
community's electricity demand. al., 2016)
Technological maturity Widely proven technologies, whose initial problems have been solved. Included (Lai and
McCulloch, 2017)
Security of supply Guarantee of electric supply due to the different combination of renewable Included in total energy (Khare et al,
sources and back-up systems. 2016) (Domenech
etal., 2015)
Energy Batteries Back-up technology that allows electric power storage due to a chemical process. Included (Jyothy et al.,

Technologies
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Biomass digestor Renewable technology used to generate biogas from anaerobic digestion Discarded (Rasheed et al.,
(breakdown of organic materials in the absence of oxygen). This gas is then utilised 2016)
as combustible in power generators.

Biomass gasifier Renewable technology used to generate synthesis gas from dry biomass Included (Kamble et al.,
gasification. This gas is then used as combustible in power generators 2019) (Deb et al.,

2016)

Diesel Traditional power generators that use diesel petroleum derivate as combustible. Included (Yetano Roche
Although it is not a renewable source of energy, designers occasionally use it as a et al, 2019)
backup system in HRES. (Salisu et al.,

2019)
Small hydro Renewable technology that uses water potential energy to generate electricity. Discarded (Rasheed et al.,

2016) (Bekele
and Tadesse,
2012)

Solar PV Renewable technology that uses solar radiation to generate electricity. Included (Moner-Girona
et al, 2018)
(Akikur et al.,,

2013)

Wind Renewable technology that uses wind to generate electricity. Included (Hailu  Kebede
and Bekele
Beyene,

2018)(Muh and
Tabet, 2019)
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2.2. Panel of experts

Once the boundaries of the problem are set by the community and the rural
development agents, the method involves the collaboration of a panel of experts who represent
different approaches to the problem to prioritise the selection of technologies. As ANP is a semi-
qualitative technique, and in view of to the available kind of information, the quality of experts
is mandatory and more important than the number of them. ANP is not a survey that requires
large sample sizes as discussed in [24] and the results from different experts provide different
and valuable viewpoints. The methodology demands three main rules, starting by the selection
of experts based on their broad experience in the model issues, their personal research on the
topic and their involvement as a specific type of key actor. This leads normally to indirectly
include the community representatives in the panel, i.e. to ask the rural development agents
who work with them to speak on their behalf (consulting them if need be). Normally, in
cooperation projects, the beneficiaries lack the specific knowledge on many of the model’s
criteria, and neither the schedule, nor the budget, allow to train them on these in the early
stages of the project’s design.

The second rule is feasible inclusivity. i.e. an as complete and balanced as possible panel
of experts. Based on the literature and the authors’ experience, normally three key actors with
holistic views exist in the supply of electricity by means of off-grid HRES to isolated energy-poor
rural communities: project designers, rural development agents (promoters and managers) and
policy makers. Representatives of the beneficiaries must be added to the panel if they have the
required expertise. Other stakeholders only relate partially or indirectly to the HRES design and
deployment. Anyhow, above-mentioned key actors know other stakeholders’ views and can
reflect them in the process. Furthermore, each experts’ group can include one or more different
profiles and one type of profile can be part of different groups. For instance, local or regional
public institutions can either act as policy makers or rural development agents. Non-Profit
Organisations (NPO) normally act as development agents but, in particular, public universities can
also design microgrids or provide regulatory or strategic advice. Private companies tend to play
the role of project designers but can also be rural development agents, etc. For a complete and
balanced design of the experts’ panel, all those roles and profiles must be studied and considered
in the panel.

The third rules is to avoid unidentified bias. For this, it is recommended to involve more
than one expert by type, in order to contrast their opinions [24]. Finally, the method relies
critically in the expert knowledge and commitment to the project of the participants, which
needs to be reviewed periodically. Due to this, the stage can be said to be the most difficult of
the methodology, although not the most laborious, which is the literature review.

2.3.  Analytic Network Process

ANP is a method proposed by Saaty (Saaty, 2001) that enables a framework for decision
making under complex contexts. In (Saaty, 2005), Saaty provides the main characteristics and its
mathematical formulation. ANP performs the ranking of elements by deriving ratio-scale
measurements based on their ratio-scale priorities, which enable trade-off considerations.
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These network comparisons among elements grouped in clusters provide an accurate modelling
among interdependent elements. The main steps of the ANP are the following:

1. Identification of the elements of the network and their relationships.
2. Pairwise comparisons of both clusters and elements using Saaty’s 1-to-9 scale.

3. Construction of the unweighted supermatrix, which represents the interrelationships of all
elements in the network.

4. Construction of the weighted supermatrix, which considers the cluster comparison to weigh
the elements.

5. Obtention of the limit supermatrix by raising the weighted matrix to limiting powers until the
matrix converges.

6. Obtention of the prioritisations of the elements given by the limit supermatrix.
7. Interpretation of the results.

The importance of each element is a non-dimensional value. According to the questions
made to feed in the method, the ANP considers the influence of the criteria on the other criteria
and on the energy technologies.

3. Case study

This section presents the case study in which we applied the proposed methodology.
The section explores the context of the selected rural community, the criteria and the
technologies considered in the proposed method and the ANP model obtained.

3.1. A rural community in the MesoAmerican Dry Corridor

The rural community of El Santuario is in the department of Choluteca at the south west
of Honduras. This region is part of the Mesoamerican Dry Corridor, which covers large parts of
central America from Mexico to Panama. The area experiences the El Nifio-Southern Oscillation
(ENSO), which causes extreme drought periods followed by heavy rains and floods. The
frequency of these events has increased due to the effects of climate change, worsening the
socio economic vulnerability of the area (FAO, 2017). FAO recognised these conditions and
designated the area as one of the most affected by the effects of climate change, which generate
major climate migration movements (FAO, 2016).

El Santuario has a topography characterised by steep slopes and it is surrounded by a
dry forest of pines and oaks. The main water sources are streams running during approximately
six months of the year and water wells during the rest of the year. Temperatures and sunlight
are stable due to its equatorial location. However, rainfall concentrates in the wet season. The
community has a population of approximately five hundred people that inhabit eighty houses.
Economic activity is predominantly based on subsistence agriculture with almost no production
surplus and the inhabitants migrate to nearby areas to occasionally work in agriculture. Just
like 30% of the Honduran rural population (IEA, 2017a), El Santuario does not have access to
electricity. The community is fifty kilometres away from the state’s capital, but a complex set of
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valleys and mountain trails hinder most communications. As with many other communities, the
government has no projects to build power line infrastructures to connect the community with
the main grid in the coming years and the electricity access of these communities will mainly
come from HRESs.

3.2. ANP experts’ profile

As previously discussed, three profiles normally represent the key stakeholders in the
development of HRESs for rural development; project designers, rural development agents and
policy makers. The first ones are key to understand the robustness of the preferred solution and
the demand needs of the community as well as fulfilling the national energy policy. Rural
development agents are the main intermediaries between the project and the community. Their
main objective is to help the community’s agency ensuring the long-term sustainability of the
project by transferring the necessary knowledge to use the system. Policy makers have expertise
in the system as a whole and promote policies to diminish the lack of modern energy,
understanding budgets needs and program designs. For the case of El Santuario, and based on
the stakeholders’ project analysis, three experts per category formed a panel of 9 experts. In
order to prevent biasing the results, the same number of experts formed each group. All the
experts know the community and the project, some rural development agents indeed performed
the previous participatory processes with the community, and all fulfil the expected
requirements. Finally and, just as important, they all are willing to participate in the research.
Actors that did not meet all the requirements were not selected as the method relies critically in
their expert knowledge. Acknowledging the inherent uncertainty of such a decision, based on
their performance, this paper research authors believe the panel was sufficiently complete and
balanced.

As for the sub profiles that play a key role in this project, they are listed in Table 2,
alongside a small description of them.

Table 2. List of stakeholders.

ID Affiliation Stakeholder group

PD1  Associate professor with vast experience in designing isolated Project Designer
microgrids

PD2  Researcher specialised in hybrid renewable systems Project Designer

PD3  Engineerin a private utility company with experience of rural Project Designer
microgrids

RD1 Director of an energy research institute with experience in rural Development agent
electrification projects

RD2  Project coordinator of rural electrification projects Development agent

RD3  Technician in a cooperation and development agency Development agent

PM1 Energy consultant in a public international organisation Policy Maker

PM2 Former environment secretary of state and project officer in a public Policy Maker

international organisation
PM3 Researcher specialised in energy policy Policy Maker
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The research team played the role of the ANP facilitators during the decision-making
process; that is, assisting the experts in the evaluation and discussion of results throughout the
entire procedure.

3.3. Selection of criteria

A literature review nourished the first set of criteria and energy technologies presented
in Table 1. This set of criteria acts as a starting set of factors and energy technologies to consider
in all projects of rural electrification, mainly in energy poor communities, by means of islanded
HRESs.

The field work for this specific project determined which of the selected criteria were
not influential. Thus, the panel of experts, in coordination with the research team, reduced the
criteria from the initial set of 23 to a set of 14 criteria grouped in 5 different clusters: economic,
environmental, institutional, social and technical (see Table 3). This process aimed to avoid
repetition of criteria, which are directly or partly included in another criteria or group of them.
For instance, the levelized cost of energy criteria depends on T4. Total energy, as well as on Ec1.
Investment cost and Ec2. Operation and maintenance criteria (Aldersey-Williams and Rubert,
2019). Cohesion to local activities directly depends on S3. Social acceptability criteria as only the
projects in line with local activities of a community could achieve from their social acceptance
(Joshi et al., 2019).

Furthermore, the panel eliminated two of the seven initially selected energy
technologies. Since mini hydro and biomass digestors need considerable water inputs, experts
excluded these energy technologies as inviable solutions in a region characterised by a six-month
dry season and growing indicators of water stress and droughts. Table 3 presents the final
selection of both criteria and energy technologies for the analysis.
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Table 3. List of criteria.

Cluster Criteria Description
Ecl. Investment a
cost
Ec2. Operation a

Economic and maintenance

cost

Ec3. Institutional
support

Existing public policies to subsidise installation costs or
administration exemptions to accelerate projects’
implementation.

Environmental

Enl. Global
environment
En2. Local
environment

Impacts perceived at a global scale, mainly related with climate
change.

Impacts perceived at a local scale such as noise, fuel spills, land
use change, waste generation, deforestation or visual impact.

Institutional

11. Expansion of
grid

12. High level of
corruption

a

Social

S1. Capacity
building

S2. Equal
distribution
S3. Social
acceptability

Technical

T1. Local
resources

T2. Technical
feasibility

T3. Technological
maturity

T4. Total energy

Energy
technologies

Al. Batteries
A2. Biomass
gasifier

A3. Diesel
A4. Solar PV
A5. Wind

a: As previously described at Table 1.

3.4.

ANP model

Once the experts agree on the clusters of criteria and alternatives, the panel fills in the

unweighted supermatrix to represent the interrelationships of all the elements in the network.

This phase is divided into two sub steps. First, the dependence matrix shows the model elements

in rows and columns. Later the criteria’s relationships fill in the matrix with data (ams) that can

be 0 or 1. If am, =1 the criterion in the row m influences the criterion in the column n. Otherwise,

there is no influence. For this, the Pareto Principle was applied to identify the small set of

relationships that accumulate the biggest influence. Experts were asked if variations of one
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criterion would influence the performance of another, pairwise analysis, and only those cases
were there was a clear agreement on the existence of an influence, were included in the matrix.
Secondly, each expert answers a questionnaire to determine the level of influence that each
element has on the rest of the elements that it is related to. The matrix below presented shows
a series of key aspects regarding the influences among criteria. On the one hand, Ec3.
Institutional support influences most criteria from other clusters while Ecl and Ec2 do not. En 2
Local environment and I1 Expansion of the grid influence all three economic criteria. On the
other hand, Enl Global environment, T1 Local resources and T4 Total energy have low
dependencies as they are only related to the alternatives and one or none criteria. Finally, in
contrast to what was expected from the literature review S3: Social acceptability was not a very
influential criterion. The ANP results show that the social cluster was found not to be very
influential in the model and thus, S3 was not influential either. We assume this contradiction
with the literature since the community acceptance of all alternatives is almost guaranteed with
the previous participatory process and the agreed reference terms, diminishing the possibility
to social unacceptability. Regarding the alternatives, they influence and are influenced by all
criteria, but normally do not influence each other, according to the methodology presented by
Saaty (Saaty, 2005).

Table 4. Dependence matrix of all elements of the network.

Ecl Ec2 Ec3 Enl En2

fary
N~
w
[
(%]
N
w
w
—
[y
—
N
—
w

T4 Al A2 A3 A4 A5

Ecl 0 0 0 0 0 1 0|0 0 0 0 0 0 0 1 1 1 1 1
Ec2 0 0 0 0 0 0 0| O 0 1 0 0 1 0 1 1 1 1 1
Ec3 1 1 0 0 1 0 1|1 1 1 0 0 1 0 1 1 1 1 1
Enl 1 0 1 0 1 0 0| O 0 0 0 0 1 0 1 1 1 1 1
En2 1 1 1 0 0 0 1|0 0 1 0 0 0 0 1 1 1 1 1
11 1 1 1 0 0 0 1|0 0 1 0 0 0 0 1 1 1 1 1
12 1 0 1 1 0 1 0|0 1 1 0 0 1 0 1 1 1 1 1
S1 0 1 1 0 1 0 0O 1 1 0 0 1 0 1 1 1 1 1
S2 0 0 1 0 0 0 0|1 0 1 0 0 1 0 1 1 1 1 1
S3 0 0 1 0 0 1 0|1 1 0 0 0 1 0 1 1 1 1 1
T1 1 1 0 0 0 0 1|0 0 0 0 1 1 0 1 1 1 1 1
T2 1 1 1 0 1 0 0O 0 1 0 0 1 1 1 1 1 1 1
T3 1 1 0 0 0 0 0|1 1 1 0 0 0 0 1 1 1 1 1
T4 1 1 1 0 0 0 0| O 0 1 0 1 1 0 1 1 1 1 1
Al 1 1 1 1 1 1 1)1 1 1 1 1 1 1 0 0 0 0 0
A2 1 1 1 1 1 1 1)1 1 1 1 1 1 1 0 0 0 0 0
A3 1 1 1 1 1 1 1)1 1 1 1 1 1 1 0 0 0 0 0
A4 1 1 1 1 1 1 1)1 1 1 1 1 1 1 0 0 0 0 0

1 1 1 1 1 1 1)1 1 1 1 1 1 1 0 0 0 0 0

Figure 2 shows the ANP model obtained from the dependence matrix. The software
Superdecision® serves as a tool to include the dependences among elements and clusters in the
ANP model. Clusters containing criteria and energy technologies represent the model. These
relate with each other through arrows that represent the dependencies among elements of the
model. An arrow represents that an element of a cluster exerts influence over one or more
elements in another cluster. Bidirectional arrows express influences among criteria in both
directions and feedback arrows indicate influences between elements of the same cluster.
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The model serves afterwards to include the expert’s pairwise comparison and calculate the ANP
results for each of them. The software also provides the inconsistency ratio of each group of
judgments and the unweighted, weighted and limit supermatrices associated with the model.
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Figure 2. ANP network of the case study obtained by means of the software Superdecisions®

4, Results and discussion

The first result of the research is the list of the various influential factors that a project
should analyse prior to the design of HRESs for energy poor rural communities (see Table 1). On
the one hand, this list applies to all such projects regardless of the region or the size or the
promoters. The same applies to the methodology, which is also universal. On the other hand,
the particular application is specific in the field-work and social assessments of each project.
Thus, the project stakeholders should trim the list of criteria discarding those factors that are
not influential. The eligible technologies are also site specific and different from one project to
another. The experts will vary consistent with the stakeholders’ analysis of the project and,
finally, the relationships among the elements of the model may be different, and also their

influences.

4.1. Influential factors for the assessment of technologies in an HRES

After the selection of the influential factors, the assessment criteria, and their
arrangement in an ANP network, experts compare the importance of the various elements by
means of an ANP questionnaire that is introduced in Superdecisions® to obtain the different
Matrices of the method. The ANP procedure captures these judgements and the Limit matrix
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gives the results of Figures 3, 4, 5 and 6 following the procedure developed by Saaty (Saaty,
2005). The figures place the factors with axis values and grouped by clusters. The levels show
the relative importance of each criterion given by the experts; for example, all the criteria add
one for one expert.

The study groups experts by their role and, logically, they tend to agree on their
judgments, although they present some significant differences. Figure 3 shows how project
designers tend to consider as most important criteria I1: Expansion of the grid, Ec1: Institutional
support, T1: Local resources and En2: Local environment. In contrast, criteria Ec2: Investment
costs, Ec3: Costs of operation and maintenance and T4: Total energy are the least influential.

The latter may come as a surprise because those factors are normally among the first
criteria a project designer considers. However, during the feedback loops the experts considered
energy supply to be a strategic business sector subject to extensive regulation with a large
control by the public institutions. Besides, economies of scale do apply for energy supply and
small installations cannot be economically affordable for energy poor communities without
public support. Therefore, the Honduran project and the alike greatly rely on public funding and
support. Finally, ANP makes comparisons among elements of the same cluster. And based on
the judgments it assigns a greater or lower fraction of the weight of the cluster to its elements.
When reviewing the answers by the experts, they gave more influence to follow the
requirements and preferences of the public administration supporting the project (in this case
the foreign affairs ministry of Spain) than to optimising the capital expenditure (Ec2.) or the
operational expenditure (Ec3.).

Based on the discussion of results with the experts, factor T1: Local resources contribute
more to prioritising one energy technology over another than T2: Technical feasibility or T3:
Technical maturity, and hence their lower influence. Asked about T4: Total energy demanded by
the community, the experts explained its low importance was due to that, whichever the
alternative, the early design will cover the basic energy needs according to the project’s terms
of reference agreed with the community. All stakeholders consider a dramatic change to move
from no energy to the agreed energy. Therefore, variations on the total amount of energy did
not help to prioritise among technologies as much as variations of local energy resources. Local
energy resources are critical to ensure the endogenous and autonomous development of the
community and accumulated most of the preferences of the Technical cluster.
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Figure 3. Relative importance of the criteria for the project designers

Figure 4 shows that rural development agents present a similar profile to project
designers, with higher importance assigned to criteria T1: Local resources, |11: Expansion of the
grid, Ecl: Institutional support, and En2: Local environment. According to the development
agents, in this project the least influential criteria are Ec3: Operation and Maintenance costs, S2:
Equal distribution, and T3: Technological maturity. Besides, overall, agents showed more
agreement on the influence of the criteria than project designers.
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Figure 4. Relative importance of the criteria for rural development agents

Again, it is interesting to discuss why development agents gave such little importance to
the social factors, which could be a priority for them. Actually, all experts have considered social
aspects to be more related to the distribution of the electricity than to the generation of the
electricity. The decision problem of this case study was mainly the generation and backup
technologies, while grid topology did not change in any case. Therefore, rural development
agents considered the cluster of social criteria less influential than the other clusters; and its
elements have less influence to share.

Policy makers in Figure 5 also rank order Ecl: Institutional support and I1: Expansion of
the grid and T1: Local resources as the most influential, but they clearly value the rest of criteria
less. Again, S2: Equal distribution and Ec3: Costs of operation and maintenance have less
importance in El Santuario project. In this group, one of the experts presented significant
differences from the others, both in the criteria and the alternatives. Later, differences among
alternatives are discussed.
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Figure 5. Relative importance of the criteria for the policy makers

When asked why the institutional factor I11: Expansion of the grid was so influential, the
experts argued similarly for the importance of criterion Ecl. The institutional decisions are
relevant for the prioritisation of the alternatives. And then, between the probability of the
expansion of the grid up to the community and the possibility of corrupt public officers, the
former contributed clearly more than the latter to prefer some technologies over the others.

Also, the comparison between the elements of the cluster Environment yields some
interesting discussion. The project presents alternatives that are respectful with the
environment, with the exception of the diesel generator, and the project is sensitive to the local
community. In this context, all experts agreed on assigning more influence to the combination
of local environmental impacts (En2.) than to the combination of global environmental impacts
(Enl.), even if the latter included the worrying Climate Change. Indeed, almost all technologies
have low global environmental impacts, but they potentially have different local environmental
impacts that establish clear differences among them. For example, diesel generators produce
noise and emissions while photovoltaic panels pressurise land availability.
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Figure 6. Aggregated relative importance of the criteria by stakeholders’ group

To end this section, Figure 6 shows the results of entering in the ANP calculations the
aggregation of the judgements of all experts of each role. For that, aggregation uses the
Geometric Mean as prescribed by Saaty (Saaty, 2005). The differences among experts
compensate and the average numbers are more moderate. Besides, the profile of the three
groups coincide considerably, and this is not usual, and we associate it with the particular
characteristics of the project.

4.2. Prioritisation of the energy technologies.

Figure 7 shows the preferences for alternatives after aggregating all the experts’
judgments. Therefore, in the HRESs for El Santuario, Honduras, the preferred energy technology
is solar PV, followed by wind generation and the gasification of biomass. All three clearly
differentiated in preference. For the dispatchable technology in the HRESs, the biomass gasifier
is preferred to the diesel generator and the batteries, which both score similarly.

Indeed, the final solution opts for Solar PV as the main energy source against wind,
selecting among the two non-dispatchable technologies. Batteries accompanied with a biomass
gasifier as the preferred back up since they provide emissions free electricity compared with the
diesel generator. Moreover, and in agreement with the community, the low preference of
batteries lead to a design were the gasifier plays a more active role than a mere back up. The
community prefers to rely on a sustainable consumption of local dry biomass to an intensive use
of batteries that will shorten their lifespan, or to devote a higher share of the investment to such
a sensitive asset.
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Figure 7. Aggregated relative importance of the energy technologies

Figure 8 shows the rank order of alternatives by expert, again grouped by role. The bars
show the relative importance of each alternative, all the values add one for a particular expert.
Again, experts tend to agree with their group members, but there is a policy maker that clearly
disagrees. This is due to the great difference among the profiles of policy makers. While two of
them have a wide experience with biomass systems and have supported them in the past, the
other has mainly worked with solar PV plants and he presents bias towards this option. In
conclusion, an adequate panel of experts must include not only representatives of all the
important stakeholders, but also experts of the different profiles and disciplines involved. The
discrepancies among all representatives of a certain stakeholder are relevant, as figure 8 shows.
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Partial analysis. Influence of the criteria on the alternatives.

ANP also allows partial studies, for example how the criteria influence each alternative.

Figure 9 shows the weighted supermatrix of the procedure, which presents these influences. For
the analysis, again the ANP procedure introduces the aggregation of the experts’ judgments.
This partial analysis allows us to understand the general results better. Starting with what Figure
9 shows, Ec3: Operation and Maintenance costs are very influential for Diesel Generators, En2:
Local environmental impacts is very influential in the case of the biomass gasifier, Batteries are
the most expensive technology by investment (Ec1), and factor T1: Local resources have little
influence on batteries and the diesel generator.
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However, it came as a surprise that factor S3: Social acceptability shows a higher
influence on alternatives than the importance experts gave this factor. When we checked the
influences among factors in the weighted supermatrix, S3 may be influential as regards
alternatives, but itself is a factor with little influence on the others. The contrary happens with
T1: Local resources, that shows a somehow lower than expected overall influence on
alternatives, although it influences many other criteria.

Figure 10 shows another ANP partial analysis, how experts rank ordered alternatives by
criterion. If applied to the more influential criteria, it shows what are the preferred alternatives
for those criteria and contributes to their assessment.
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Figure 10. Relative importance of energy technologies by most relevant criteria

As expected, experts generally prefer the solar photovoltaic to the others for each
influential criterion. Wind generators follow, except from the point of view of the availability
and use of local resources, where the gasifier scores higher. Criteria Ecl., En2. and T1. penalise
the diesel generator, which becomes interesting for experts only if the institutions plan to
develop the electric grid to reach the community in the short term.

5. Conclusion

To fulfil the UN’s Sustainable Development Goal 7 by 2030, millions of inhabitants of
isolated rural areas will likely opt for islanded microgrids. Furthermore, these microgrids must
be sustainable and for that, they should rely on local renewable energy resources. A combination
of different dispatchable and non-dispatchable energy technologies can ensure a reliable
continuous supply of energy. This complex technical design must be combined with a thorough
social analysis. However, the outcomes of such work are normally qualitative, may be uncertain
and frequently debatable without agreement among the stakeholders. This work proposed a
methodology to bridge and combine the two realms. By means of ANP and the expert knowledge
of representatives of the main stakeholders, the technical and social factors can be combined,
informing the selection of technologies before the detailed design of the HRESs.

On the one hand, ANP is a valid methodology for decision making in situations of
qualitative and uncertain information, where variables relate to each other. Nevertheless, to the
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knowledge of the authors, no research has applied ANP to designing the configuration of an
HRES. On the other hand, it remains unclear how designers combine the two realms of
information in their HRES design. Too often, technical and economic factors are the only
influential ones and designers overlook social or institutional factors. Hence, this research aims
to strengthen HRES design practice, mainly in its first and critical steps. ANP also allows us to
carry out partial analysis to better understand experts’ judgements. These analyses include the
partial influence of criteria on Alternatives, the influence among criteria or the scores of
alternatives for certain criteria. This information feeds a discussion about the particularities of
the outcomes with experts.

The first and general findings of the research are the following. First, a complete list of
23 influential criteria for the configuration of an HRES to deliver electricity to poor communities
based on an extensive literature review. Experts and stakeholders of these projects should
initially consider these factors. However, they must be adapted to each case. Second, the
proposed methodology explained in Figure 1, which experts may use with the necessary
adaptation to each project and context.

To illustrate the viability of the methodology and the need to adapt it to each context,
the article presents a case study of an energy poor community in the Honduran Mesoamerican
Dry Corridor. The methodology guides the decision over the design of an islanded HRES to supply
electricity. Three panels of experts, one per each main project-design stakeholder group
provided, their opinions throughout the project. Each panel itself, included three experts with
the same role but different profiles. In our case, experts mainly agreed on their conclusions.
However, in other cases this might not happen and a decision must be taken about which
experts’ opinion should be followed. Based on the initial list and the field work, the experts
agreed on a final list of 14 influential criteria grouped in 5 clusters: economic, environmental,
institutional, social and technical. The number of viable energy technologies was 5, which
formed a new cluster of the ANP model. The outcomes of the method state that the most
influential criteria by order of importance are institutional support, the possible expansion of
the grid and local energy resources. The preferred energy technologies in the case of El Santuario
are Solar PV, wind power and a biomass gasifier.

Currently, the HRES for El Santuario includes a solar PV power plant as large as the energy
demand, the local sun radiation and the foreseen budget allow. To combine it with a
dispatchable energy technology, a biomass gasifier that will use the local biomass resource is
also part of the system. The wind power alternative and the diesel generator have been
discarded in accordance with the outcomes of the method in favour of Solar PV and a Biomass
gasifier. Finally, a bank of batteries will also be added as the gasifier needs an electric supply to
be turned on and off. Batteries will be as reduced as possible based on the case study results.
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Abstract: In this research work, a 3 kW stove based on biomass gasification, together with a fuel
obtained from agriculture wastes as an alternative to the commonly used charcoal, have been
developed looking for sustainable cooking in poor communities. Alternative fuel (BSW) are briquettes
obtained by carbonization and densification of agricultural solid wastes. Two laboratory methods,
water boil test (WBT) and controlled kitchen test (CCT) were used to analyze the performance of
this approach by comparing the proposed improved stove (IC5-G) with the traditional one (TCS),
when using both types of fuels: charcoal and BSW. Results indicate that consumption of charcoal
decreases by 61% using the improved ICS-G stove instead of the traditional TCS. Similar fuel savings
are obtained when using BSW fuels. BSW fuel allows for a carbon monoxide (CO) emission reduction
of 41% and 67%, and fine particles (PM) in a 84% and 93%, during the high and low power phases
of the tests, respectively. Use of BSW fuel and ICS-G stove instead of the TCS stove with charcoal,
provides a cooking time reduction of 18%, savings of $353.5 per year per family in the purchase of
fuel, and an emission reduction of 3.2 t COy/year.family.
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Abstract

In this research work, a 3 kW stove based on biomass gasification, together with a fuel
obtained from agriculture wastes as an alternative to the commonly used charcoal, have been
developed looking for a sustainable cooking in poor communities. Alternative fuel (BSW) are
briquettes obtained by carbonization and densification of agricultural solid wastes. Two
laboratory methods, water boil test (WBT) and controlled kitchen test (CCT) were used to
analyze the performance of this approach by comparing the proposed improved stove (ICS-G)
with the traditional one (TCS), when using both types of fuels: charcoal and BSW. Results
indicate that consumption of charcoal decreases by 61% using the improved ICS-G stove instead
of the traditional TCS. Similar fuel savings are obtained when using BSW fuels. BSW fuel allows
for a carbon monoxide (CO) emission reduction of 41% and 67%, and fine particles (PM) in a 84%
and 93%, during the high and low power phases of the tests, respectively. Use of BSW fuel and
ICS-G stove instead of the TCS stove with charcoal, provides a cooking time reduction in a 18%,
savings of $353.5 per year and family in the purchase of fuel and an emission reduction of 3.2 t
COy/year.family.

Keywords

Cook stove; alternative fuel; gasification; sustainability.

1. Introduction

In recent decades, the demand for primary energy resources has considerably increased
due to the high growths, both in world population and demand, while renewable resources,
such as firewood, are often poorly managed in this scenario of increasing demand.
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Consequently, the proper use of these resources becomes mandatory for a sustainable
development (Bhutto et al., 2019). Currently, in the world about three billion people depend on
solid fuels, such as firewood and charcoal, for cooking food and heating, without having access
to clean cooking methods (IEA, 2017a; Maes and Verbist, 2012; Zhang et al., 2018; Zongxi et
al., 2017). Solid fuels are the main source of energy used for heating and cooking in many
urban and suburban communities in sub-Saharan African countries, representing more than
80% of the primary energy supply of these areas (Chiteculo et al., 2018; Jones et al., 2016;
Mwampamba et al., 2013). The traditional cooking system most used in these communities is
based on burning coal or firewood on stoves with the pots placed on top, resulting in a process
of very low thermal efficiency and, therefore, in an excessive fuel consumption with the
consequent environmental damage (Barbieri et al., 2018; IEA, 2018; Lynch, 2002), including
excessive CO, emissions, thus contributing to global warming and climate change
(Ramanathan and Carmichael, 2008). Significant efforts are in progress to improve cooking
stoves and limit the above-mentioned drawbacks. It has been found that fan-assisted
cookstoves produced both lower concentrations of flue gases and particulate matter
(Ndindeng et al., 2019). Positive experience in Rwanda promoting biomass pellets and a fan
micro-gasification improved cookstove as a clean cooking alternative to charcoal has been
obtained (Jagger and Das, 2018). Gasifier Cookstove using biochar improves energy efficiency
and air quality (Gitau et al., 2019) and investigation on the gas production from a gasifier
cookstove indicates the importance of primary air to reduce tars and increases combustion
(Kirch et al., 2020). This paper addresses all these aspects: gasifier implementation, energy
efficiency, air quality, pellets use, etc., looking for the improvement of cook stove both in the
technical and economical aspects with special emphasis in the use of agriculture wastes to
reduce the environmental impact of cooking in under-developed countries.

Although agriculture and timber industry are considered as the main responsible for large-
scale deforestation, energy supply for food cooking (Dresen et al., 2014) has also an important
contribution to deforestation and land degradation. The collection of firewood and the
production of charcoal for cooking can have a significant impact on local ecosystems, particularly
in overpopulated areas (Barbieri et al.,, 2017; Tucho and Nonhebel, 2015). Due to the fight
against the climate change and the search for energy security, biomass resources are becoming
more important than ever, given they can be considered as renewable and sustainable source
of energy, neutral for climate impact (Smith et al., 2000) and socially viable. This is possible if: (i)
they are collected in sustainably managed forests, where each cut tree is replanted directly; and,
(i) the wood is burned using appropriate technologies to maximize energy efficiency and
minimize harmful emissions inside the house (CO and PM) and to the atmosphere (CO,) (FAO
and UNEP, 2020). In sub-Sahara African countries, burning agricultural wastes (including stems,
herbs and leaves) is the easiest and most economical way to eliminate the volume of those
wastes. Outdoors incineration allows for a fast elimination of previous crops wastes, as well as
the pruning and cleaning of the crop area. It is estimated that burning biomass, such as wood,
leaves, trees and pastures, including agricultural wastes, is responsible for a 40% of carbon
dioxide (CO,), 32% of carbon monoxide (CO), 20% of suspended fine particles (PM) and 8% of
others emissions to the atmosphere (CCA, 2014; Ministry of Agriculture, 2012) of these areas.
These biomass wastes could be instead used in cooking stoves, using a biomass gasification
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technology, and thus be an important part of solving these emissions problems (Bhojvaid et al.,
2014; Loo et al., 2016). The amount of peanut shell waste produced annually in the Democratic
Republic of the Congo is estimated at 114,000 tons and that of rice husk is around 133,200 t /
year (CARD, 2013; FAO, 2015). The province of Bandundu, to which the present study is applied,
being a province totally dedicated to agriculture, represents almost 20% of the production of
agricultural residues in the DRC. Using improved gasification stoves, energy efficiencies can
easily reach values greater than 60%, compared to 30-40% of the current ones (Panwar et al.,
2009; Panwar and Rathore, 2008). Most of the technologies currently in use consist of enhanced
direct combustion ICS with a ceramic combustion chamber. This approach simply involves
directing much of the combustion energy to the pot. In this system, it is difficult to improve the
quality of combustion because the air supply is naturally ventilated and therefore difficult to
regulate, which leads to incomplete combustion with a direct negative consequence on energy
efficiency and polluting emissions. In order to reduce the consumption of firewood and CO;
emissions in cooking activities, a 3 kW power stove has been optimized using the biomass micro-
gasification principle. Additionally, to reduce the consumption of forest biomass, an alternative
fuel to charcoal consisting of briquettes produced by carbonization and densification of
agricultural solid wastes (peanut husk and rice husk, mainly) has been developed. To verify these
improvement approaches, two laboratory test methods: the boiling water test (WBT) and the
controlled cooking test (CCT), have been applied to the traditional stove (TCS) and the new one
we are proposing (ICS-G) , using in both cases charcoal and BSW briquettes as fuels.

2. Materials and Methods

2.1. Study case

The study was conducted in the city of Bandundu located 409 km from the DRC capital
Kinshasa and in an essentially agricultural region. The population size is estimated at 3,673,000
inhabitants and 90% of the population is considered dependent on biomass-firewood for
cooking food. The average family size is six people and the eating habits are such that only one
large meal is served daily.

2.2. Fuels

The fuel currently used for food cooking in sub-Saharan Africa countries is charcoal. We
have deduced its main characteristics by application of standards biomass characterization
techniques (AENOR, 2020). Obtained results are detailed in table 1.

There are many different solid biomass residues from agricultural activities in the
Democratic Republic of the Congo (DRC). In this work, we have selected as sources for fuel for
cooking activities those with the better thermo-physical properties. The proposed fuel (BSW) for
cooking are briquettes with a cylindrical shape of 2 cm in diameter and 3.5 cm in length (figure

1), so they are well adjusted to the typical cooking stoves. The briquettes are made from solid
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agricultural wastes, such as peanut shells and rice husks. Manufacturing of briquettes follows

the following steps:

1°%) Carbonization: carried out in a traditional furnace composed of a cylindrical metal barrel
80cm in diameter and 120cm high. The metal barrel has about thirty vent holes. 3cm at its lower
base. The removable upper base has a 10cm diameter and 100cm high chimney. Char waste is
introduced from the top with a quantity of 20 kg of solid waste (rice husks or peanuts). The fire
is lit from the top of this furnace. The carbonization system is endothermic in oxygen, evolving
at temperatures between 250-5002C for 2 to 3 hours. After this, holes in the lower base are
covered and the lid is closed until cooled, which can last 3 to 4 hours. The carbonization yield

varies between 18-20%.

2") Grinding: the char waste is placed in a mortar with an artisanal pestle to convert the charred

waste into a fine powder with a grain size of 1 mm.

3") Binding: the resulting powder, combined with a binder biomass (paper pulp and cassava

fibers), is mixed properly up to have a good homogenization.
4™) Densification: this mixture is manually densified to form the briquettes; and

5%) Drying: the briquettes are dried in the sun for three days before their use.

Three types of briquettes were manufactured with the dosages detailed in Table 2. Their
elemental composition and the different thermo-physical properties of these briquettes,
respectively, are shown at tables 3 and 4. These values were obtained following current
regulations for this type of characterization (AENOR, 2020). From the cooking tests carried out
summarized in table 4, it results that BSW3 structure is the most adequate to be used, given its
higher calorific value.

Table 1. Thermo-physical characteristics of traditional charcoal.

Bulk density Moisture content Volatile matter Ash content Fixed Carbon HHV LHV
[kg.m3] [MJ.kg'] [MJ.kg?]
365 7% 13% 2% 85% 30,2 29,8

Table 2. Composition of the different types of briquettes [% mass].

Type E1 E2 E3 E4 E5

BSW 1 50% - 20% 15% 15%
BSW 2 - 50% 30% 10% 10%
BSW 3 - 20% 50% 15% 15%

(E1 = biochar rice, E2 = biochar peanut, E3 = sawdust, E4 = paper paste, E5 = cassava xilema fiber)
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Table 3. BSW elemental composition

Type C H N (o] S

BSW 1 51,70% 2,40% 0,70% 45,20% 0,00%
BSW 2 52,50% 3,20% 0,70% 43,60% 0,00%
BSW 3 50,70% 2,70% 0,60% 46,00% 0,00%

Table 4. BSW thermo-physical characteristics.

Bulk
. Moisture Volatile Ash Fixed HHV LHV
density
content matter content carbon
[kg.m?3] [MJ.kg!] [MJ.kg!]
BSW 1 520 7,50% 34,30% 24,50% 33,70% 18,2 17,7
BSW 2 550 10,20% 36,00% 25,80% 28,00% 18,4 17,7
BSW 3 560 10,30% 38,80% 19,00% 32,90% 19 18,3

Figure 1. BSW briquettes.

2.3. Stoves

Figure 2a illustrates the traditional stove (TCS), currently used in DRC, taken as the
reference for our study. It consists of a cylindrical combustion chamber, 100 mm deep and 280
mm in diameter, with holes, 10 to 12 mm in diameter, both in the base and the lateral side
(Hurtado Pérez et al., 2017).

Our improved gasification stove (ICS-G), shown in Figure 2b, generates combustion
through two consecutive stages with a stoichiometric proportion of 6 kg of air per 1 kg of
biomass to ensure total biomass combustion. The fraction of air that is introduced into the lower
part of the reactor (g), respect to the total one used by the stove, is fixed to 0.3 - 0.4, with the
purpose to gasify solid biomass into a gaseous element (syngas). The remaining quantity of air,
known as secondary air, is introduced at the top of the reactor, and has the function to ensure
a complete combustion of the biomass. The number of holes and, therefore, the primary and
secondary air inlet sections, are such that they ensure these air proportions. The different
components of this ICS-G are shown at the diagrams in the figure 3.
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Figure 2. Cooking stoves. a) Traditional cookstove, TCS. b) Improved Cookstove Gasifier, ICS-G

Calculation of the improved ICS-G stove dimensions takes into account different aspects
(Belonio, 2005; Kumar et al.,, 2008; Mukunda, 2009; Ojolo et al., 2012; Panwar, 2009); in
particular, the amount of energy needed to cook a meal for a six-persons household was
estimated to be around Q = 15.8 MJ (Belonio, 2005; Kumar et al., 2008; Panwar and Rathore,
2008). Therefore, the minimum power requirement to cook food for a meal for a family of six
persons with a burning time in the range 1.0 to 1.5 h (Ojolo et al., 2012) is about 3 kW. The rest
of this stove design parameters are detailed in table 5.

Table 5. ICS-G design parameters.

Parameter Symbol Value
Power P 3 kW
Stequiometric air SA 6 kg air/kg biomass
Equivalence ratio I3 0.33
Air density Pa 1.25 kg.m?
Thermal efficiency Nth 60%
Cooking time At 1h
Specific biomass weight ol 560 kg.m3
Air holes diameter de 2mm
Specific gasification rate SGR 110 kg.m™2.h?

The following ICS-G characteristics are deduced:

a) Fuel Consumption Rate (FCR): amount of biomass fuel to be used by the stove to
provide the required energy, it is deduced by using the relationship (1).

P+x3600
LCV* (1)
Nth

FCR =

Where LCV represents the fuel low specific calorific power, 7,, accounts for the

gasifier thermal efficiency and P is the power reactor. For this gasifier, the thermal efficiency
was initially assumed as 60-70% (Belonio, 2005; Panwar, 2009; Panwar and Rathore, 2008).
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b) Reactor Diameter (Kumar et al., 2008; Mukunda, 2009; Ojolo et al., 2012; Panwar,
2009).

The reactor diameter is a function of the fuel consumption rate and the specific
gasification rate (SGR), this one defined as the amount of fuel used per unit of time and per unit
of area in the reactor. (110-210 kg:m2h!) The diameter can be determined using expression (2).

D= ()"
2)

c) Reactor Height: The height of the reactor determines the operation time of the
combustion chamber once the fuel is loaded. It is deduced by using equation (3) (Kumar et al.,
2008; Mukunda, 2009; Ojolo et al., 2012; Panwar, 2009).

__ SGR = At
Pr

(3)

H

Being SGR the specific gasification rate; At is the estimated reactor operation time, and
P is the fuel density.

d) Amount of air needed for gasification (Qpa): This magnitude refers to the air flow rate

needed to gasify the fuel and it is given by equation (4).

ExFCR*SA

Qpa=—— (4)

Pa

Where Qpa is the airflow rate; € is the gasification equivalence ratio (0.3t0 0.4), FCR is
the fuel consumption rate; SA is the stoichiometric amount of air required by unit of biomass
(6 kg air per kg biomass) (Belonio, 2005), and p, is the air density.

The total amount of air needed for total combustion in the stove is deduced from the
above mentioned Qp,, by dividing it by the equivalence ratio €.

The deduced parameters of a 3 kW stove are deduced using the abovementioned
equations and are detailed in table 6.

Table 6. Parameters of a 3 kW reactor.

Dlecm]  H[cm] FCR [kg-h] Qea [m>h?1]  QAT[m*h7]
12 19 0,906 1.304 4,34

Air is introduced in the combustion chamber (figure 3 a) through the inputs Al (primary
air for gasification) and A2 (secondary air for total combustion). The total air flux Asr is
guaranteed by a 3 W fan at 12 V DC. A small speed controller allows for the regulation of the
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airflow in the reactor. A lithium-ion battery (12V; 9Ah) and a solar panel (5W) provide the
necessary power for the system. The primary air enters through 10 small holes of 2 mm in
diameter located 10 mm from the bottom of the reactor. The secondary air enters the reactor
through 20 small holes 2 mm in diameter at the top of the stove (figure 3b).

ICS-G stove includes the following components (figure 3c):

a. Reactor: it is cylindrical, 12cm internal diameter and 19cm deep, and surrounded by a
1cm layer of clay.

b. Secondary Air Duct Tunnel: Another 16cm cylinder surrounds the reactor, so a 1mm gap
allows secondary air to rise, sweeping through the reactor body. This allows preheating
of the secondary air.

C. Thermal insulation: a 4cm layer of rock wool

d. Fan: A small 3W-12V DC motor provides the primary and secondary air supply.

e. Power supply: a small 5W solar panel that charges a 9Ah-12V lithium battery.

f. Regulation: a potentiometric circuit allows varying the supply voltage of the small motor,

to control the primary and secondary airflows.

g. Outer shell: it is a24cm cube made of 1mm thick sheet metal. The lower base is
perforated to allow the motor to inject ambient air

120mm

20x 2mm

3

AsT
(a)
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2.4.

(c)

Figure 3. Improved Cookstove Gasifier, ICS-G (a: air flows; b: dimensions; ¢: components)

Instrumentation
The equipment used to characterize the proposed fuel and stove includes:

Balance OHAUS V11P6 with a 6 kg capacity and 0.1g accuracy. Used to determine the
amount of fuel used in the WBT and CCT test.

Balance OHAUS NVL 20000/2 with a 20 kg capacity and 1 g accuracy. This scale was used
to measure the amount of water to boil during the WBT test and the amount of dry and
cooked meal during the CCT test.

Balance Mettler AB304-S / FACT with a 320 g capacity and 0.1 mg accuracy. It was used
for the characterization of briquettes

Select Muffle Furnace SELECT-HORN, Capacity 9 liters. Power 3000 W. Maximum
temperature 1100 C. This muffle was used for the thermo-physical characterization
of briquettes

Combustion calorimeter CAL2K/1. Resolution 0.001 MJ/kg and 0.000001 °C. To allow for
the determination of the calorific value of the briquettes

A Portable Emission Monitoring System (PEMS) was used for the determination of the

polluting emissions of CO and PM during the Water Boiling Test, WBT (Fig. 4). This system
consists of a bell (al), inside which the stove to be tested (a2) is placed; an extractor (a3) absorbs
all the polluting emissions and takes a sample of the emission gases to take them to the sensor

box (a4). Finally, an interface with a data acquisition system, allows for the data storage in a

computer (a5).

165



Chapter 2. Scientific publications

Figure 4. Portable Emission Monitoring System (PEMS).
2.5. Methods
a) Laboratory tests

Performance of the ICS-G and the TCS stoves were evaluated by using the WBT 4.2.3
(GACC, 2014) and CCT v.2 (Bailis, 2004) laboratory methods. WBT 4.2.3 protocol is a laboratory
simulation of the energy efficiency of the cooking process using water in three sequential
phases, as detailed in figure 5. The first phase, High Power Cold Start (HPCS), begins by heating
the stove, filled with water from room temperature, up to reach the water boiling point. In the
second phase, High Power High Start (HPHS), with the stove already hot from the previous
phase, a new refill with fresh water is made and heating starts up to reach again the water
boiling temperature. In the third phase, Low Power (LP), the water is maintained for 45 minutes
at a temperature close to the boiling point. In the three phases the amount of fuel used for each
process is carefully measured. Performance analyzes have been performed in order to compare
the traditional stove TCS with the improved ICS-G stove using the new BSW3 fuel. The
performance indicators used to compare the stoves are those officially recognized by the IWA,
in order to ensure consistency of the selection with the 1ISO/IWA11:2012 guidelines (Technical
Management Board, 2012).
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Figure 5. Sequential steps in the WBT Protocol (Jetter and Kariher, 2009).

Many studies and researchers suggest that WBT laboratory tests do not necessarily
predict the performance of stoves in real domestic kitchens (Bailis et al., 2007; Baldwin, 1987
Berrueta et al., 2008; Jetter and Kariher, 2009; Smith et al., 2007). For these reasons, in this
investigation the WBT tests were complemented by the CCT tests in which real meals were
prepared. In these CCT tests the cooking of a real meal commonly consumed by the population
of the area under study is carried out under strict controlled conditions. During the CCT process,
three kitcheners prepared the same meal under identical conditions and with the same amounts
of ingredients and water. Total needed time and the amount of fuel used for the food cooking
are measured. To allow for the reproducibility of the results and to minimize the margin of error,
all the pots used for these tests have the same characteristics and dimensions (Lombardi et al.,
2018, 2017; MacCarty et al., 2008), and the cooks prepared six times the same amount of food
(n = 6). The ingredients used in the tests are shown in Table 7. Each test is based on a total of
12.45 kg of raw material, including cooking water. Final weight after cooking should be 6.58 kg
(Standard deviation, SD=0.10).

Table 7. Raw material for a CCT test.

Quantity [g]
Fish (6) 1.370
Flour (corn + cassava) 2.010
Peanut paste 180
Vegetables 1.150
Other ingredients (tomatoes, salt, onion, garlic) 390
Olive oil 350
Water 7.000
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This test provides reliable performance indicators of the behavior of the cooking stove
when used on the field. These performance indicators are the specific fuel consumption (SFC)
and the total cooking time. SFC represents the amount of fuel needed to cook the quantity of
food needed for usual meal and it is calculated by:

SFC = 2t (5)
Wy
Where Wy, is the mass of fuel used for cooking the meal and Wy is the cooked meal

mass.

b) Estimates of CO, Emission Reduction (ER-CO>) for the ICS-G stove.

The calculations of the ER-CO; resulting from the use of non-renewable wood in kitchens
are carried out using the AMS-Il methodology (UN, 2021) according to the United Nations
Convention on Climate Change (UNFCC). These emissions savings are given by:

ER = Bsqyings * fure * NCVhiomass * EF
(6)

Where: Bsgpings is the amount of woody biomass, in tons, used by the ICS-G during the
year; fuagris the fraction of non-renewable biomass (it can be obtained from some study results
or government data, default value for DRC is 90%); NCVbiiomass is the low specific heat value of the
non-renewable woody biomass that is been replaced (in the case of wood, this value is 0.015
TJ/t, using the gross weight of the air dried wood), and EF is the fossil fuel emission factor that
is expected to be used for the replacement of non-renewable woody biomass with other
commonly available fossil fuels, its value is 63.7 t CO>/TJ). When charcoal is used as fuel by the
reference TCS stove or by the new ICS-G stove, the amount of woody biomass will be determined
using a conversion factor of 5 kg of wood (wet) per 1 kg of charcoal (dry base). All these values
are obtained from (UN, 2021).

Bsavings c€an be determined from the results of the CCT tests by using the following

relationship:

SFCnew
SFColds

)

Bsavings = Bojas * (1 —

(7)

Where: SFCows and SFCnew are the specific fuel consumption for the TCS and the ICS-G
stoves, respectively.

3. Results and discussion

3.1. Performance Analysis Using the WBT Method
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Tables 8 shows the results from the WBT tests for both types of stoves when using
charcoal as a fuel. Table 9 details the results when the used fuel is BSW3. All these values have
been obtained directly from the PEMS system. In both cases, a significant improvement in
energy efficiency of 134% and 153%, respectively, is obtained by using the ICS-G stove, together
with a very significant reduction of CO and PM emissions. Comparing the TCS stove using
charcoal with the new ICS-G stove using BSW3 briquettes, (Table 10), there was a 150%
increase in energy efficiency, saving in fuel of about 67% and CO emission reductions of 41% and
67% during the high and low power test phases, while PM particle emission reduction reaches
84% and 93%, respectively. Therefore, a significant decrease of pollutants and an increase in
performance due mainly to the new design of the stove and the new fuel is observed. In a recent
study done in a Kenyan village on the impact of a gasifier on improving energy efficiency and
reducing polluting emissions, Gitau, J.K. et al. (Gitau et al., 2019) underlines a reduction in CO
and PM emissions of 57% and 79%, respectively, when compared with the traditional model.
Our improved performance of the ICS-G is mainly due to the improved combustion quality due
to the adjustment of the stoichiometric air quantity, which leads to an almost complete
combustion of the solid biomass. Forced ventilation (ICS-G) always results in better combustion
than natural ventilation (TCS), all other things being equal. In addition, the ICS-G combustion
chamber is thermally insulated, this prevents heat loss on the sides of the ICS-G stove and
therefore concentrates all the heat produced and directs it towards the pot with the movement
of forced air. Natural ventilation does not ensure perfect combustion because its random nature
and high dependence on the external atmospheric conditions, as the combustion chamber is
not closed, heat losses are uncontrolled and widespread.

Table 8. Results from WBT test using charcoal as fuel.

IWA PERFORMANCE METRICS UNITS TCS ICS-G ICS-G.vs,TCS (%)
High Power Thermal efficiency % 22+1,0 51.6+1.5 134 +13
Low Power Specific Fuel Consumption ki/(s.l) 0.64 +0.05 0.32+0.07 -50.0+11.6
High Power CO emissions g/MJ 16.3+3.8 5.1+0.2 -68.7t7.4
Low Power CO emissions g/(s.l)*1e-3 5.00 £ 0.67 1.33+0.08 -73.3+3.9
High Power PM emissions g/MJ*1e-3 116 £10.7 38.1+2.4 -67.2+9.5
Low Power PM emissions g/(s'l)*1e-6 35.0+0.33 20.0+04 -429+1.1

Table 9. Results from the WBT tests using briquettes BSW3 as fuel.

IWA PERFORMANCE METRICS UNITS TCS ICS-G ICS-G.vs, TCS (%)
High Power Thermal efficiency % 21.8+1.2 55.1+0.03 153+ 14
Low Power Specific Fuel Consumption ki/(s1) 0.57 £0.05 0.19+0.02 -66.7+4.4
High Power CO g/MJ 16.3+3,8 6.9+04 -41.0+34
Low Power CO g/(s:l)*1e-3 4.83+0.17 1.50+0.17 -66.9 £ 3.7
High Power PM g/MJ*1e-3 83.316.4 13.5+3.1 -83.8+£3.9
Low Power PM g/(s.l)*1e-6 20.7+2.3 1.5+04 -92.8+1.8
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Table 10. Comparison TCS/charcoal vs ICS-G/BSW3.

IWA PERFORMANCE METRICS UNITS TCS ICS-G ICS-G.vs, TCS (%)
High Power Thermal efficiency % 22+1,0 55.1+0,03 150+ 11
Low Power Specific Fuel Consumption ki/(s1) 0.64 +0.05 0.19+0.02 -70.3+3.9
High Power CO g/MJ 11.7 £0.07 6.9+04 -41,0+£3,4
Low Power CO g/(s:l)*1e-3 5.00 £ 0.67 1.50+0.17 -70.0+5.3
High Power PM g/MJ*1e-3 116 £ 10.7 13.5+3.1 -88.4+3.9
Low Power PM g/(s.l)*1e-6 35.0+0.33 1.5+04 -95.7+1.1

Obtained improvement in emissions are in agreement with the results published in [16],
where at lower air supply rates, low emissions of both PM and CO are achieved.

3.2 Results from the CCT analysis

Tables 11 and 12 show the results of the CCT tests carried out in the preparation of the
typical meal consumed in the city of Bandundu. Table 11 summarizes the comparison between
the ICS-G and TCS stoves using charcoal as fuel. A fuel saving of 61% is observed as well as a 20%
decrease in the time used for cooking when the improved ICS-G stove is used. This is an
improvement on the 40% fuel economy reported in (Gitau et al., 2019) for a natural air gasifier.
Table 12 shows the test results using BSW3 as fuel. In this case, ICS-G has very similar fuel savings
in relation to the TCS independent of the type of fuel: charcoal or BSW3 than in the previous
case, 61%. Similarly, cooking time saving is almost the same for the two kind of fuel: 18%
compared to the traditional system. However, BSW3 main advantage comes from the fact that
this fuel is obtained from agricultural residues, so no cutting down of trees as in the use of
charcoal is needed. Besides, there is a saving in fuel consumption mainly due to the fact that in
an ICS-G the firepower can be fully controlled; i.e.: during the simmering phase of the food, the
power is reduced with the corresponding fuel saving. For a TCS, it is impossible to vary the fire
power during the different phases of the cooking process, given it is based on natural ventilation.
Besides, the ICS-G includes a greater thermal insulation, especially in the lateral surface.

Table 11. CCT results (Charcoal as fuel, n=6).

TCS ICS-G ICS-G.vs,TCS (%)
Fuel [g] 2063 +119 805 + 80 -61.0+4.5
Cooking Time [s] 15120+960 12160+612 -20.2+6.5
SFC [g charcoal /kg cooked meal] 313 +16.5 123 +11.2 -60.7 4.1
SEC[MJ /kg cooked meal] 9.3+0.5 3.7+0.3 -60.2+3.9

Table 12. CCT results (BSW3 briquettes as fuel n=6).

TCS ICS-G ICS-G/TCS[%]
Fuel [g] 3327 +£210 1270 + 95 -61.8+3.7
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Cooking Time [s] 15960 + 432 13080+654 -18.0%4.7
SFC [g charcoal /kg cooked meal] 506 + 27 194 +13.0 -61.7+3.3
SEC[MJ /kg cooked meal] 9.3+0.5 3.5+0.2 -62.4+2.9

3.3. Environmental analysis

By using data from the results in tables 11 and 12, we can deduce that the fuel savings
by the introduction of the ICS-G stove instead the TCS is 1.21 kg when using charcoal, and 2.06
kg when using BSW3 briquettes. CO, emissions reductions have been calculated according to
the AMS-Il methodology [51]. Table 13 indicates the annual reduction in wood consumption and
CO; emissions for a household and for the entire city of Bandundu, where around 90% depend
on biomass for cooking food. We are considering that 1 kg of charcoal is equivalent to 5 kg of

firewood.
Table 13. Bsavings and ER-CO, for ICS-G.
Fuel Bsaving (t/year) Bsaving (t/year) ER- CO, (t/year) ER-CO, (t/year)
u
Household Bandundu City Household Bandundu City
Charcoal 2.288 1,248.194 1.97 1,073,384
BWS3 3.766 2,054,480 3.24 1,766,751

3.4. Socioeconomic analysis

The use of ICS-G with BSW3 fuel will provide significant economic benefits to the
households in developing countries. The price of one kilogram of charcoal is estimated at 0.6
$/kg in Bandundu and the price of BSW3 could be around 0.2 USS/kg. In accordance with the
fuel consumptions deduced in the CTT tests, the daily fuel purchases under current conditions,
TCS stove using charcoal, reaches 1.23 USS/family.day, that would be reduced to 0.48
USS/family.day when using the ICS-G stove with charcoal and up to 0.25 USS/family.day if the
fuel for this stove would be BSW3. Therefore, monthly savings of USS 22.6 will be obtained by
the introduction of ICS-G stoves using charcoal and USS 29.4 when the fuel used will be BSW3.
Taking into account that the purchase price of this ICS-G stove is in the order of 50 USS, the
return periods are 2.2 and 1.7 months, respectively. Therefore, the savings for the first year are
USS 222 and USS 303.5 for the both cases of ICS-G under consideration.

4, Conclusions

The causes of deforestation and greenhouse gas emissions and pollutants in developing
countries, such as those in sub-Saharan Africa, are diverse, but they include in a high percentage
the use in cooking activities of traditional fuels with low energy efficiency stoves. A possible
solution to reduce deforestation and the rate of polluting and greenhouse gases emissions
would require the improvement of the stoves and the fuels used for those cooking activities. In
this work, an improved stove based on gasification and a new fuel obtained from agricultural
wastes have been designed and built to address these goals. Results using standard protocols,
such as BWT and CCT, indicates fuel savings up to 61% and cooking time reduction of 18% by
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the introduction of these improvements in stove and fuel. Environmental impact remediation is
obtained by wood savings of 2.05 Mt/year, from the substitution of this wood by agricultural
wastes, and 1.9 Mt CO,/year emissions in the case of the Bandundu City in the DRC. Economic
improvement is also obtained with these new elements, reaching, for a standard family with 6
members, annual savings up to US$303 by the introduction of ICS-G stoves with BSW3 fuel and
a return period for the investment in the new stove below 2 months
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SFC: specific fuel consumption
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This chapter presents a general discussion of the results obtained in the thesis, namely
about the ones presented in the previously scientific publications (chapter 2).

On the one hand, scientific publications 1, 2 and 3 addressed the use of advanced
renewable systems to approach the main energetic issue in developed countries: negative
environmental impact of traditional transport sector, whose results are now discussed.

The first publication proposed EVs as an environmental solution for transport sector in
developed countries, as long as their introduction is accompanied by a decarbonization of the
electricity generation system. Thus, the paper presented a methodology to verify the
suitability of urban transport electrification. By means of the tool WtW, it calculated and
compared total CO, emissions of equivalent fleets of ICEVs and EVs. Then, the method
searched for a certain level of emissions reduction by an iterative introduction of renewable
sources to the electricity generation system. The study was applied to the case study of Spain
by the mid-term future, since its policies forecast a high penetration of EVs and a progressive
introduction of renewable sources into the electricity mix for such period. Two scenarios for
this application were studied: one in which only a net emissions balance was looked for and
another one in which also a particular sustainability degree in terms of emissions reductions
was searched, both regarding the introduction of EVs in the urban fleet. Referring to the first
scenario, results revealed that the current Spanish electricity mix (318 gCO,/kWh) ensures a
net emissions introduction of EVs. In this scenario, the highest reduction was forecasted by
2040 and corresponded to 56 CO, million tons compared to ICEVs (58%). Regarding the second
scenario, the Cl of the electricity mix decreased progressively with the introduction of
renewable sources until 59 g CO2/kWh in 2040 (82% reduction). Hence, the contribution to CO,
emissions of BEVs and PHEVS decreased to 82% and 26% due to their complete and partial
electrical behavior, respectively. Finally, the highest emission reduction in this scenario was
expected again by 2040, and corresponded to 74 CO, million tons (77%).

As publication 1 indicates, the introduction of EVs is expected to happen in large-scale
for developed countries by the mid-term future. Such massive penetration would create
negative impacts on the electricity grid. Therefore, the second publication handled this

question and presented a methodology to shift the load increase due to the expected
introduction of EVs making use of the temporal valleys in electricity demand curves and
searching for a flat demand profile. For this issue, the method contemplated three different
recharging strategies according to the place and type of recharge: at home, at public buildings
or at EVCS. Following suitability reasons explained above for publication 1, this paper
contemplated again the case study of Spain by the mid-term future. In this case, three levels of
penetration (25%, 50% and 75%) together with three scenarios of EVs growth (low, medium
and high) were analyzed. Results indicated that it is possible to maintain the current Spanish
peak load of 37.8 GW and achieve an almost flat demand profile of 0.972. Only in the cases of
the medium growth scenario with a 75% introduction of EVs and in the high growth scenario
with a 50% and 75% of EVs was it obligatory to increase the peak value up to 5%, 7% and
11.4%, respectively. However, in all these three cases an almost flat profile, higher than 0.95,
was achieved. Moreover, home recharge strategy arose as the dominant option, with an
average share of 50%, mainly concentrated in peak hours.
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The third publication presented HRES for EVCS as a solution to cope with the two

guestions presented in publications 1 and 2: the necessary decarbonization of the electric
transport and the negative impact of a massive introduction of such vehicles in the grid. To this
issue, paper 3 presented a novel weighted multicriteria methodology based on environmental,
economic and technical criteria, to design optimal HRES for EVCS. Furthermore, the method
included an experimental stage to verify the design derived from the multicriteria phase. The
method was applied to Valencia (Spain), which is immersed in a deep transition towards a
sustainable mobility. Simulation results pointed to an off-grid HRES with solar PV, wind and
batteries as the most suitable configuration, followed by another off-grid HRES with the same
energy resources and a diesel generator back-up. The third highest scored configuration was
an on grid HRES with the same renewable resources. These three selected options were
experimentally tested in the Laboratory of Distributed Energy Resources at the Polytechnic
University of Valencia (Spain) with a scale factor of 1:250. Outcomes demonstrated that the
demand was covered with all the configurations, with maximum power losses of 4.5% and SOC
of batteries between 35% and 100%.

On the other hand, scientific publications 4, 5 and 6 addressed the use of advanced
renewable systems to approach the main energetic issue in developing countries: energy
poverty (inaccessibility to electricity and clean cooking), whose results are now discussed.

The fourth publication presented an easily applicable methodology to calculate the

best design for off grid HRES in remote areas. The method was based on technical
requirements such as renewable resources availability, security of supply, power losses... The
methodology was applied to a specific case study: the rural village of Masitala, in Malawi
(Africa). Results pointed to a HRES with solar PV, wind and biomass resources supported by a
group of batteries as the ideal off grid HRES for Masitala. Solar PV technology contributed the
most to the energy generation, followed by wind. Biomass was only used promptly some days
due to its dispatchable behavior. Moreover, results showed that the studied method allows for
an off grid HRES easy design tool, which can be approached not only by the scientific
community, but also by technical students, early researchers or users with a previous
engineering background.

As many of its previous researches, publication 4 considered technical criteria for the
design of HRES in remote areas. Hence, the fifth publication addressed this issue and provided
a novel methodology for experimented researchers to assess all the influential criteria in the
optimal design of HRES for remote areas. The method included context analysis, literature
review and the application of the MCDM tool ANP, with the aid of a panel of experts. To verify
the suitability of the methodology, it was applied to the rural community of “El Santuario”,
which is placed in the Mesoamerican Dry Corridor in Honduras. Results showed that
influential criteria in the design of HRES for off grid rural areas could be grouped in five
different clusters: economic, environmental, institutional, social and technical. The most
influential criteria for “El Santuario” were the institutional support, the possible expansion of
the grid to the community and the availability of local energy resources. These factors
determined which renewable energy resources for a HRES in “El Santuario” were preferred:
solar PV followed by wind, and a biomass gasifier as support.
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Finally, the sixth publication tackled the inaccessibility to clean cooking systems in

remote areas. The study presented a thermodynamic, economic and environmental
comparison of TCS and ICS-G performed with two laboratory test methods: Water Boiling test
and Controlled Cooking Test. The research was conducted in Bandudu, an agricultural region
409 km away from Kinshasha, the capital city of the Democratic Republic of Congo. The
analysis considered two types of fuels: charcoal, which is the traditional fuel for cooking stoves
in the community, and briquettes, which is an alternative fuel derived from agricultural wastes
of Bandudu with appropriate thermo-physical properties. Results indicated that ICS-G reduces
fuel consumption of both charchoal and briquettes in 61% compared to TCS. However, using
briquettes as fuel allowed for a reduction of 41% and 67% of carbon monoxide, and 84% of
93% of fine particles during high and low power phases of the tests, respectively. Outcomes
revealed also that utilizing ICS-G with briquettes instead of TCS with charcoal derives in
cooking time reduction of 18%, economic savings of 353.5S/year per family and emissions
decrease of 3.2 tCO,/year per family.
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This chapter presents the main conclusions extracted from this scientific work. Firstly,
it analyses the fulfilment of the proposed goals. Secondly, the main contributions of
thisdoctoral thesis to the scientific knowledge are shown. Finally, the section introduces the
new research lines derived from this thesis.

4.1. Goals fulfilment

The goals proposed for this thesis have been achieved along the doctoral dissertation,
as this section demonstrates.

The first objective “Identification of the main energetic issues for both developed and
developing countries and literature review about renewable energy solutions to address the
identified problems” was solved along chapter 1. Firstly, section 1.1. of this chapter presented
an extended scientific revision about the role of energy for the sustainable development
together with the identification of the energy problems for developed and developing
countries. It also reflected the great differences between both energy issues. By means of an
extensive literature review, section 1.2 distinguished the appropriate renewable advanced
systems to face the energy challenges: strategic renewable energy planning, EVs, EVCS, HRES
and ICS-G.

Referring to the second goal “Renewable energy planning and recharging strategies
development for electric transport decarbonization in industrialized countries”, publication 1
and publication 2 approached it. Firstly, publication 1 proposed a method to introduce
renewable resources into the electricity generation system to achieve a sustainable
introduction of the expected massive EVs fleet. Then, publication 2 addressed this EVs large-
scale introduction with a load-shifting method to avoid negative impacts on the grid. This
method aimed to achieve a flat load demand considering three recharge strategies: at home,
at public building and at EVCS.

Publication 3 solved the third objective “EVCS HRES characterization for sustainable
EVs introduction in developed communities”. This paper provided a multicriteria design tool
for EVCS HRES, based on economic, technical and environmental factors. Besides, it included
an experimental validation stage. Results demonstrated that the final design for the HRES in
EVCS was supported not only by a complete numerical evaluation, but also by an experimental
verification of the demand being fully covered.

Regarding the fourth aim “HRES characterization for electricity access in remote
developing communities”, it was sorted out with publication 4 and publication 5. On the one

hand, publication 4 provided an easily applicable off grid HRES design method based on
technical requirements to boost rural electrification. On the other hand, publication 5
introduced all the influential criteria on HRES design for isolated areas, having been some of
them traditionally neglected despite their importance.

Finally, publication 6 shed light on the fifth objective “ICS-G characterization for clean
energy cooking systems access in remote developing areas”. Specifically, this paper compared
ICS-G with TCS using traditional and alternative fuels: charcoal and briquettes, respectively. All
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the experimental validations demonstrated the technical, economic, environmental and social
suitability of the advanced renewable ICS-G and briquettes.

4.2. Main contributions

The thesis participates in the scientific knowledge with some specific contributions, as
this section shows.

Firstly, the thesis includes two new methodologies to enhance a sustainable
introduction of EVs. On the one hand, the new methodology included in publication 1
determines the necessary renewable contribution to the electricity mix to ensure a net
emissions balance based on WtW tool for the expected EVs fleet. On the other hand, the novel
method presented in publication 2 develops a load-shifting strategy to avoid negative impacts
on the grid with the massive forecasted penetration of EVs. Both researches provide helpful
tools for policy makers on transition towards sustainable transport electrification.

Secondly, the dissertation proposes a novel method to design HRES for EVCS presented
in publication 3. It includes a complete weighted multicriteria method, based on technical,
economic and environmental factors, together with an experimental validation stage. This
method aims the development of HRES for EVCS, which will promote a sustainable
introduction of EVs and relieve their negative impacts on the grid.

Thirdly, this thesis provides two novel methodologies to boost rural electrification by
means of off-grid HRES. The first one, introduced in publication 4, is a new and easily
applicable method to design HRES in remote areas. It bridges the gap between this kind of
systems and non-experts technicians willing to fight against electricity inaccessibility. The
second one, presented in publication 5, is a novel methodology based on ANP to design HRES
in isolated communities. It considers all influential criteria on the system, having been some of
them traditionally neglected despite their importance. This method is mainly focused to
advanced researchers with vast experience on the field.

Finally, the thesis introduces a breakthrough ICS-G model and alternative fuel
(briquettes) to enhance access to clean and sustainable energy cooking systems in developing
countries. This novelty was published in publication 6, where all their technical, economic,
environmental and social improvements compared to TCS and traditional charcoal fuel were
described.

To conclude, this doctoral dissertation contributes to the scientific knowledge with the
above mentioned scientific methods to improve renewable advanced systems. Hence, this
thesis demonstrates not only the suitability of these systems for sustainable energy
development but also their versatility of application depending on the progress level of the
communities.
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4.3. Future research lines

The research developed during the PhD program have led to some new research lines
based on the thesis.

Firstly, the multicriteria methodology for HRES in EVCS have been applied to
developed communities. Their adaptation and later application to remote villages with and
without HRES for electricity access would define another future research line.

Secondly, the assessment of the barriers to the introduction of EVs in urban mobility
by MCDM methods, such as ANP, results necessary for further research.

The third research line includes studies about optimal location of recharging points or
EVCS in urban areas considering technical, environmental and social aspects. For instance, grid
proximity or solar PV self-consumption possibilities.

Another line of investigation contemplates the adjustment of general demand loads to
specific patterns. Specifically, the adjustment of proposed EVs recharging strategies to cope
with a massive introduction of renewable technologies in electricity generation systems.

Finally, it would be of utmost importance to investigate about energy management
technics for remote villages with HRES for electricity access. These technics would need to deal
with different load demands due to distinct energy requirements, facing also social criteria.

The research team would like to address in parallel the above-mentioned research
lines in the near future.
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List of acronyms

Acronym Definition

AHP Analytic Hierarchy Process

ANP Analytic Network Process

BEVs Battery Electric Vehicles

BSW Briquettes

CCT Control Kitchen Test

Cl Carbon Intensity

co Carbon Monoxide

CO, Carbon Dioxide

DRC Democratic Republic of the Congo
EBs Electric Buses

EVCs Electric Vehicle Charging Station

EVs Electric Vehicles

FAO Food and Agriculture Organization
FCR Fuel Consumption Rate

GHG Greenhouse Gases

HDI Human Development Index

HEVs Hybrid Electric Vehicles

HPCS High Power Cold Start

HRES Hybrid Renewable Energy System
ICEVs Internal Combustion Engine Vehicles
ICS Improved Cooking Stoves

ICS-G Improved Cooking Stoves using Biomass Gasification
IEA International Energy Agency

LabDER Laboratory of Distributed Energy Resources
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Acronym Definition

LCA Life Cycle Assessment

LCOE Levelized Cost of Energy

LEVs Light Electric Vehicles

LICEVs Light Internal Combustion Engine Vehicles
LP Low Power

LRSI Level of renewable sources introduction
MCDM Multi Criteria Decision Making

NPC Net Present Cost

PEMS Portable Emission Monitoring System
PHEVs Plug-in Hybrid Electric Vehicle

PM Fine Particles

SGR Specific Gasification Rate

SOC State of Charge

TCS Traditional Cooking Stoves

TtW Tank-to-Wheel

wB World Bank

WBT Water Boil Test

Wtw Well-to-Wheel
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